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Abstract

The current work concerns solid liquid extraction from red and white grapes skin and the rosehip (Rosa canina) to ob-
tain extracts with a high phenolic content. Extracts have been acquired using conventional extraction techniques and
extraction with supercritical fluids (SCFs). The effect of extraction method and experimental parameters (time, pressure,
temperature and solvent mixture) mostly believed to affect the extraction process was undertaken. The quantitative
parameters studied are: total phenolic compounds, proanthocyanin content, and the phenolic constituent profile. The
qualitative parameter analyzed is antioxidant capacity. The results demonstrate that the contents of the major constitu-
ents significantly varied among the different types of materials. The highest content of total phenolics was determined in
the extract from the white grape skin, macerated with MeOH (26.7 mg GA/g extract), and similar, 25.6 mg GA/g extract
in the MeOH extract attained by Soxhlet. Ellagic acid (0.650 mg/100 g extract), catechin (0.164 mg/100 g extract), gallic
acid (0.133 mg/100 g extract) as well as caffeic acid (0.038 mg/100 g extract) are the major compounds present in the
rosehip extracts attained by maceration using MeOH as solvent. The presence of epictechin, hesperidin/neohesperidin,
rutin, and chlorogenic acid was also confirmed. Aspects of each type of processing were correlated with the chemistry
of the material. The obtained extracts could be used as natural bioactive compounds in several industrial applications.

Keywords: Phenolic compounds; Conventional extraction; Supercritical fluid extraction; LC-MS; DPPH.

1. Introduction

Increasing pressure on natural resources and the
problems caused by unhealthy eating habits have brought
along an enlarged incidence of different types of cancer.
Besides, the worldwide population is aging and countries
are facing ongoing challenges in caring for their elderly.
Consequently, the demand for different types of high qual-
ity products is increasing. Substantial investigation has
been concentrated on fruits and crops containing antioxi-
dant bioactive compounds. A bioactive compound is
known as a substance that beneficially influences the
health of living organisms. These extra nutritional constit-
uents are present in both plant and animal products, and
typically occur in low quantities in foods. High ingestion
of fruits has consequently been associated with low inci-
dence of chronic-degenerative diseases, probably due to
the presence of bioactive compounds, considered to en-
hance or boost the immune system.! Here, extraction is an

important process to isolate the bioactive compounds. Bi-
ological activities of the extract highly depends on the ex-
traction procedure and this releases a gateway for selection
of appropriate extraction methods. A great deal of interest
has been devoted to the extraction of active components
from natural sources, aiming at satisfying the increasing
request of natural products not only for therapeutic use
but also as preventing and protecting agents.> Among the
large number of active substances in the focus, polyphe-
nols have received particular attention in the last decade.’
The identification and development of phenolic com-
pounds or extracts from different plants has become a ma-
jor area of food, health- and medical-related research.*
Divided into two major groups (nonflavonoid and flavo-
noids), phenolic compounds show antioxidant and radical
scavenging activities possibly responsible for many health
benefit effects® and for the yellow, orange and red pigments
in a large variety of plants and animal kingdoms.® Extracts
containing these natural ingredients are incorporated into
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different food, therapeutic and cosmetic products. Nutri-
tional composition, colour and antioxidant activity of such
products depends on the total composition of the extract.
The development of such novel functional products em-
phasizes the bioactive and preservation potential of phe-
nolic compounds. Most of the compounds were extracted
using Soxhlet and conventional solvent extraction meth-
ods.” However, conventional solvent extraction has certain
disadvantages such as application of large amount of sol-
vents, long extraction times, and the presence of toxic or-
ganic solvents in the final products.® Those can lead to de-
terioration of the quality of the extracts and can cause
thoughtful health difficulties.® Indeed, conventional tech-
niques have been widely accepted, mainly because of the
ease of procedure, effectiveness, and widespread applica-
bility. 1011

Processes based on SCFs are an environment-friend-
ly alternative to traditional solvent extraction techniques. '
Supercritical carbon dioxide (SC CO,) is the most promi-
nent amongst various solvents used in this method be-
cause of the low critical temperature (31.18 °C) and pres-
sure (7.4 MPa), inexpensiveness, nontoxicity, non-flam-
mability, recyclability and environmental benignity.'* The
extraction with SC CO, was used to acquire extracts from
over 300 plant species.'*!* This technique has already been
used to isolate health-promoting compounds from the
pomace of a various plants, inter alia, grapes,'® tomatoes,'”
olives,'® sour cherries,!” and the guelder-rose?® and the
quality of the extracts has been evaluated. In view of the
bio-refinery concept, the nutrient extraction from agro-
food industry waste such as skins, stalks and seeds repre-
sent a recent challenge. Valorization of by-products for the
recovery of oil, phenolic compounds, and fibers by the
means of sustainable extraction procedures has gained an
increased interest.?! Grape is one of the most popular and
widely cultivated fruits in the world, but are usually dis-
carded in regular dietary intake and the winery and grape
juice industry. Grape seeds and skin are rich in polyphe-
nols,? traditionally, extracted by using organic solvents.??
In recent years, according to the biorefinery concept sub-
and supercritical fluid extraction has been utilized as an
alternative extraction technique of both polar and non-po-
lar compounds?* for processing of a spectrum of marketa-
ble products. Extraction efficiency is predisposed by nu-
merous factors such as polarity and concentration of sol-
vent, material-solvent ratio, duration, temperature, pH,
etc... Extensive research has been carried out to improve
the supercritical fluid extraction (SC extraction) technique
to optimize a specific target compound extraction. This re-
search comprises kinetic modelling,?> sample preparation
and pre-treatment by using pressing,?® ultrasonication,?”
microwave irradiation,?® enzyme-assistance? or, within
the extraction vessel, ultrasonic-assistance,* and a hydro-
thermal approach.! Despite there are many review publi-
cations on the subject of this review, however, most studies
discuss the influence of a single factor has been discussed,

while the relations between the factors on the extract yield
and composition have not been studied comprehensive-
ly.32 As process efficiency depends on polarity of the sol-
vent(s) being employed, in SC extraction, polarity of CO,
can be manipulated by process temperature and pressure.
Moisture content of the plant raw material also sometimes
hinders the product yield, apart from particle size, solvent
flow rate, separation conditions employed at separation
vessel(s). Besides factors such pressure, temperature, flow-
rate, sample particle size and moisture content in the ma-
terial, subjected to the extraction process, addition of
co-solvent or modifier enhances extraction efficiency. Par-
ticularly if polar compounds are among target ones,
co-solvent/modifier could be any polar solvent such as
MeOH or EtOH. However, if safety of the extract is of im-
portance, EtOH with less polarity, though compared to
MeOH could be the option.>* Consideration of the opti-
mal processing parameters is extremely important due to
the high manufacturing costs associated with SC extrac-
tion, resulting from high initial investment costs (associat-
ed with high pressure operation/equipment costs) which
have been the major limitation preventing its use in indus-
trial processes. The relatively high pressures required to
achieve the supercritical point could make the process en-
ergy-intensive and economically non-viable which often
restricts the use of SC extraction. On the other hand, if SC
extraction is utilized as part of a biorefinery rather than as
a stand-alone technology, this could lead to a positive ef-
fect on the downstream processing of biomass.>*

Recent investigation has been oriented towards utili-
zation of fruits and their specific parts with a high bioac-
tive compounds content. The main aims of the present
study were to maximize the recovery of phenolic com-
pounds in the extracts by application of different extrac-
tion methods and variation of experimental parame-
ters.3>3¢ We have been focused mainly on materials that
are available in the phytogeographical regions of Slovenia
(eg Rosa canina L.) or even constitute waste in processing
(grape skin) and have been relatively poorly studied so far.

Due to the low polarity of CO, EtOH-modified SC
CO, extraction has been performed to obtain extracts with
a high phenolic content. Alteration of operating pressure
has been assumed to influence the extraction rate of phy-
tochemicals. In the frame of the present research
EtOH-modified SC CO, extraction has been carried out at
40 °C and pressures of 150 bar and 250 bar by using EtOH
as an entrainer. Conventional extraction methods, such as
Soxhlet and maceration have been performed as the refer-
ence methods to compare success of the applied method-
ology. Soxhlet extraction and extraction with cold solvent
have been carried out by using EtOH and MeOH as sol-
vents since substantial number of scientific reports exist
where non-conventional methods using EtOH and MeOH
as extraction media contributed to the high phenolic re-
covery.®” The effect of extraction technique, temperature,
pressure, and solvent on the extraction yield, phenolic
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content and profile along with the estimation of the scav-
enging activity against the artificial radical DPPH* (2,2-di-
phenyl-1-picrylhydrazyl) has been considered. Phenolic
profile varied significantly in the extracts obtained from
different materials. The highest net content of identified
phenolic compounds determined by LC-MS/MS analysis
has been determined in the MeOH extracts of white grapes
skin (1,55 mg/g extract), rosehip extract attained by cold
extraction with MeOH (100 mg /100 g extract), whilst in
red grape skin extract the content of phenolic compounds
was only about 30 mg/100 g extract.

2. Experimental

2. 1. Materials

All solvents/chemicals used were of analytical/  HPLC
grade and obtained from Merck, Germany. Folin-Ciocal-
teu reagent, DPPH, and chemical HPLC-grade standards
(purity = 95%) of ellagic acid, gallic acid, chlorogenic acid,
(+)-catechin, (—)-epicatechin, hesperidin/neohesperidin,
myricetin, resveratrol, rutin and caffeic acid were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA).

Lyophilized material was milled and stored in a dry,
dark place. Materials were further subjected to extraction
experiments.

2. 2. Methods

Extraction

Soxhlet extraction: Approximately 20 g of material
was weighed in a filter bag, which was inserted into the
cylindrical part of the apparatus. 180 mL of solvent was
heated to reflux. After 240 min of extraction at a tempera-
ture above the solvent boiling point, the solvent was re-
moved from the extract solution by means of a rotary
evaporator, yielding the extracted compound, which was
later dried and weighed. The samples were stored in a dark
and cool place until analyzes.

Cold solvent extraction: Red and white grapes skin
were purchased by the local suppliers, the rosehip fruits
were donated by Frutarom Etol d.o.o.(Slovenia). The pow-
dered materials (20 g) were extracted by stirring using a
magnetic stirrer with 180 mL of MeOH at 25 °C for 4 h.
The extract was filtered for removal of solid particles. The
extracts were cooled to room temperature and concentrat-
ed under vacuum at 40 °C.

EtOH-modified SC extraction: SC extraction (SCE)
experiments were performed on extraction unit previously
described in the literature.>® The high pressure vessel was
loaded with 10 g of material and placed in a water bath
heated to the desired temperature (40 °C). EtOH was
pumped continuously using a high pressure pump with a
flow rate of 2 mL / min. Pressurized CO, has been intro-
duced in the autoclave from the gas cylinder using a HPLC
pump and was kept constant during the entire experiment.

The extract and the solvent were collected in the tubes. The
total time of extraction was 100 minutes. Solution was
transferred to evaporation flask and the solvent was evap-
orated using a rotary vacuum evaporator. The mass of the
extract was determined gravimetrically and the extraction
efficiency was calculated. The extract was stored in a freez-
er at —10 °C until the analyses.

2. 3. Spectrophotometric Analyses

Determination of total phenolic content, proantho-
cyanidin concentration in extracts and antioxidant activity
was done using UV-visible spectrophotometer (CARY 50
UV-VIS).

Determination of total phenolic content

Total phenolic content in extracts was determined
using Folin-Ciocalteu reagent as described in the litera-
ture.® Briefly, the Folin-Ciocalteu reagent solution has
been prepared by diluting the basic Folin-Ciocalteu rea-
gent solution with distilled water in a ratio of 1:10. Na,COj;
solution has been prepared by weighing approximately
3.75 g of Na,COj3 in a 50 mL volumetric flask, diluted with
distilled water to the mark and sonicated until total disso-
lution of Na,COj; was obtained. Approximately 50 mg of
the extract was weighted in a 10 mL volumetric flask and
diluted with MeOH. 2.5 mL of the Folin-Ciocalteu reagent
solution and 2 ml of Na,CO; were added to 5 mL of the
prepared extract solution. The mixture was left for 30 min
at room temperature (25 £ 2 °C), then the absorbance of
the solution was measured at 765 nm using a UV-visible
spectrophotometer. The total phenolic compounds was
determined in triplicate for each sample. The calibration
curve of gallic acid was used for quantification of total
phenolic compounds and the amount of phenolic com-
pounds in the samples was expressed as gallic acid equiva-
lents, in mg of gallic acid / g of material.

Determination of proanthocyanidin content

The proanthocyanidins were determined by UV
spectrophotometry method (Varian-UV-VIS Spectropho-
tometer) based on acid hydrolysis and colour formation.*°
The reagent was prepared by weighing 77 mg of Fe(SO,) x
7 H,0 and adding 500 mL of HCI: butanol solution (200
mL HCl and 300 mL of butanol). 50 mg of the extract was
weighted into a 10 mL volumetric flask and filled with
MeOH to the mark. After the entire extract is dissolved,
1.0 mL of the extract solution was mixed with 10 mL of
iron sulphate solution. At the same time, a control sample
was prepared; instead of the extract solution, the same
amount of MeOH was added to iron sulphate solution. The
samples were thermostated for 15 minutes at a water bath
at 95 °C. The solutions were cooled and the absorbance
was measured at 540 nm. The concentration of proantho-
cyanidins (PAC) in the extract solution is expressed as mg
PAC /mL of extract solution.
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DPPH Radical Scavenging Assay

Radical scavenging activity of extracts was measured
using the stable radical DPPH (2,2-diphenyl-picryl-hydra-
zil) reagent. 50 uL of extract solution in MeOH was added
to 1.95 mL of the MeOH solution of DPPH (0.025 g/L). In
parallel, a negative control was prepared by mixing 50 yL
of MeOH with 1.95 mL of the MeOH solution of DPPH.
After 15 min of incubation in the dark at room tempera-
ture, the absorbance was measured at 517 nm against a
blank sample. An ascorbic acid was used as positive con-
trol of an antioxidant reference, measured at the same con-
ditions as samples. For each concentration, the test is re-
peated 3 times. The absorbance is measured by the UV-Vis
spectrophotometer.

2. 4. Chromatographic Analyses

LC-MS/MS analysis: For identification and quantifi-
cation of detected phenolic compounds, the Agilent 1200
HPLC in tandem with Agilent 6460 QQQ with JetStream
ionization was used. The HPLC apparatus was equipped
by quaternary HPLC high pressure pump, automatic sam-
pler and column thermostat. The chromatographic separa-
tion of the compounds was performed on analytical col-
umn Agilent Eclipse Plus, 150 mm X 4.6 mm i.d., 1.8 um
particle size. The column was maintained at 35 °C. The
elution gradient consisted of mobile phase A (water with
addition of 0.1 vol.% of formic acid) and mobile phase B

(acetonitrile with addition of 0.1 vol.% of formic acid). The
flow rate was 0.5 mL/min using gradient program as fol-
lows: 0 min 5% B, 5 min 18% B, 10 min, 30% B, 15 min
35% B, 20 min 50% B, 21 min 70% B and at 25 min back to
5% of B. Samples, subjected to the analyses, were prepared
by weighing approximately 100 mg of the extract in a 10
mL volumetric flask and diluted with MeOH up to 10 mL.
Prepared samples were filtered through 0.2 um syringe fil-
ter and injected (volume of 5 pL) into the system. The mul-
tiple reaction monitoring (MRM) mode was used to quan-
tify the analytes, where the assay of was performed
following two transitions per compound, the first one for
quantitative purposes and the second for confirmation.
The optimum ESI conditions were determined: gas tem-
perature 300 °C, gas flow 6 L/min, nebulizer 45 psi (nitro-
gen), sheath gas temperature 250 °C, sheath gas flow 11 L/
min, capillary 3500 V and nozzle voltage 500 V at delta
EMYV 200 in negative ionization.

3. Results and Discussion

3. 1. Conventional and SC Extraction

Results in Figure 1 indicate that MeOH was an effi-
cient solvent for extraction of red grapes skin using Sox-
hlet apparatus. Soxhlet extraction with MeOH gave the
total mass yield of approx. 72%, while cold solvent extrac-
tion with MeOH gave a yield of approx. 50%. In general

Figure 1: Comparison of extraction yield of red, white grapes skin and rosehip using different extraction methods.
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the extraction yield decreased with decreasing solvent
temperature. Likewise, for the extraction of white grapes
skin and rosehip, the MeOH was more efficient extraction
media at elevated temperatures. For white grapes skin, the
total extraction yield was 54.9% by using Soxhlet extrac-
tion and only 28.8% by cold extraction. Rosehip extraction
by MeOH gave relatively low yields, about 27.5% by Sox-
hlet and only 4.2% by cold extraction. Higher solvent tem-
perature apparently contributed to a higher extraction
yield. EtOH was demonstrated as a less efficient solvent
considering the total mass yield for both kinds of grapes
skin. However, the yields were higher when utilizing hot
solvent for all of the examined materials. Soxhlet extrac-
tion gave yields ranging from 56.4% for white grape skin
and up to 65% for rosehip. Cold extraction of white grape
skin gave a maximum yield approx. 25%.

In addition, Figure 1 demonstrates that the extrac-
tions of grape skin (red and white) gave high yields with
MeOH and EtOH. Consequently, it can be confirmed that
MeOH and EtOH are a good choice for the solvent in the
extraction of grapes, because they have high polarity and
are therefore very good solvents for polyphenolic compo-
nents, including resveratrol. The temperature has a signifi-
cant effect in the extraction process. For instance, for red
and white grape skin, it can be noticed that cold extraction
yielded twice as low of extract as Soxhlet’s extraction, re-
gardless of solvent used. The same applies to rosehip, as
this material also gets lower extraction efficiency than in
extraction with higher temperatures. The relative polarity
of the MeOH is higher than polarity of EtOH, due to this

extraction efficiency of white and red grapes is higher
when MeOH was used as a solvent media. In that case, the
polarity of the solvent influences the extraction yields.
Higher temperatures usually lead to higher yields of ex-
traction. SC extraction gave lower mass yields compared
to conventional extraction methods, despite the use of
EtOH as entrainer. Beside the low solvent polarity, low ex-
traction temperature may have also contributed to the low
extraction yield. The highest yield, approx. 6.4% has been
attained by red grapes skin extraction at 250 bar, similar as
for the white grape skin, where the yield was about 6.2%.
Supercritical extraction (SC extraction) of the rosehip gave
yields only somewhat higher than 1.86%. The effect of
pressure has also been investigated and it was considered
that the pressure does not have a tremendous effect on the
extraction efficiency, since very similar yield have been at-
tained at 150 and 250 bar for the same materials, except for
the rosehip, where higher pressure gave higher yield.

3. 2. Total Phenolic Content in Extracts

Comparison of total phenolic content, expressed as
mg of gallic acid/g of extract (mgGA/gEXT) at different
extraction procedures is given in Figure 2. The concentra-
tion of total phenolic compounds in extracts ranged from
8.49 mg of gallic acid per g of extract to 21.66 mg of gallic
acid per g of extract for grape skin, depending on solvent
selection and temperature during the extraction process.
The highest concentration of phenolic compounds for
conventional extraction procedure was 25.61 mg of gallic

Figure 2: Comparison of total phenolic content, expressed as mg of gallic acid/g of extract (mgg,/gexr) at different extraction procedures.
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acid per g of extract in red grape extract. In general, Sox-
hlet extraction with MeOH gave higher concentrations of
phenolic compounds in comparison with EtOH.

In extracts obtained with SC extraction method, the
concentration of total phenolic compounds ranged from
7.9 mg of gallic acid per g of extract to 27.12 mg of gallic
acid per g of extract. The highest content was determined
in extracts from red grape skin, attained at 150 bar and 40
°C. The content varied depending on pressure during the
extraction process; the content in the extract, attained at
250 bar and 40 °C was 22.15 mg of gallic acid per g of ex-
tract.

The concentration of phenolic compounds in white
grape skin extract was 8.83 mg of gallic acid per g of ex-
tract at 150 bar and 40 °C, whilst at higher extraction pres-
sure the concentration decreased to 6.77 mg of gallic acid
per g of extract. In general, from both grape skin, higher
concentrations of phenolic compounds have been attained
at lower extraction pressure. On the contrary, in case of
rosehip, the content increased with elevation of extraction
pressure from 8.13 mg of gallic acid per g of extract at 150
bar and 40 °C up to 9.01 mg of gallic acid per g of extract
at 250 bar and 40 °C.

Also, the influence of temperature during the extrac-
tion process on the total amount of phenols in extracts was
noticed. Extraction of both grape skin and rosehip with
MeOH at its boiling point resulted higher amount of phe-

nolic compounds compared to the amount of phenolics in
case of cold extraction with MeOH. In general, higher ex-
traction temperature contributed to higher concentration
of phenolic compounds except in case of cold extraction of
white grape skin with EtOH, which was more efficient for
extraction of phenolic compounds. White grape skin ex-
tract contains more phenolic compounds in comparison
with red grapes skin.

3. 3. Proanthocyanins in Extracts

The amount of proanthocyanins (PAC) in the ex-
tracts obtained by Soxhlet, cold and SC extraction is pre-
sented in Figure 3. The highest concentration of proantho-
cyanins was obtained in white grapes skin by cold
extraction with MeOH (2.02 mg PAC /mL). It can be ob-
served that white grapes have higher amount of proantho-
cyanins in comparison with red grapes skin, where the
content of proanthocyanins was highest in the extract at-
tained by Soxhlet extraction with MeOH (1.34 mg PAC /
mL). The concentration of proanthocyanins in rosehip ex-
tracts was the lowest, up to 0.96 mg/mL PAC in the extract
obtained by cold extraction with MeOH.

The highest concentration of proanthocyanins ob-
tained by modified SC extraction was determined in rose-
hip extracts attained at 250 bar and 40 °C; approximately
0.69 mg PAC/mL. The amount of extracted proanthocya-

Figure 3: Comparison of proanthocyanins content in extracts obtained by Soxhlet, cold and SC extraction.
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nins in rosehip extracts decreased with decreasing extrac-
tion pressure to 0.583 mg PAC /mL).

It was found, that white grapes have slightly higher
amount of proanthocyanins in comparison with red grapes
skin. The content of proanthocyanins was highest in the
white grape skin extract attained at 150 bar and 40 °C; ap-
proximately 0.13 mg PAC /mL and about 0.09 mg PAC /
mL in extract attained at 250 bar and 40 °C. The concen-
tration of proanthocyanins in red grapes skin extracts was
the lowest, up to 0.11 mg PAC /mL at 150 bar and 40 °C
and only 0.085 mg PAC /mL at 250 bar and 40 °C. Almost
three times higher concentration of proanthocyanins was
obtained in white grapes skin obtained by cold extraction
with MeOH (2.02 mg PAC /mL).

3. 4. LC/MS Analysis

The phenolic compounds were analyzed using LC-
MS/MS analytical method. The identification and quanti-
fication of individual phenolic compound was done using
analytical standards of each compound and the calcula-
tion was done using calibration curves, as described in
section 2.4.

The content of phenolic compounds in extracts is
shown in Table 1. The highest content of the identified
phenolic compounds was present in MeOH extracts of
white grape skin, whereas the major compound was cate-

chin (0.980 pg/mg extract). EtOH extracts gave lower phe-
nolics recovery, apparently by decreasing solvents polarity
less phenolics were dissolved. EtOH white grape skin ex-
tract contained approximately a half of the identified com-
pounds when utilizing Soxhlet procedure, again, catechin
was the major compound (0.438 ug/mg extract), whilst the
cold solvent extract contained only 0.085 pg/mg extract,
which is ten times lower than in case of MeOH extracts.
Gallic acid was the major compound in SC extracts of
white grapes skin (0.080 ug/mg extract), higher pressure
contributed to somewhat higher content. The major com-
pound in red grape skin extract was ellagic acid (0.050 ug/
mg extract), its recovery increased with increasing solvent
polarity, whilst effect of temperature was not explicit. Caf-
feic acid was also identified, the highest content was pres-
ent in the MeOH extract. Gallic, ellagic acid and resvera-
trol were identified in SC extracts. Likewise, rosehip
extracts mainly contained caffeic, gallic, ellagic acid and
resveratrol, although the highest recovery of ellagic acid
was analyzed in MeOH extract. Resveratrol was detected
only in SC extracts. However, the highest recovery of
resveratrol was observed in SC extract of white grape skin
attained at 250 bar and the macerated white grape skin ex-
tracts (0.03 pg/mg extract). Rutin and hesperidin were
present in lower concentration, however, 0.068 ug/mg ex-
tract of rutin was analyzed in MeOH extract of red grapes
skin, whereas the content of hesperidin/neohesperidin

Table 1: Content of phenolic compounds in the extracts of white and red grape skin and rosehip at different extraction conditions.

Compound caffeic cate-  chloroge- ellagic  epica- gallic hesperidin/ resve- rutin sum
acid chin nicacid  acid techin acid  neohespe- ratrol
ridin
sample ug/mg ug/mg ug/mg  ug/mg  ug/mg ug/mg ug/mg ug/mg ug/mg mg/100 g
White grapes skin, 0.013 0.838 0.001 0.043 0.340 0.074 0.015 0.030 0.015 1.370
Cold - MeOH

White grape skin, 0.016 0.980 0.007 0.044 0.346 0.096 0.012 0.027 0.023 1.550
Soxhlet - MeOH

White grape skin 0.011 0.438 0.002 0.025 0.212 0.050 0.008 0.015 0.012 0.773
Soxhlet - EtOH

White grapes skin, 0.012 0.085 0.002 0.019 0.038 0.034 0.003 0.011 0.002 0.207
Cold - EtOH

White grapes skin 0.014 0.028 0.006 0.027 0.015 0.071 0.009 0.020 0.009 0.199
- 150 bar

White grapes skin 0.015 0.056 0.002 0.022 0.024 0.080 0.003 0.029 0.000 0.230
- 250 bar

Red grapes skin, 0.025 0.009 0.001 0.050 0.009 0.016 0.033 0.007 0.100 0.249
Cold - MeOH

Red grapes skin, 0.012 0.003 0.001 0.013 0.004 0.014 0.008 0.006 0.022 0.084
Cold - EtOH

Red grapes skin, 0.019 0.090 0.006 0.018 0.021 0.027 0.038 0.014 0.068 0.301
Soxhlet - MeOH

Red grapes skin, 0.029 0.019 0.004 0.022 0.005 0.023 0.012 0.011 0.032 0.157
Soxhlet - EtOH

Red grapes skin, 250 bar  0.038 0.000 0.001 0.014 0.002 0.016 0.001 0.012 0.000 0.083

Rosehip, HT, MeOH 0.014 0.164 0.017 0.650 0.021 0.133 0.003 / 0.000 1.003

Rosehip, 150 bar 0.019 0.012 0.011 0.373 0.004 0.116 0.003 0.022 0.000 0.560

Rosehip, 250 bar 0.014 0.014 0.005 0.145 0.004 0.106 0.002 0.015 0.001 0.306
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was about 0.03 ug/mg extract in the same extract. All ex-
traction procedures gave similar yield of epicatechin (up to
0.346 pg/mg). Chlorogenic acid was present in traces, up
to 0.02 pg/mg extract in MeOH and SC extract of rosehip.

Among all the extracts, the highest content of caffeic
acid (0.038 ug/mg, .. material) as been present in red grapes
skin extract, attained at 250 bar and 40 °C. Rosehip extract
attained at 150 bar contained up to 0.373 ug/mg,., material
ellagic acid. The content of resveratrol was low in all sam-
ples, however, the highest contents were present in the
MeOH extracts and white grapes skin extracts, attained by
SC extraction at 250 bar, up to 0.030 ug/mg,.,y material.

3. 5. DPPH Activity of Extracts

The results of DPPH* radical scavenging activities of
conventional extracts obtained using Soxhlet or cold ex-
traction are presented on Figure 4 and vary between 2.75%
to 13.64%, depending on solvent and method used. The
highest DPPH* radical scavenging inhibitory activity
13.64% was observed for red grapes skin extract prepared
by cold extraction with MeOH as solvent. DPPH* radical
scavenging inhibitory activity for white grape skin were
slightly lower, but trend is similar. In general, for grape
skin solvent MeOH resulted higher DPPH* radical scav-
enging. Results obtained for grape skin show that extracts,
attained by the cold extraction method exhibited higher
DPPH* radical scavenging comparison to extracts attained
by Soxhlet extraction. In case of rosehip extraction, Sox-

hlet extraction gave extracts with higher DPPH* radical
scavenging activity regardless of the solvent used. Higher
extraction yield does not necessarily mean higher biologi-
cal activity of the extracts. The use of different solvents can
result in the extraction of various types of metabolites
from extracted material, with varying radical scavenging
activities. Furthermore, increased temperatures during the
extraction process may result in denaturation and a reduc-
tion of the loss of ability to act as an antioxidant.

The results of DPPH* radical scavenging activities of
extracts obtained using modified SC extraction vary be-
tween 6.67% and 11.68%, depending on the material. The
highest DPPH* radical scavenging inhibitory activity was
observed for red grapes skin extract, attained at 150 bar
and 40 °C. The activity is lower in the extract, attained at
250 bar and 40 °C; 9.23%.

DPPH* radical scavenging inhibitory activities for
white grape skin were slightly lower in both extracts com-
pared to the red grape skin extracts. Lower extraction
pressure again resulted in somewhat higher scavenging
activity of the extract; approximately 8.83%, whilst the ex-
tract attained at 250 bar showed somewhat lower inhibi-
tion ability, approximately 6.67%.

Rosehip extracts showed similar scavenging inhibi-
tory activity as the extracts of white grape skin. However,
in this case higher extraction pressure contributed to
somewhat higher scavenging activity (9.01%), whilst the
extract attained at 150 bar showed lower inhibition ability,
approximately 8.13%. The use of different process condi-

Figure 4: Comparison DPPH activity in % using different extraction procedures.
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tions can result in the extraction of various types of me-
tabolites from extracted material, with varying radical
scavenging activities. In general, the amount of proantho-
cyanins and the total phenolic content is not directly re-
lated to the radical scavenging inhibitory activities. Red
grapes skin extracts prepared by cold extraction and SC
extraxtion exhibited similar scavenging inhibitory activi-
ties (ranging from 9% up to nearly 14%), whilst the con-
tents of proanthocyanins and the total phenolics ranged
from 0.085 mg PAC /mL in extract attained by SC extrac-
tion at 250 bar and 40 °C up to 1.233 mg PAC /mL in cold
MeOH extract, which exhibited highest inhibitory activi-
ty. Meanwhile, the concentration of total phenolic com-
pounds in that extract was 9.53 mg of gallic acid per g of
extract. Amongst all red grape skin extracts the lowest
DPPH* was determined for Soxhlet extract prepared with
MeOH, where the contents of proanthocyanins was the
highest (1.34 PAC /mL).

Amongst all white grape skin extracts the highest
DPPH* (11.43%) was determined for MeOH extract pre-
pared by cold extraction; the concentration of proanthocy-
anins was high, 2.02 mg PAC /mL, and the total phenolics
content was about 14.41 mg of gallic acid per g of extract.
Both Soxhlet extracts of rosehip exhibited similar scaveng-
ing activities (about 9%). Similar value was measured for
extract, attained at 250 bar and 40 °C. The concentration of
proanthocyanins was the highest for MeOH extract pre-
pared by cold extraction; 0.956 PAC /mL, whilst total phe-
nolics content was about 24 mg of gallic acid per g of ex-
tract.

4. Conclusion

The obtained results confirm earlier findings that
rosehip, white and red grape skin are potentially good
sources of natural antioxidants. Although, the content of
total phenolics differs depending on the type of material,
isolation method and applied solvent. Besides, anthocya-
nin content in grape skin can depends on the variety and
the harvest year.

According to the previous research,*! the conven-
tional extraction methods involving organic solvents and
increased temperature yielded more total phenols. The
present results show that the amount of anthocyanins de-
pends on the plant material and extraction solvent. Re-
gardless of the method and solvent used, the highest con-
tent of total phenolic compounds (27.12 mgg,/gexr) has
been determined in the extracts from red grape skin, ob-
tained at 150 bar and 40 °C. High content of total phenolic
compounds was, according to their polar nature, deter-
mined also in extracts, obtained by conventional extrac-
tion with MeOH; up to 25.61 mgga/g of red grape skin
extract. In general, Soxhlet extraction using MeOH gave
higher concentrations of phenolic compounds in compar-
ison to extractions using EtOH. In addition, the higher

extraction temperatures contributed to higher concentra-
tion of phenolic compounds. The content of proanthocya-
nins in extracts obtained by modified SC extraction was
the lowest in all extracts.

According to the analyses, the yield of phenolic com-
pounds in extracts attained by SC extraction was lower
than in the extracts attained by the conventional solvent
extraction. This may be explained by the fact that CO,
usually yields good recoveries for nonpolar compounds,
but polar compounds may remain partially unextracted
because of their lower solubility in this fluid. For this rea-
son, EtOH as organic modifier has been added as cosol-
vent to the primary fluid to boost the extraction effective-
ness. The extraction output considering mass yield was
higher in case of conventional extraction methods, but the
amount of anthocyanins and phenols successfully extract-
ed with supercritical solvent is considerable. The results
show, that generally SC CO, in combination with a polar
entrainer, represents a good extraction media for isolation
of total phenols, while the amount of extracted anthocya-
nins is low. LC-MS/MS analyses show that gallic, ellagic
acid and resveratrol were identified in SC extracts. There-
fore, we could consider that SC extraction with CO, there-
fore provides an alternative method to replace extractions
with organic solvents for the recovery of phenolic com-
pounds. In general, SC extraction was less efficient due to
the limited solvent polarity. Despite the lower total mass
yield and the proportion of total phenols in extracts com-
pared to the conventionally obtained extracts, the method
was efficient for isolation of caffeic acid, galic and elagic
acid.

DPPH* radical scavenging activities of extracts ob-
tained using modified SC extraction and conventional ex-
traction are similar and depend on the type of material.
Highest DPPH* radical scavenging inhibitory activity was
observed for red grapes skin using cold extraction and
MeOH as solvent (about 13%), where the content of total
phenols was 9.53 mg of gallic acid per g of extract. The
activity of supercritical extract attained at 150 bar and 40
°C was only slightly lower, about 12%, whilst the content of
total phenols was the highest, 27.12 mg of gallic acid per g
of extract.

The primary aim of this work was utilization of SC
extraction for isolation of phenolic compounds as a sus-
tainable method which involves lower consumption of or-
ganic solvents. Besides, SCFs are generally cheap, simple,
and comparatively safe solvents which is of special attrac-
tiveness for industrial processes (especially in food and
pharmaceutical applications). Toxic hazards from solvent
manipulation are greatly reduced as well as disposal costs.
Another motivation for developing processes involving
SCFs as solvents SC extraction processes is the reduction
or even complete elimination of residual solvents in the
products, lower operating temperatures and prevention of
oxidation during processing. In contrast to various organic
solvents, SCFs can be more simply recycled which signifi-
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cantly reduces the cost of any analytical procedure. The
union between economic feasibility and safety are getting
more consideration and indeed, safer and less harmful sol-
vents that are easy to remove, or recover, are gaining in
popularity in the favor of SC extraction. If certain param-
eters (absence of organic solvents, lower processing tem-
peratures, shorter processing times, no need for further
purification of the extract) are taken into account, a high
value product can be obtained for a relatively low price.
Laboratory-scale data can be safely used to develop eco-
nomic evaluations of the SC extraction process, as the ten-
dency of the process is to improve yield with increasing
scale.

In terms of product quality and environmental is-
sues, compared to conventional extraction processes, SC
extraction can be regarded as a more suitable alternative
for processing heat-sensitive materials, providing appro-
priate conditions to maintain the functional properties of
the extract.
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Povzetek

DOI:10.1016/j.jfoodeng.2008.06.028

Dolo¢ali smo vsebnost fenolnih spojin v ekstraktih, pridobljenih iz tropin rde¢ega in belega grozdja ter lupin Sipka (Rosa
canina). Ekstrakti so bili pridobljeni s konvencionalnimi tehnikami ekstrakcije z uporabo organskih topil in ekstrakei-
jo z nadkriticnimi tekoc¢inami (SCFs). Proucevali smo ucinek topila, vrste ekstrakcije in eksperimentalnih parametrov
(Cas, tlak, temperatura) na kvaliteto ekstraktov. Kvantitativno je bila ovrednotena vsebnost skupnih fenolnih spojin in
proantocianidinov. S teko¢insko kromatografijo z masno spektrofotometrijo je bil dolo¢en profil fenolnih sestavin. Vsem
ekstraktom je bila izmerjena antioksidativna u¢inkovitost. Rezultati kaZejo, da je vsebnost posami¢nih fenolnih spojin v
ekstraktih, pridobljenih iz razli¢nih vrst materialov, znatno variirala. Najvija vsebnost skupnih fenolov je bila dolo¢ena v
ekstraktih iz tropin belega grozdja, pridobljenih z maceriranjem z MeOH (26,7 mg GA / g ekstrakta). Podobna vsebnost,
25,6 mg GA / g ekstrakta, je bila dolocena v ekstraktu, pridobljenem s Soxhletovo ekstrakcijo z MeOH. Elagna kislina
(0,650 mg / 100 g ekstrakta), katehin (0,164 mg / 100 g ekstrakta), galna kislina (0,133 mg / 100 g ekstrakta) ter kofein-
ska kislina (0,038 mg / 100 g ekstrakta) da so ekstrakti spojine, ki so v vi§jem deleZu prisotne v maceriranem ekstraktu
Sipkove lupine; kot topilo je bil uporabljen MeOH. Potrjena je bila tudi prisotnost epitehina, hesperidina / neohepersid-
ina, rutina in klorogenske kisline. Ugotovili smo, da ekstrakti iz naravnih materialov bogat vir fenolnih spojin, njihova
vsebnost pa je odvisna od izbire ekstrakcijskega postopka glede na vrsto materiala, vrste topila in obratovalnih pogojev.
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Abstract

Over the past two decades, electrochemical biosensor devices have received great attention in the field of food analysis
owing to their attractive performances. In the food industry the quality control during manufacturing process and final
products requires quick and reliable analytical methods. A promising alternative to the traditional analytical techniques
are the electrochemical enzymatic biosensors - devices that combine the robustness of electrochemical techniques with
the specificity of biological recognition processes and offer great advantages due to size, cost, sensitivity, selectivity, and
fast response. This brief review has attempted to summarise the literature on the recent progress in the development of
enzyme biosensors with amperometric detection for quantitative analysis of glucose and lactate in various food samples.
The review concludes with an outlook on the future challenges and perspectives in this area.

Keywords: Biosensors, Glucose, Lactate, Food analysis

1. Introduction

In food quality control, the development of reliable,
sensitive and selective methods for fast, precise sensing
and quantification of food ingredients and supplements,'*
toxicants,> antibiotics, and allergens,!’ is an issue of con-
stantly increasing importance.!!~1¢ Recently, as a new di-
rection of the analytical technology is distinguished the
development of electrochemical enzymatic biosensors —
complex systems that include an immobilised enzyme (bi-
oelement) and a physical transducer of the signal which
may be potentiometric or amperometric, as well as a de-
vice for signal reading and processing. The amperometric
biosensors have a superior sensitivity and better linear
range than potentiometric devices and are the most suc-
cessful commercially. In particular, in food analysis the
majority of the electrochemical biosensors are based on
the amperometric electrodes in combination with oxidas-
es enzymes and it seems that these systems will continue to
dominate the technology of commercial biosensors.

The electrochemical biosensing systems provide the
opportunity for an accurate, highly selective, sensitive and
susceptible to automatisation analysis, and are a promising
alternative of the traditional analytical techniques, that are
time-consuming and often require specific expensive

equipment or multi-step painstaking procedures for sam-
ple preparation. Not at least, the electrochemical biosen-
sors offer the possibility of miniaturisation and potential
for development of portable hand-held devices for real
time monitoring. Fully automated biosensor systems are
being developed and adapted for continuous on-line or
periodic monitoring of various processes in food industry.

The amperometric enzyme-based biosensors are
dominant in the food sector since they have a number of
advantages in determining submilimolar levels of the ana-
lyte: extremely low detection limit, high sensitivity, wide
linear range, fast response and relatively low cost of analy-
sis. Generally, biosensors do not require extensive sample
preparation and in most cases only a suitable dilution is
needed; the high specificity and the wide linear dynamic
range allow direct quantification of the target analyte. The
results are obtained within minutes, which is particularly
important as it allows corrective actions during manufac-
turing process.

Amperometry is based on the measurement of the
current resulting from the electrochemical oxidation or
reduction of an electroactive species. The resulting steady-
state current is proportional to the bulk concentration of
the analyte. Three-electrode set-up has to be used for am-
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perometric measurements — a working electrode (electri-
cally conductive material combined with an immobilised
enzyme), that is maintained under constant potential, ref-
erence and auxiliary electrode. The working electrode is
either metal (usually Pt, Au) or carbon-based material
(glassy carbon, graphite, screen-printed or carbon paste
electrode). As the immobilisation of enzymes on the elec-
trode surface is a necessary and critical step in the design
of biosensors, the transducer should provide a stable sur-
face for immobilisation of biomolecules while retaining
their structure, mobility and biocatalytic activity.

In order to enhance the sensitivity of biosensors, na-
nomaterials like metal and metal oxide nanoparticles,!”-2°
carbon nanotubes (CNTs),222 graphene and its deri-
vates, 2227 are used in the construction of transducers for
increasing the electrode surface area. As a result the nano-
structured electrodes possess unique characteristics such
as large surface-to-volume value and extremely high cata-
Iytic efficiency. Nanomaterials not only accelerate the elec-
tron transfer and so improve the response characteristics
of the transducers, but also act as immobilisation matrices.
The immobilisation of enzymes on nanomaterials en-
hanced the amount of the enzyme loading, supported the
retention of biocatalytic activity and therefore improved
the sensitivity of the biosensor device. Electrochemical bi-
osensors incorporating enzymes with nanomaterials,
which combine the recognition and catalytic properties of
enzymes with the electronic properties of various nano-
materials, are new materials with synergistic properties
and they have excellent prospects for interfacing biological
recognition events by electronic signal transduction with
extremely high sensitivity and stability.?3

Within the family of nanomaterials, CNTs are arous-
ing growing interest, mainly due to their exceptional struc-
tural, electronic and chemical properties. CNTs have a
unique tubular structure, good biocompatibility and mod-
ifiable sidewall, making them ideal candidates for the con-
struction of biosensors with high performances. CNT-
based biosensors generally have higher sensitivities, lower
limits of detection, and faster electron transfer kinetics
than traditional carbon electrodes, but to fully explore the
potential of the complex enzyme/CNTs5, it is essential to
find optimal methods for enzyme immobilisation.?’ CNTs
can be functionalised with hydroxyl, carboxyl, carbonyl or
amino groups. Functionalised CNTs exhibit increased sol-
ubility, catalytic activity and biocompatibility, since en-
hance the immobilisation of biorecognition molecules on
the electrode surface facilitating covalent bonding.
Combination of CNTs with other nano-sized materials
such as metal nanoparticles for surface modification of
electrodes has proved to be feasible and more effective
than using either nanomaterial alone in biosensing design.
Several quality review papers, published in the past dec-
ade, comprehensively discussed the uses of novel func-
tional nanomaterials as key components of various elec-
trochemical biosensors, some of which were successfully

applied in food analysis, and provided trends in biosensing
strategies based on nanomaterials.3-%

For biosensing purposes, the immobilisation proce-
dure must be reproducible and stable to ensure extended
working and long-time storage stability. Factors such as
accuracy of measurements, sensor-to-sensor reproducibil-
ity and operational lifetime are drastically influenced by
enzyme stability, i.e. the enzyme immobilisation appears
as a key factor to develop efficient biosensors with appro-
priate analytical performances.’® Moreover, the immobili-
sation matrix may function only as a support or may also
be concerned with mediation of the signal transduction
mechanism.?! A variety of enzyme immobilisation meth-
ods are applied including physical adsorption (van der
Waals interactions or hydrogen bonding), covalent attach-
ment, physical entrapment in polymer matrices, cross-link
formation (the process uses bifunctional agent forming a
“bridge” between protein and electrode surface; most often
used cross-linker is glutaraldehyde), and self-assembly
formed monolayer (long-chain alkylthiols, amines, or di-
sulphides are used). As a promising strategy, sol-gels also
have been used to immobilise enzymes - the technique
provides an environment similar to that of the enzyme in
solution.® The choice of an appropriate immobilisation
method is strongly individual and depends on the nature
of the enzyme used, transducer type, physicochemical
properties of the analyte, and biosensor’s operating condi-
tions.*

Amperometric biosensors can be classified into three
categories in accordance with the principle of the response
generation:*!

1/ first generation biosensors — the signal corresponds
to electrochemical reaction of an active reagent or
product, involved in the biochemical transforma-
tion of the target compound; they are also called
“mediator-less” amperometric biosensors;

2/ second generation biosensors — the response results
from the oxidation/reduction of the redox media-
tor (freely diffusing low molecular weight com-
pound that effectively shuttles electrons between
the electrode surface and the enzyme’s active cen-
tre);

3/ third generation biosensors — the enzyme’s active
centre has a direct electrical connection to the
transducer and the concentration of the analyte is
directly proportional to the redox current gener-
ated at the polarised electrode.

As a general rule, designing electrochemical biosen-
sors requires consideration of both the target analyte and
the complexity of the sample in which the analyte has to be
quantified. Enzymatic electrochemical biosensors are
based on biological recognition - enzyme macromolecules
have binding “pockets” with unique hydrogen bonding
and electrostatic biorecognition patterns to achieve ex-
tremely high specificity to the substrate. In order to oper-
ate, the enzyme must be stable and available to catalyse a
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specific biochemical reaction under the operating condi-
tions of the biosensor. However, in electrochemical bio-
sensing the detecting device is directly in contact with the
analysed sample and interferents are a serious problem.
Food/beverage samples contain a number of low- and
high-molecular weight interfering compounds: oxidisable
acids (ascorbic acid, citric acid, caffeic acid, vanillic acid,
etc.) and bases (amines, etc.), sugars, proteins, lipids,
polyphenols, pigments, pesticides, etc. Some of these com-
pounds are electroactive and capable to produce current
signal, while others may cause electrode passivation/bio-
fouling by adsorption. In particular, at a suitable applied
potential phenolic compounds polymerise to form a poly-
meric film on the electrode surface, thereby decreasing
biosensor signal.

In order to minimise the contribution of interfering
species, several approaches have been proposed in devel-
opment of glucose and lactate biosensors. The use of artifi-
cial electron transferring agent (mediator) in the construc-
tion of biosensors leads to lowering the operating potential
and so reduces the interference effects of other electro-
chemically active species. The most commonly used medi-
ators are ferrocene derivates, Meldola blue, Prussian blue,
toluidine blue, methylene green, and osmium complex re-
dox polymers.

The other approach is to use permselective mem-
brane to restrict the access of the interfering substances.
Different types of polymeric membranes serving as a bar-
rier, ensuring the selective penetration of the substrate be-
ing determined into the layer with immobilised enzyme,
have been introduced in biosensor design. Permselective
membranes such as cellulose acetate, polyaniline, and
polypyrrole are based on size exclusion, whereas mem-
branes such as Nafion and polyvinylpyridine are based on
charge exclusion. The polymeric films used for this pur-
pose are usually solvent-cast or electropolymerised. In
contrast to solvent-cast films, where it is difficult to obtain
uniform thickness coating, electropolymerisation offers
advantages with respect to thickness control, reproducibil-
ity, and uniformity of the polymer film on the electrode
surface.

Cellulose acetate and polypyrrole (PPy) membranes
have been reported to have a good interference effect and
they are one of the first polymers used to improve biosen-
sor’s selectivity. The polymer structure is distinguished by
small-sized pores and allows only small molecules to pass
through. Overoxidised PPy rejects proteins and acts as an
ion-exchange membrane — forms an ultra-thin film that is
ion-selective against anions. Recently, successtully applied
in construction of selective electrochemical biosensors is
Nafion - sulphonated tetrafluoroethylene copolymer.
Nafion membranes possess excellent mechanical stability,
low swelling capability in aqueous media, and high cati-
on-conductive properties. The negative charge of Nafion
prevents the diffusion of anionic components through pol-
ymer film, coated on the electrode surface, and acts as a

highly effective barrier for various interferences, signifi-
cantly enhancing biosensor selectivity. Polystyrene and
polyurethanes with phospholipid polar groups have also
been used as membrane coatings.

Using amperometric biosensors, various analytes
such as alcohols, sugars, pesticides, etc. can be determined
quantitatively in food samples with extremely high selec-
tivity and sensitivity. Biosensor arrays save time as they
offer the possibility for detecting multiple target analytes
simultaneously. Single enzyme-based and multi-en-
zyme-based biosensor systems are developed and success-
fully applied in food processing for monitoring food qual-
ity and safety.>%-31:42-44 [n this review, we have summarised
and discussed the recent development of enzyme-based
amperometric biosensors for glucose and lactate and their
applications in food industry. Finally, future trends in am-
perometric biosensor development are briefly discussed.
Despite the clear advantages of electrochemical biosensor
systems, compared to classical analytical techniques, there
is a long way to emerge from the research laboratory to the
marketplace. Considerable efforts should be focused on
the development of commercially available highly sensi-
tive, miniaturised, and portable devices for fast and relia-
ble analysis. In this context, the synergy between nano-
technology, biotechnology, and electronics, will have a
pronounced influence on the development of new electro-
chemical biosensing devices in the foreseeable future.

2. Amperometric Glucose Biosensors

Information about glucose content of foods and bev-
erages is essential for both producers and consumers.
Glucose monitoring is crucial in tracing the fermentation
processes in the wine, brewing and dairy industries. In
food control, the accurate evaluation of the glucose con-
tent in foods is extremely important for the maintenance
of its physiological level in blood of diabetic individuals.
According to the World Health Organisation (WHO),%
the number of people with diabetes has risen from 108
million in 1980 to 422 million in 2014; WHO predicts that
the diabetes will be the seventh leading cause of death in
2030.

In the field of product authentication, the determi-
nation of glucose content in honey or wine can prove their
originality and even help to identify the region of the
world from which the product originates.64”

The enzyme glucose oxidase (GOx) (EC 1.1.3.4), fre-
quently used for glucose detection, is unusually sustaina-
ble towards environmental influences, and is relatively in-
expensive. GOx is a homodimeric enzyme (flavoprotein)
with an FAD molecule non-covalently bound at the active
site of each 80 kDa subunit. GOx catalyses oxidation of
B-D-glucose, utilizing molecular oxygen as an electron ac-
ceptor, to produce D-gluconic acid and hydrogen peroxide
(H,0,):

Dodevska et al.: Amperometric Biosensors for Glucose and Lactate ...



Acta Chim. Slov. 2019, 66, 762-776

This reaction allows quantitative determination of
glucose by detecting the amount of oxygen, consumed
during the reaction, or detecting the amount of H,0,,
product of the reaction. The first method has significant
drawbacks: the concentration of oxygen in aqueous solu-
tions is high, making it difficult to determine low concen-
trations of the analyte; moreover, in the real samples the
oxygen concentration is not constant and may vary.
Quantitatively glucose can be determined by measuring
the current generated from the oxidation or reduction of
H,0,. Hydrogen peroxide can be oxidised at a convention-
al Pt-electrode, but the direct electrooxidation of H,O,
requires high overpotential and quantification suffers from
interference of other compounds. The process is accompa-
nied by co-oxidation of interfering species that are present
in the real samples. For instance, food samples usually
contain a high concentration of ascorbic acid and/or citric
acid. Both species are classical interferents in the electro-
chemical analysis. As a result, the registered signal is high-
er and does not correspond to the real concentration of the
analyte. The problem can be solved partially by using
permselective barrier (membrane) to block the access of
this type of interfering species at the electrode surface.

Conventional amperometric glucose biosensor that
includes a cellulose acetate membrane, treated with am-
ylamine and glutaraldehyde, is described.*® The system
operates at a potential of 0.65 V (vs. Ag/AgCl, 3 M KCI)
with linearity of the signal up to 320 mM glucose. This
type of biosensor has been tested successfully for glucose
determination in orange juice and tonic samples, and the
results are similar to those obtained with the conventional
measurement method (spectrophotometry).

In order to improve the electrochemical response of
H,0, (resp., the selectivity of glucose detection), the ap-
plied potential should be efficiently lowered. The low-po-
tential detection of H,O, is one of the most successful
strategies for oxidase-based biosensors providing both
sensitivity and extremely high selectivity in the presence of
easily oxidisable compounds. A number of researches con-
firm that the optimal potentials for biosensor applications
are close to 0.0 V (vs. Ag/AgCl) where, depending on the
type of the electrode material, the current of H,0O, reduc-
tion may be several hundred times higher than the current
of oxygen reduction. At such low potentials the interfer-
ence of electroactive substances in the real samples is re-
duced or totally eliminated.

Recently, there are a numerous studies on the devel-
opment of effective electrocatalysts for reduction of H,O,
by modifying the surface of the bare electrode with suita-
ble electrocatalytic active phase that facilitates elec-
tron-transfer process — metal or metal oxide particles, bi-
metallic nanomaterials, conducting polymer films, metal

complexes, etc. In this connection, new carbonaceous
electrodes modified with microquantities of noble metals
(Pd, Pd+Pt, Pd+Au) have been proven to be promising
transducers for the development of biosensors. On their
basis, improved model biosensor systems for glucose*->!
and xanthine>*>2>3 analysis have been developed.

In some cases, electrodes modified with horseradish
peroxidase (HRP) as an eflicient biocatalyst for reduction
of H,0, are used. The development of bienzymatic sys-
tems that include both GOx and HRP, leads to a significant
increase in the selectivity of the analysis, but also consider-
ably complicates the architecture of the biosensor.

A number of research groups have used Prussian
Blue (ferric hexacyanoferrate) as an “artificial peroxidase”
At an optimal potential for sensor/biosensor applications
0.0 V (vs. Ag/AgCl) Prussian Blue (PB) has been shown to
be highly active and selective catalyst in H,O, electrore-
duction in the presence of oxygen (the current of H,0O,
reduction was several hundred times higher than of oxy-
gen reduction).> Here it should be noted that the stability
associated with limited working pH-range of the PB-based
transducers is a crucial point commonly raised by referees
as an objection against their practical applications.

Carbon film resistor electrodes have been evaluated
as transducers for the development of oxidase-based en-
zyme biosensors.>® The electrodes were first modified with
PB and then covered by a layer of covalently immobilised
oxidase enzymes. These enzyme electrodes were used to
detect the substrate of the oxidase (glucose, ethanol, lac-
tate, glutamate) via reduction of hydrogen peroxide at 0.05
V vs. Ag/AgCl in the low micromolar range at response
time within 2 min. Finally, the glucose, ethanol, and lactate
electrochemical biosensors were used to analyse complex
food matrices - must, various wines, and yoghurt. Data
obtained by the single standard addition method were
compared with a spectrophotometric reference method
and showed good correlation, indicating that the elec-
trodes are suitable for food analysis. However, the lifetime
of the enzyme electrodes, stored 1 month in 0.1 M phos-
phate buffer pH 7.0 at temperature of 4 °C, evaluated by
running two calibration curves per week, was unsatisfac-
tory — glucose biosensor retained 50-60% of its initial ac-
tivity, while the activity of lactate biosensor was in the
20-40% range.

For industrial control, the use of automated methods
is desirable and the flow injection analysis (FIA) is worth-
while. In this connection, the combination of the FIA sys-
tem with amperometric biosensors became attractive due
to its versatility, simplicity, and suitability for large-scale
analyses. Biosensor developed on the basis of glassy car-
bon with electrodeposited Prussian Blue, immobilised
GOx, and coating of a Nafion polymer layer, was used for
industrial routine measurements of glucose in instant cof-
fee samples.”® The linear concentration range is from 0.15
to 2.5 mM glucose (RSD < 1.5%) with detection limit of
0.03 mM. The system has a high operational stability and
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fast response which enables the measurement of 60 sam-
ples per hour and is suitable for automated monitoring of
glucose in commercial soluble coffee.

An amperometric biosensor system with ferrocene
as a mediator and a Nafion protective film operating at
0.25 V (vs. Ag/AgCl, 3 M KCl) was used to determine the
glucose content in wine.”” Neutral Red*® and osmium pol-
ymers* were also successfully used as mediators for glu-
cose analysis in wines and alcoholic beverages.

The support material, used for enzyme immobilisa-
tion, should possess mechanical stability and rigidity, as
well as high affinity to proteins. Recently, in biosensor de-
sign chitosan has been widely used as a support for en-
zyme immobilisation.*¢! Chitosan is a natural linear
amine-rich polysaccharide, non-toxic biocompatible poly-
mer, distinguished by its ability to form flexible, transpar-
ent membranes with sufficient mechanical strength, high
adhesive consistency and protein-binding capacity. The
common drawback of the direct entrapment of enzyme in
the polymer is relatively low efficacy of enzyme loading.
This results in inconsistency in amperometric response
and reduced sensitivity during long-term operation of the
biosensor. Therefore, for better enzyme loading cross-link-
ing agents (glutaraldehyde GA, thiol linkers) have been
combined with polymer layers. An amperometric enzyme
electrode based on GOx immobilised on chitosan mem-
brane via cross-linking showing the highest response to
glucose utilised 0.21 ml cm™ thick chitosan membrane.*
Under optimal experimental conditions (pH 6.0, tempera-
ture of 35 °C, and applied potential of 0.6 V vs. Ag/AgCl)
detection limit of 0.05 mM was reached. The performance
of the biosensor was evaluated by determining the glucose
content in fruit homogenates; the accuracy was compared
to that of a commercial glucose assay kit and results indi-
cated that the present immobilisation method and meas-
urement procedure are reliable and have potential for
commercial application.

An amperometric biosensor, distinguished by its
simplicity and relative low cost, based on GOx, hydrogel,
of chitosan and highly ordered titanium dioxide nanotube
arrays (TiO,NTAs) has been evaluated by Artigues et al.®?
In the recent years, TiO,NTAs has been extensively stud-
ied and proved as material suitable as an electrochemical
interface for biosensor applications. TiO,NTAs offer excel-
lent biocompatibility, high active area that allows immobi-
lisation of a high number of enzyme molecules, and re-
markable ability to promote charge transfer processes. The
GOx-Chitosan/TiO,NTAs biosensor showed a sensitivity
of 5.46 pA mM~! with a linear range from 0.3 to 1.5 mM;
no significant interferences from fructose, ascorbic acid,
and citric acid were obtained. Measurements done with
the studied biosensor showed high repeatability (RSD
equal to 0.8%) and reproducibility (RSD equal to 2.5%).
The biosensor has good storage stability — after 30 days
85% of its initial current response was retained. Glucose
content of different food samples - soft drinks, milk, yo-

ghurt, fried tomato, and ketchup, was measured using the
biosensor and compared with the respective HPLC value.
In all the cases, the glucose concentration was determined
with sufficient accuracy (deviation less than 10%) regard-
less of the matrix composition.

Conducting (poly)thiophene films were also applied
as support material in designing glucose biosensors. The
development of biosensors by electrochemical polymeri-
sation of (poly)thiophenes, namely 2,2'-bithiophene (2,2'-
BT) and 4,4'-bis(2-methyl-3-butyn-2-ol)-2,2'-bithiophene
(4,4"-bBT), followed by immobilisation of GOx on the
films, is described.®* N-cyclohexyl-N'-(2-morpholinoethyl)
carbodiimide metho-p-toluenesulphonate (CMC) was
used as a condensing agent, and p-benzoquinone (BQ)
was used as a redox mediator. The enzyme electrodes
based on films of 2,2'-BT and 4,4'-bBT were tested for
their ability to detect glucose in synthetic and real samples
— pear, apricot, and peach fruit juices.

A simple inexpensive paper-based amperometric
glucose biosensor based on Prussian Blue-modified
screen-printed carbon electrode (SPCE) was developed.®
The use of cellulose paper proved to be a simple, “ideal’,
and green biocompatible immobilisation matrix for GOx.
The glucose biosensor allowed a small amount (0.5 pL) of
sample solution for glucose analysis and had a linear cali-
bration range from 0.25 to 2.00 mM with a detection limit
of 0.01 mM glucose. Its analytical performance was
demonstrated in analysis of selected commercial glucose
beverages. Despite the simplicity of the immobilisation
method, the biosensor retained 72% of its activity after a
storage period of 45 days.

Glucose biosensor based on GOx, poly(3,4-ethylene-
dioxythiophene) (PEDOT) and anthranilic acid (AA)
doped with poly(4-styrenesulphonic acid) (PSSH) was
successfully applied for determination of glucose concen-
tration in food samples such as grape juice and honey.®®
After a careful examination of the experimental data, it can
be stated that the presented biosensor will be an appropri-
ate tool for measurement of glucose concentration in food
samples, provided that the concentration of ascorbic acid
in such samples remains below the level of 0.1 mM.

Glucose oxidase was immobilised in conducting co-
polymers of three different types of poly(methyl-meth-
acrylate-co-thienyl-methacrylate).®® Immobilisation of
enzyme was carried out by entrapment in conducting pol-
ymers during electrochemical polymerisation of pyrrole
on the copolymer electrodes. The amount of glucose in
orange juices was investigated by using the developed en-
zyme electrodes.

In biosensors development, incorporation of biocat-
alyst within the bulk of carbon matrix offers some advan-
tages such as: high stability, possibility to incorporate oth-
er components, and a renewable surface.®” Glucose and
sucrose concentrations were determined with < 3% errors
with an amperometric method by using FIA technique.®®
A carbon paste electrode containing GOx, HRP, and ferro-
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Table 1. Electrochemical biosensors for glucose analysis in food samples.

Electrode modifier Method Sensitivity Linear range, M Samples
(Potential, V) (Detection limit, M)
GOx + cellulose acetate Amp - up to 3.2 x 107! orange juice, soft drinks
membrane + GA*® (0.65V) -
GOx + PB + GA® Amp 8 pA mM! 1x107°-8x10™* wine
(0.05 V) (1 % 10°5)
GOx + PB + Nafion®® FIA, 25.13 nA mM! 1.5x 10 -25x%x 1073 instant coffee
Amp (-0.05V) (3x107)
GOx + PNR + GA™ Amp 3.5pA mM! cm™ 9x107°-1.8x 1073 wine
(-0.35V) (2.2x107)
GDH + diaphorase + CNTs + Amp 13.4 yA mM! cm™ 1x1075-8x 107 sweet wine
Os-polymer + NAD* % (0.2V) (1 x107%)
GOx + CS%0 Amp 0.0597 pA mM™! 1x10°-13x%x10"! fruit homogenates
(0.6 V) (5x107)
GOx + CS®! Amp 21 mA M ecm™ 5x107°-1.5x 102  mixed fruit juice, orange
(0.6 V") (1x107) juice, sport drink, cola
GOx + CS + TiO,NTAs® Amp 5.46 pA mM! 0.3x102-1.5x 1073 soft drinks, milk, yoghurt,
(-0.4V) (7 x 107) fried tomato, ketchup
GOx + poly(2,2-BT) + BQ® - 9x%x10°-52x%x1073
Amp (3x107) fruit juice
GOx + poly(4,4'-bBT) + BQ® 0.4V - 1.5x10%-52x1073 (pear, apricot, peach)
(5x107%)
GOx + PB + cellulose paper® Amp 2.14 yA mM™! 25%x10™-2x 1072 glucose beverages
(-0.3V) (1x107%)
GOx + PEDOT + PAA + PSSLi® 2.74x 1074 A M1 9.6x 1074 -3 x 1072
Amp (2.9 x10™%) grape juice,
GOx + PEDOT + AA + PSSH® (0.6 V) 257 x 1074 A M! 1.86 x 1073 -3 x 1072 honey
(5.6 x 104
GOx + HRP + Fc%® FIA, 10.7nAmg'L 25-80mgL! fruit juices
Amp (0.0 V) -
GOx + CMC + ferricyanide® Amp - 1x103-1x107" lactic fermenting
(0.4V) (1x1073) beverages
RhO, + GOx + Nafion” Amp 0.098 pA mg' L 1-250mgL! instant tea,
(-0.2V) (0.2mgL™M) honey
GOx + GA”! Amp - 4x107°-25x1073 wine and must
0.2 V) (4% 10°5)
GOx + HMDA + GA”? FIA, 505 + 55 uA mM™! up to 1.5 x 107> pineapple and
Amp (0.7 V) (1 x107°) orange juice
GOx + PPy”® Amp 3.5uAmM ! cm™? 5x107%-2.4x1072 fruit juices,
(0.7 V) (2.69 x 107°) non-alcoholic beverages

The potential value is referred vs. Ag/AgCl, 3 M KCI; "vs. saturated calomel electrode (SCE); Amp - amperometry; FIA - flow injection analysis; GOx
- glucose oxidase; GDH - glucose dehydrogenase; CNTs — carbon nanotubes; NAD - nicotinamide adenine dinucleotide; GA - glutaraldehyde; PB
- Prussian Blue; CS - chitosan; NTAs — nanotube arrays; PNR - poly(neutral red); HRP - horseradish peroxidase; Fc - ferrocene; PEDOT -
poly(3,4-ethylenedioxythiophene); PAA - polyacrylic acid; PSSLi - poly(4-lithium styrenesulphonic acid); AA - anthranilic acid; PSSH - poly(4-sty-
renesulphonic acid); 2,2'-BT - 2,2'-bithiophene; 4,4'-bBT - 4,4'-bis(2-methyl-3-butyn-2-ol)-2,2'-bithiophene; BQ - p-benzoquinone; CMC - car-
boxymethyl cellulose; HMDA - hexamethylenediamine; PPy - polypyrrole.
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cene was used in combination with the soluble enzymes
invertase and mutarotase. The effect of invertase, mutaro-
tase, and ascorbic acid on the electrode response was ex-
amined. The proposed method for glucose and sucrose
measurements was validated in real samples of fruit juices.

An amperometric biosensor system based on
screen-printed electrodes for simultaneously detection of
glucose and L-lactate has been developed and applied for
simple and rapid monitoring of their levels in lactic fer-
menting beverages.® Using the proposed method, assays
were completed within 5 min and a good agreement with
high-performance liquid chromatography results was ob-
tained. The system was based on three-dimensionally lay-
ered electrodes and ferricyanide as a mediator. A linear
relationship between steady-state current and concentra-
tion was found over a range of 1-100 mM (glucose) and
1-50 mM (lactate). The stability of the proposed system
was examined - after storage in a freezer at temperature of
-30 °C under dry conditions, the biosensor response was
stable for at least 10 months.

Table 1 summarises applications of various types of
electrochemical glucose biosensors in food analysis.

In the literature, third-generation biosensors based
on direct electrochemistry of GOx have been reported.”7
These biosensors operate close to the redox potential of the
enzyme, eliminating the need of redox mediator or perox-
idase. The devices have significant advantages such as sim-
pler design and independence from O, content in the solu-
tion (the electron acts as a second substrate for the enzy-
matic reaction). However, analytical results for glucose
detection in real food samples with third-generation bio-
sensors are not reported yet.

3. Amperometric Lactate Biosensors

Lactate is a key metabolite of the anaerobic glycolytic
pathway. In food industry the lactate level is an indicator
of the fermentative processes and is related to the fresh-
ness, stability, and storage quality of various foods and
beverages such as wine, beer, cider and diary products
(milk, cheese, yoghurt, butter). In wine industry the malo-
lactic fermentation is monitored by following the decreas-
ing level of L-malic acid, and increasing level of L-lactic
acid - conversion that leads to deacidification and soften-
ing of the wine taste. Contamination of milk, fruit juices,
canned fruits/vegetables, and eggs with lactic acid bacteria
during production or storage leads to increased level of
L-lactate — marker of spoilage. In meat processing it can be
taken as an indicator of pre-mortem stress imparting the
deficiency in the meat quality.

On the other hand, L-lactic acid (E 270) is used as a
preservative and food supplement; it is added as an acidu-
lant to foods and beverages, where a tart flavour is desired
(jams, jellies, candy, soft drinks, etc.) and also as emulsify-
ing agent in bakery products. Moreover, in clinical analysis

and sport medicine analysis of lactate is relevant for diag-
nostic of ischemic conditions and cystic fibrosis; blood lac-
tate level correlates to the status of anaerobic metabolism
during muscle work and is an indicator for training status
at athletes. As an alternative to the conventional analytical
methods (chromatographic and spectrophotometric) for
lactate monitoring, amperometric biosensors, which pro-
vide reliable, direct and rapid measurements, are success-
fully used. Most of the commercial biosensors for lactate
utilise lactate oxidase as a biorecognition element.

Lactate oxidase (LOx) (EC 1.13.12.4) is a globular
flavoenzyme, mostly used in amperometric biosensor ap-
plications. The quantitative determination of L-lactate, us-
ing LOx, is based on the following catalytic reaction:

LOx catalyses the oxidation of L-lactate to pyruvate
in the presence of dissolved oxygen and forms H,0,. The
produced H,0, can be reduced or oxidised electrochemi-
cally to give a current proportional to the concentration of
L-lactate.

Raw milk and dairy products are among the most
important foods, and their quality is of great importance
for human health. Bienzyme amperometric biosensors for
lactate analysis in milk and dairy products have been re-
ported.®8! Biosensor system, reported by Torriero et al., is
based on a glassy carbon electrode with immobilised LOx
and HRP with a mediator osmium redox polymer.3* The
working potential of 0.0 V (vs. Ag/AgCl, 3 M KCl) elimi-
nates the interference of the electroactive substances in
milk samples and allows detection of extremely low lactate
concentrations (5 nM). Analysis is rapid, highly selective,
and sensitive and there is a good correlation with the re-
sults obtained by standard spectrophotometric method.

L-lactic acid was determined in cow’s milk, goat’s
milk and whey protein concentrate (WPC)-enriched goat’s
milk yoghurts by using an amperometric biosensor involv-
ing a bienzyme graphite-Teflon-LOx-HRP-ferrocene
composite electrode. The correlation between the L-lactic
acid results obtained at the same applied potential (0.0 V
vs. Ag/AgCl) using the bienzyme biosensor method and a
standard colorimetric enzymatic method was 0.95. One-
and two-way analyses of variance indicated that the bio-
sensor method was able to discriminate between WPC
supplemented and non-supplemented yoghurts, whereas
this discrimination could not be accomplished with the
colorimetric enzymatic method.8!

To overcome interference of electroactive substances
such as polyphenols and ascorbic acid, some research
groups used mediators, redox polymers, and membranes,
that serve as a selective barrier for easily oxidisable species:
poly(5-hydroxy-1,4-naphthoquinone-co-5-  hydroxy-3-
acetic  acid-1,4-naphthoquinone),®>  polyvinylimida-
zole-0s,3  polyaniline-co-fluoroaniline film,3* chitosan
membrane with ferrocyanide,®® polysulphone membrane/
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MWCNTs with ferrocene,® overoxidised polypyrrole
(PPYox).%”

The advantages of covalent immobilisation tech-
niques were coupled with the excellent interference-rejec-
tion capabilities of PPYox and a bilayer disposable lactate
biosensor able to operate in FIA was developed by
Palmisano et al.#” The biosensing layer, obtained by gluta-
raldehyde co-cross-linking of LOx with bovine serum al-
bumin (BSA), was cast on an underlying electropolymer-
ised layer of PPYox. In this work co-cross-linking of en-
zyme with BSA by GA is preferred as a simple procedure
mainly because it allows a higher degree of intermolecular
bonding, a lower extent of enzyme crowding and enzyme
deactivation, and results in an immobilised enzyme layer
showing high enzyme stability and good mechanical prop-
erties. When integrated in a FIA system, a linear response
up to 1 mM and detection limit of 2 uM were obtained; the
introduction of a microdialysis membrane-based sampler
extended the linear range up to 50 mM lactate. The an-
ti-interference characteristics of the biosensor permitted
lactate determination in untreated milk and diluted yo-
ghurt samples.

A similar immobilisation technique has been applied
in the development of an interference and cross-talk-free
dual electrode amperometric biosensor for simultaneous
monitoring of glucose and lactate by FIA.# The potential
of the biosensor system was demonstrated by simultane-
ous determination of lactate and glucose in untreated to-
mato juice samples.

In order to improve the sensitivity of lactate biosen-
sors, nanomaterials are used to increase the working sur-
face of the electrode. Amperometric biosensors based on a
gold planar electrode and two types of nanocomposites,
derived from different MWCNTs, were used to determine
lactate in foods (apple juice, tomato paste, olive brine, pro-
biotic drink), in red and white wines.?> Biosensors are con-
structed by immobilizing LOx and HRP in a layer of chi-
tosan onto the electrode surface and ferrocyanide was
used as a mediator. The protein affinity of chitosan pre-
vents enzyme denaturalisation, thus offering an en-
zyme-friendly environment. Amperometric measure-
ments were performed at -0.05 V (vs. Ag/AgCl, 3 M KCl).
The linear concentration range of biosensor, based on a
gold electrode, was from 5 to 244 pM with a limit of detec-
tion 0.96 uM. The analytical system shows satisfactory sta-
bility (no loss of sensitivity after 60 consecutive measure-
ments) and excellent stability after 15 months storage at
room temperature (retained 90% of its initial sensitivity).

Bienzymatic biosensor with LOx, HRP, and redox
mediator ferrocene, included in graphite-Teflon compos-
ite matrix, was developed.®® Lactate content in red wine
and yoghurt was determined at potential of 0.0 V (vs. Ag/
AgCl, 3 M KCI). The composite bioelectrode exhibits long-
term stability — reproducible amperometric signal was
achieved with no significant loss of enzyme activity after
storage for 6 months at 4 °C. Detection limit of 90 nM has

been determined and excellent selectivity of analysis in
real samples has been demonstrated. The sensor developed
can be applied for monitoring and optimizing the fermen-
tation process, and for controlling the quality of fermented
products.

An amperometric bienzymatic biosensor based on
incorporation of LOx and HRP into a CNTs/polysulphone
membrane by the phase inversion technique onto
screen-printed electrodes has been developed by Perez
and Fabregas.®® In order to improve the sensitivity and to
reduce the working potential, experimental conditions are
optimised and ferrocene as a redox mediator has also been
incorporated into the membrane. The biosensor response
time to L-lactate was 20 s and showed an excellent repro-
ducibility (RSD 2.7%); at an applied potential of 0.1 V (vs.
Ag/AgCl) the detection limit of 0.05 mg L™! L-lactate with
a linear range from 0.1 to 5 mg L' were determined. The
system has been successfully applied for quantitative de-
tection of L-lactic acid in different wine and beer samples.

Lactate biosensors based on various types of trans-
ducers and immobilised LOx were developed, and lactate
determination during fermentation process was per-
formed in wine and must samples.”**-% Commercially
available screen printed electrodes SensLab are preferred
as transducers from research groups of Shkotova and
Goriushkina. Appropriate function of the electrochemical
biosensor requires effective coverage of the transducer
with enzyme. In this connection, Shkotova and co-authors
present two ways for immobilisation of LOx onto the
working electrode surface: 1/ physical adsorption into a
Residrol polymer layer, and 2/ immobilisation in poly
3,4-ethylenedioxythiophene applying electropolymerisa-
tion.”® Electrochemical measurements with both biosen-
sor systems were performed at potential of 0.3 V (vs. Ag/
AgCl) in phosphate buffer, pH 7.2. The first type biosensor
is characterised by a shorter linear dynamic range (0.004
- 0.5 mM) and higher sensitivity (320 nA mM™) as com-
pared with the second type biosensor (0.05 -1.6 mM and
sensitivity of 60 nA mM™). The immobilisation method
has been shown to have no effect on the stability and the
pH-optimum. Both biosensors are applied for analysis of
lactate in wine and must. Due to their good analytical
characteristics and operational stability, the use of these
biosensors in wine quality control is recommended.

With same application are the amperometric biosen-
sors based on platinum printed electrode and immobilised
enzymes alcoholoxidase (AOx), GOx, and LOx, developed
by Goriushkina et al.”! Their application is shown in quan-
titative detection of ethanol, glucose, and lactate with a
linear concentration range of 0.3 - 20 mM ethanol, 0.04 -
2.5 mM glucose, and 0.008 - 1 mM lactate. The operation-
al stability of both ethanol and glucose biosensors remains
for two months, whereas for the lactate biosensor this time
is only 4 days. The developed biosensors show high selec-
tivity with respect to the substrates and have been success-
fully applied for the analysis of complex mixtures.
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Biosensors based on sol-gel approach are distin-
guished by improved activity and stability of the bioele-
ment. One advantage of sol-gel immobilisation is that the
enzyme is entrapped within the matrix without covalent
bonding involved, hereby the enzyme activity is better pre-
served and the sensitivity of the biosensor is higher. The
porous 3-D structure of sol-gel matrix favours the diffu-
sion of substrate molecules and facilitates the specific in-
teraction with the enzyme’s active centre. A lactate biosen-
sor with an appropriate stability, suitable for food quality
control and clinical analysis (including non-invasive diag-
nostics), is developed on the basis of LOx immobilised in
gel membranes formed from alkoxysilanes on the top of
Prussian Blue modified electrode.®® Operational stability
of the elaborated lactate biosensor was tested in flow-in-
jection mode by injecting 0.1 mM of lactate. It was found
that after 500 injections the current response remained
85% of its initial value. The biosensor remained not less
than 90% of its initial activity after 6 months of storage in
a waterproof package at 4 °C. The authors do not state data
on the reproducibility of the biosensor. A main disadvan-
tage of the sol-gel immobilisation approach is that it is not
uniform - the thickness of the layer, the amount, and the
distribution of loaded enzyme may vary a lot, affecting the
sensor-to-sensor reproducibility.

A lactate oxidase amperometric biosensor was devel-
oped and optimised for malolactic fermentation monitor-
ing during wine-making process.”* LOx was immobilised
on Prussian Blue modified screen-printed carbon elec-
trode in order to reduce the electrochemical interferences.
The biosensor showed high sensitivity (852 pA M™!) and a
detection limit for lactic acid of 0.005 mM (0.45 mg L1).
The operational stability and the lifetime of the biosensor
were also evaluated and were equal to 8 h and 30 days, re-
spectively. In flow injection system the biosensor was used
for lactic acid analysis during malolactic fermentation of a
red wine and the results were compared with those ob-
tained by ion chromatography with good agreement.

An amperometric lactate biosensor with LOx immo-
bilised into a Prussian Blue modified electrode was fabri-
cated.” The advantage of using cetyltrimethylammonium
bromide (CTAB) in the electrodeposition step of PB films
onto glassy carbon surfaces was confirmed taking into ac-
count both the stability and sensitivity of the measure-
ments. The biosensor was used in the development of a
FIA amperometric method for lactate determination.
Under optimal conditions (pH 6.9 and applied potential of
-0.1 V vs. Ag/AgCl, NaCl sat.), the repeatability of the
method for injections of 0.28 mM lactate was 2.2% (n =
18). Due to the near-zero working potential, high catalytic
activity and selectivity of Prussian Blue towards the ca-
thodic reduction of hydrogen peroxide, the biosensor sys-
tem exhibited a practically interference-free response to-
wards the target analyte. The usefulness of the developed
biosensor was demonstrated by determining lactate level
in beer samples and the results were in good agreement

with those obtained by using a reference spectrophoto-
metric enzyme method.

Polypyrrole (PPy) is a conductive polymer with pos-
itive charges that can be formed onto electrode surface
through electropolymerisation using cyclic voltammetry.
As advantages of PPy can be specified: 1/ the thickness of
the PPy layer can be quantitatively controlled by con-
trolling the number of cycles applied during cyclic voltam-
metry, and 2/ enzymes with negative charges can be ab-
sorbed into PPy layers via electrostatic forces. However,
some authors note that the enzyme loading capability of
PPy is low which may results in a reduced biosensor sensi-
tivity. Further, PPy layer is most stable at pH range of 5.5
- 6.0, which limits the type of the used enzyme.

Biosensor system based on LOx, immobilised on the
surface of planar electrode modified with Prussian Blue
and electropolymerised polypyrrole film, was applied in
quality control of kvass (traditional Russian yeast drink).®
The analytical characteristics of the resulting biosensor are
as follows: a sensitivity of 190 + 14 mA M~! cm™2, a linear
dynamic range from 0.5 to 500 pM, and high operational
stability. Due to the low working potential (0.0 V vs. Ag/
AgCl) the biosensor is indifferent to species that present in
the analysed samples and included in FIA system allows an
express assessment of the quality of food products.

Marzouk and co-authors present an analytical FIA
system by amperometric simultaneous detection of glucose
and lactate.” The enzyme-generated H,0, is measured by a
working platinum electrode with deposited layer of m-phe-
nylenediamine. The system is applicable for quantitative
analysis of glucose and lactate in dairy products.

An amperometric biosensor system based on
screen-printed electrode and ferricyanide as a mediator
has been used for simultaneous detection of glucose and
lactate in dairy drinks.%” The linear range is from 1.0 to 100
mM glucose and from 1.0 to 50 mM lactate. The duration
of the analysis is only 5 min. An excellent agreement of the
results with those obtained by HPLC has also been demon-
strated.

Integrated amperometric biosensors for the determi-
nation of L-malic and L-lactic acids in wine during fer-
mentation were developed by co-immobilisation of the
enzymes L-malate dehydrogenase (MDH) and diaphorase
(DP), or LOx and HRP, respectively, together with the re-
dox mediator tetrathiafulvalene (TTF), on a 3-mercapto-
propionic acid (MPA) self-assembled monolayer-modified
gold electrode by using a dialysis membrane.”! After 7 days
of continuous use, the MDH/DP biosensor still exhibited
90% of the original sensitivity, while the LOx/HRP biosen-
sor yielded 91% of the original response after 5
days. Calibration graphs were obtained with linear range
from 0.52 to 20 uM for L-malic acid, and from 0.42 to 20
uM for L-lactic acid, respectively. The experimental results
obtained with both biosensors exhibited a very good cor-
relation when plotted against those obtained by using
commercial enzymatic Kkits.
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Rahman et al. developed an amperometric lactate bi-
osensor based on a conducting polymer poly-5,2'-5',2"-ter-
thiophene-3'-carboxylic acid (pTTCA) and MWCNTs
composite on a gold electrode.”® Lactate dehydrogenase
(LDH) and the oxidised form of nicotinamide adenine di-
nucleotide (NAD*) were subsequently immobilised onto
the pTTCA/MWCNTs composite film. The detection sig-
nal was amplified by the pTTCA/MWCNTs assembly with
immobilised enzyme. The applicability of the biosensor
was demonstrated successfully in commercial milk and
human serum samples.

Polyethyleneimine (PEI), a cationic polymer, was
also used to immobilise LOx* and LDH! to the surface
of a screen-printed carbon electrodes, which were subse-
quently applied to the determination of lactate in yoghurt
samples. PEI possesses a strong positive charge in aqueous
solutions enabling electrostatic binding of the enzymes to
the electrode surface.

It should be noted that the use of charged protective
layers like Nafion in design of lactate biosensors influences
the response characteristics of the sensor as well, and in
particular obviously reduces the sensitivity of the resulting

Table 2. Electrochemical biosensors for lactate analysis in food samples.

biosensor device because the analyte is negatively charged.
Such effect was observed by Patel et al. in developing of
disposable-type lactate oxidase biosensors for dairy prod-
ucts and clinical analysis.?® It was established that the bio-
sensor without coating of Nafion showed naturally higher
response than that coated with Nafion and the current sig-
nal was dramatically attenuated by increasing the total
amount of Nafion on the electrodes.

Table 2 gives an overview for applications of amper-
ometric lactate sensors in the food analysis.

Biosensors are not only objects of fundamental and
applied research but they are also important commercial
products. Depending on application, the biosensor could
be alaboratory stand, portable, or hand-held device. Several
commercial instruments based on electrochemical amper-
ometric biosensor are available — Fuji Electric Co. (Japan),
IBA GmbH (Germany), Yellow Springs Instruments (USA),
Nova Biomedical (USA), Analox Instruments (UK-USA),
Sensolytics GmbH (Germany), Tectronik (Italy), BioFutura
s.r.l. (Italy), Biosentec (France), and Chemel AB (Sweden)
produce glucose and lactate biosensor devices applicable in
bioprocess control and food analysis.

Electrode modifier Method Sensitivity Linear range, M Samples
(Potential, V) (Detection limit, M)
LOx + PB + GA® Amp 10.4 pA mM™! 1x107°-5x10™* wine, yoghurt
(0.05V) (1x107)
LOx + CMC + ferricyanide® Amp 1.7124 pA mM™! 1x103-5x10"2 lactic fermenting beverages
(0.4 V) (1x1073)
LOx + PEDOT"! Amp 8x10°-1x107 wine and must
(0.2V) (8 x 1079)
LOx + HRP + Os-PAAS0 FIA, 1x10°-25%x 103 fresh milk, skimmed milk,
Amp (0.0 V) (5x107) acidophilus milk, skimmed
yoghurt, fruit yoghurt
LOx + HRP + Fc®! Amp 5x10°-1x 10 yoghurts
(0.0V) -
LOx + poly(JUG-co-JUGA)3? Amp 70 + 10 pA M cm™ 5x10°-1.5x 103 yoghurt
(~0.1 V") (5 x 10-5)
LOx + HRP + Fc + CS® Amp 3.47 nA uM™! 5x10°%-2.44x 10 wine
(~0.05 V) (9.6 x 107)
LOx + HRP + CNTs + Fc Amp 1168.8 pPAM'mm™2  1.1x10°-5.6x 107 wine and beer
+ polysulphone membrane® (-0.1V) (5.6 x 107)
LOx + GA + BSA + PPyox%” FIA, 300+ 10 nA mM™!L up to 5 x 1072 untreated milk, yoghurt
Amp (0.65 V) (1x1073)
LOx + Resydrol® 320 nA mM~! 4x10%-5x10"
Amp - wine,
LOx + PEDOT®® (0.3V) 60 nA mM-™! 5x10°-1.6 x 1073 must
LOx + HRP + TTF + MPA™! Amp 2711 + 190 pA M! 42x107-2x%x 107 wine
(~0.05 V) (4.2 % 107)
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LOx + APTS + PB% FIA, 0.18 AM'cm™ 5x107-1x 107 beverages
Amp (0.0 V) (1x107)
LOx + PB + CTAB% FIA, - 4x107%-2.8x%x 10 beer
Amp (-0.1 V) (8.4 x 1077
LOx + PPy + PB% Amp 190 + 14 mA M~! cm™ 5x107-5x 107 kvass
(0.0V) (5x107)
LDH + pTTCA + MWCNTs + NAD*%  Amp 0.0106 pA uM™! 5x107-9x107° milk
0.3V) (1x 10°6)
LOx + PEI + PCS + Nafion® Amp 0.682 nA pM! upto1x1073 yoghurt, buttermilk
(0.6 V) (5% 1077)
LOx + PtNPs + GCNF + PEI + GA!% Amp 413 yA Mt em™ 1x107°-2x1073 wine, cider
(0.3V) (6.9 x 107)
LOx + laponite-organosilasesquioxane'®!  Amp 0.33+0.01 AM'cm™ 3x10°-3x%x10"  yoghurt, fermented milk,
0.4V) (1x1079) red wine
LOx + laponite/CS hydrogels + FeMe!®2  Amp 0.326 £0.003AM'cm2 1x10°-7x10™ white wine,
(0.4V) (3.8 x107°) fermented milk, beer
LOx (SIRE-technology)!%® Amp - uptolx10™ tomato paste, baby food
(0.65 V) (3.3 x 10°9)
LDH + PyrOx!'% EIS - 1x107°-2.5x107 yoghurt
(0.0 V) (1.7 x 10°5)
LOx + HRP + PPy!% Amp 13500 £+ 600 yHAMtem2  1x10°6-1x10* red wine
(0.075 V) (5.2x107)
LOX + natural protein membrane!® FIA, 81.2 pA mM! 1x10%-1x1073 milk, cheese, kefir
Amp (0.59 V) (5 x 10°5)
LOx + HRP!?” Amp 0.84 nA pM'L 1x10°-1.8x10™ yoghurt, cheese, milk
(0.0 V) (1x107)
LDH + SWCNTs + VB + Nafion!% Amp - 2x10™%-1x1073 probiotic yoghurt
(0.2V) -
LOx + DTSP? Amp 0.77 + 0.08 pA mM! upto3x 107 wine, beer
0.3V (1x107%)
LOx + MnO, + nanoCoPc!1? Amp 3.98 yA mM! cm™? 2x10°-4x107? milk
0.5V -
LOx + 3,4DHS-AuNPs!!! Amp 5.1+0.1 pA mM! upto 8 x 1074 wine, beer, yoghurt
03V (2.6 x 1076)
LOx + PB!12 Amp 11.7+ 0.5 nA mM™! up to 5 x 1072 fermented milk products
(0.0V) (1x1073)
LDH + GONPs!13 Amp - 5%x103-5x 1072 beer, wine, milk, curd,
(0.7 V) (1x107) yoghurt
LOx + DNPs + MPTS + HMF!!4 Cv 2.6 pA mM! 53x10°-1.6x 1073 wine

(1.6 x 10°%)

BSA - bovine serum albumin; PPyox - overoxidised polypyrrole; EIS - electrochemical impedance spectroscopy; LOx — lactate oxidase; LDH - lac-
tate dehydrogenase; FcMe - ferrocene-methanol; TTF - tetrathiafulvalene; MPA - 3-mercaptopropionic acid; CTAB - cetyltrimethylammonium
bromide; CMC - carboxymethyl cellulose; Os-PAA - [Os(bpy)2CIPyCH2NHpoly(allylamine)]; poly(JUG-co-JUGA) - poly(5-hydroxy-1,4-naph-
thoquinone-co-5-hydroxy-3-thioacetic acid-1,4-naphthoquinone); PEI - polyethyleneimine; PCS - poly(carbamoyl)sulphonate hydrogel; pTTCA
- poly-5,2'-5',2"-terthiophene-3'-carboxylic acid; MWCNTs — multi-wall carbon nanotubes; SIRE - sensors based on injection of the recognition
element; PyrOx - pyruvate oxidase; NPs — nanoparticles; GCNF - graphitised carbon nanofibers; APTS - y-aminopropyl triethoxysiloxane;
SWCNTs - single-wall carbon nanotubes; VB - Variamine Blue; DTSP - 3,3’-dithiodipropionic acid di(N-succinimidyl ester); CoPc - cobalt phtha-
locyanine; GO - graphene oxide; DNPs — diamond nanoparticles; MPTS - (3-mercaptopropyl)-trimethoxysilane; HMF — hydroxymethyl-ferrocene;
“'vs. silver pseudoreference electrode. Other abbreviations are the same as Table 1.
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4. Conclusions and Perspectives

Over the two last decades phenomenal growth has
been observed in the field of electrochemical biosensors
for analysis of food and beverages. Amperometric en-
zyme-based biosensors have been developed and widely
used due to their well-understood bio-interaction and de-
tection process. The high affinity of the enzyme molecules
for their target analytes allowed the development of ex-
tremely sensitive and selective biosensor systems applica-
ble in complex and variable samples. In electrochemical
biosensor design precise selection of the enzyme type,
suitable working electrode, as well as suitable, robust, and
reproducible immobilisation methodology play a crucial
role in order to achieve better selectivity and stability of
biosensors. This brief review has highlighted the strategies
that have been introduced to successfully improve the op-
erational parameters of amperometric enzyme-based bio-
sensors for glucose and lactate detection in food samples.
The analytical performances in terms of high sensitivity,
wide linear range and low detection limit of some of the
reviewed biosensors evidence that these systems have the
potential to radically change food analysis. However, de-
spite the variety of electrochemical biosensors for glucose
and lactate monitoring,?>113-12% limited number of devices
successfully applied for quality and safety assessment of
foods and beverages testifies that the food sample matrices
present significant challenges and there is still a need to
improve analytical performances, both selectivity and op-
erational stability of the immobilised biocomponent and
shelf-life of biosensor systems. Moreover, designing novel
reliable and commercially available biosensors that are ca-
pable to detect nanomolar levels of analytes, as well as bio-
sensors for reliable analysis of multiple analytes using a
single device,!?#1?7 are required in the field of food indus-
try and have become an important topic in electroanalysis.

Electrochemical biosensors offer the possibility of
rapid and on-site monitoring, thus providing real-time in-
formation essential in the control of production processes.
The great advantage of real-time monitoring in food man-
ufacture, particularly of dairy and winemaking industries,
will motivate the commercialisation and widespread usage
of these devices. Generally, the driving force for commer-
cialisation of biosensor systems is the market/hand-held
size, simplicity of operation and the instrument cost.
Transforming electrochemical biosensor system into a
simple, easy-to-use, cheap and portable commercial prod-
uct from lab-scale research is complicated and still remains
a challenge due to its high cost, stability issues, and com-
plex instrumentation design. The fabrication of hand-held
biosensor devices can be complex due to the difficulty in
ensuring the operational stability and reproducibility of
the sensor; in most cases the stability of the enzyme immo-
bilised on the electrode surface is not maintained in real
sample analysis conditions. It should also be taken into ac-
count that the sophisticated sensing device fabrication also
may incur more cost which affects its commercialisation.

Current trends toward miniaturisation of biosensor sys-
tems have led researchers to use screen-printed electrodes
(SPE). The printing of electrodes is one of the most prom-
ising technologies in transducers elaboration because it is
economic, enables easy integration, improves portability,
and drastically reduces contamination. Screen-printing
technology is well established, reproducible, and easily in-
corporated in miniaturised portable devices, so SPEs be-
long to the most suitable electrodes for biosensing purpos-
es. SPEs can be modified in the same way as conventional
electrodes through surface chemistry modification or di-
rectly modifying the composition of the ink. Moreover,
with the discovery of new nano-sized materials with supe-
rior electrocatalytic properties, we expect research groups
to explore novel advanced SPEs.

Development of sensor networks and wireless signal
transmitters for remote sensing is relevant in the field of
biosensor technologies. Nowadays, fabrication of portable
potentiostats is not a scientific challenge. In fact, small
(pocket size) portable potentiostats powered by a USB
connection, combined with a simple notepad, and conven-
iently designed to fit SPEs for on-field use, are available in
the electrochemical equipment market. Particularly, for
mobile sensor/biosensor applications several companies
offer potentiostats with integrated Bluetooth, using a
smartphone for control. Such portable potentiostat with
wireless connectivity to smartphones would facilitate anal-
ysis at the point-of-use and in the field, where access to a
computer is impossible.

Future trend in biosensors engineering is develop-
ment of “smart” sensors which are capable of measuring,
analysing, and adjusting the appropriate parameters of the
analyte. The potential of this technology is enormous and
should revolutionise analysis and control, because it will
not only improve the food quality/safety, but will also pro-
vide much more effective control with less employment,
time and energy saving.
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Abstract

Folic acid (FA) as one of the water-soluble vitamins contributes to the construction of healthy cells, as FA deficiency is
one of the leading causes of anaemia. Based on reports, reduced folate level can lead to development of carcinogenesis.
Hence, its analysis from the clinical point of view is highly demanded. In the present work, NiFe,O, nanoparticles was
successfully synthesized and used for modified novel voltammetric sensor for determination of folic acid. Differential
pulse voltammetry response shows the linear increment of oxidation signals with an increase in the concentration of
folic acid in the range of 1.0 x 1077-5.0 x 10~* M with limit of detection 3.4 x 108 M. The modified electrode displays
an excellent selectivity towards the determination of FA even in the presence of various interfering species. Finally, the
screen printed electrode (SPE) consists of three main parts which are a graphite counter electrode, a silver pseudo-ref-
erence electrode and a graphite working electrode modified by NiFe,O, nanoparticles (NFO), and was applied for FA
determination folic acid in tablet and urine samples whose accuracy was attested by means of addition and recovery
assays (97.0-103.5%) as well as by differential pulse voltammetry.

Keywords: Folic acid; NiFe,O4 nanoparticles; screen printed electrodes; voltammetry; real sample; eectrochemical sen-

Sor.

1. Introduction

Application of screen-printed electrodes (SPEs) has
a main advantage of miniaturization compared to the con-
ventional electrodes including carbon paste or glassy car-
bon electrodes.! SPEs offer attractive advantages in elec-
trochemical analysis featuring disposability, low cost, flex-
ible in design, ease of chemical modification, and rapid
response. 2~

Magnetic nanoparticles (NPs) are the most popular
materials in analytical biochemistry, medicine, removal of
heavy metals and biotechnology, and have been increas-
ingly applied to immobilize proteins, enzymes, and other
bioactive agents due to their unique advantages.”- NiFe,0,
nanoparticles (NiFe,O4 NPs) have attracted an increasing
interest in construction of sensors and biosensors because
of their good biocompatibility, strong super paramagnetic
property, low toxicity, easy preparation and high adsorp-
tion ability. The quantitative cytotoxicity test verified that
NiFe,O, nanoparticles had noncytotoxicity. Moreover,
NiFe,O, NPs exhibit high surface area and low mass trans-
fer resistance.10-12

Folic acid (FA) is a kind of water-soluble vitamin and
can act as coenzyme in the transfer and utilization of
one-carbon groups and in the regeneration of methionine
from homocysteine.'®

This vitamin has lately received considerable atten-
tion due to its believed antioxidant activity and use for
cancer prevention. While present in a wide variety of nu-
tritions and pharmaceutical formulations, the human me-
tabolism is unable to produce folic acid.!*-'¢ The decrease
in concentration of folic acid can cause however serious
complications such as leucopoenia, gigantocytic anemia,
psychosis, devolution of mentality and increasing possibil-
ity of heart attack and stroke. Hence, the development of
sensitive and fast methods for the determination of folic
acid has attracted considerable attention.!’-!” Some ana-
lytical methods have been reported for the determination
of FA with high performance liquid chromatography,?
spectrophotometry,?! chemiluminescence,?? spectrofluo-
rometric 2 and Enzyme-linked ligand sorbent test meth-
0ds.?* But these techniques have many disadvantages, such
as high cost from the equipments and disposable chemi-
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cals, complicated and time-consuming pretreatments, and
so on. Electrochemical techniques are the most preferred
ones considering their simplicity, rapid response, good
stability, low cost, high sensitivity and excellent selectivity
which are widely used in the field of food, drug, biological
and environmental analysis.?>-?

The present study is aimed at the synthesis of the
NiFe,O, nanoparticles and its application in the form of
the modified screen printed electrode for trace, rapid, and
sensitive determination of folic acid through cyclic vol-
tammetric and differential pulse voltammetric techniques.
To our knowledge, there is no report on the voltammetric
behaviour, and the determination of folic acid at the
NiFe,O, nanoparticles. Low detection limit, high sensitiv-
ity, and a wide linear range of folic acid concentrations
were thus obtained.

2. Experimental
2. 1. Apparatus and Chemicals

Fourier transform infrared (FT-IR) spectra were re-
corded in transmission mode with a Perkin Elmer BX FT-
IR infrared spectrometer. FT-IR spectra in the range 4000-
400 cm! were recorded in order to investigate the nature
of the chemical bonds formed. X-ray powder diffraction
(XRD) analysis was conducted on a Philips analytical PC-
APD X-ray diffractometer with graphite monochromatic
CuKa radiation (a;, \; = 1.54056 A, a,, A, = 1.54439 A) to
verify the formation of products. The X-ray diffraction
pattern was indexed using Joint Committee on Powder
Diffraction Standards (JCPDS) card. SEM images of the
samples were collected on JSM, 6380 LV equipped with an
EDX microanalysis.

The electrochemical measurements were performed
with an Autolab potentiostat/galvanostat (PGSTAT 302N,
Eco Chemie, the Netherlands). The experimental condi-
tions were controlled with the General Purpose Electro-
chemical System software. The screen-printed electrode
(DropSens, DRP-110, Spain) consists of three main parts
which are a graphite counter electrode, a silver pseudo-ref-
erence electrode and a graphite working electrode, un-
modified. A Metrohm 710 pH meter was used for pH mea-
surements.

Folic acid and all other reagents were of the analyti-
cal grade, and they were obtained from Merck (Darmstadt,
Germany). The buffer solutions were prepared from ortho-
phosphoric acid and its salts over the pH range of 2.0-9.0.

2. 2. Synthesis of NiFe,0, Nanoparticles

NiFe,O, nanoparticles were synthesized in the pres-
ence of urea using a hydro/solvothermal method. Solution
of urea were dissolved in 60 mL of deionized water and
then 20 mL polyethylene glycol was added to solution to
form brown homogeneous solutions. Then 10 mL FeClj; -

6H,0 (16 mmol) and 10 mL NiCl, - 6H,0 (8 mmol) were
added into the above solution, respectively. The mixed
solutions, with stoichiometric 30 molar ratio of urea/Fe3*
(with excess urea that form sufficient precipitating ions for
metal oxides formation), were magnetically stirred until
all the starting materials were totally dissolved at 25 °C.
These solutions were further homogenized in an ultrason-
ic water bath for 15 min and then respectively transferred
into Teflon-lined stainless steel autoclave with a capacity of
200 mL in order to keep them at 200 °C for 24 h in an oven.
Subsequently, the autoclaves were air cooled to room tem-
perature. The as-obtained precipitates were centrifuged,
and then washed with deionized water and absolute etha-
nol for several times to remove the impurities in the prod-
ucts. The resulting products were dried in a vacuum oven
at 105 °C for 12 h.

2. 3. Preparation of the Electrode

The bare graphite screen printed electrode was coated
with NiFe,0, nanoparticles, as shown in the following. A
stock solution of NiFe,O, nanoparticles in 1 mL of the aque-
ous solution was prepared by dispersing 1 mg of NiFe,O,
nanoparticles with ultra-sonication for 30 min, while 5 pL
of aliquots of the NiFe,O, suspension solution was cast on
the carbon working electrodes, followed by waiting until the
solvent was evaporated in room temperature.

2. 4. Preparation of Real Samples

Folic acid tablets (Ruzdarou, Iran [labelled value fo-
lic acid = 5 mg/tablet]) were perchased. The folic acid tab-
lets were completely grounded and homogenized before
preparing 10 mL of the 0.1 M stock solution. The solution
was sonicated to assure complete dissolution and then fil-
tered. The required amount of clear filtrate was then added
to the electrochemical cell containing 10 mL of the 0.1 M
PBS (pH 7) to record the DPV voltammogram.

Urine samples were stored in a refrigerator immedi-
ately after collection. Ten millilitres of the samples were
centrifuged for 15 min at 2000 rpm. The supernatant was
filtered out by using a 0.45 pm filter. Next, different volumes
of the solution was transferred into a 25 mL volumetric
flask and diluted to the mark with PBS (pH 7.0). The diluted
urine samples were spiked with different amounts of folic
acid. The folic acid contents were analysed by the proposed
method by using the standard addition method.

3. Result and Discussion

3. 1. Morphology and Structure of NiFe,O,
Nanoparticles

The vibration frequencies in the infrared spectrum
of a molecule were considered to be a unique physical
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property and were a characteristic of the molecule. Fig. 1
shows two persistent absorption bands corresponding to
the vibration of tetrahedral and octahedral complexes at
599 cm™! and 465 cm!, respectively. Those bands con-
firmed the formation of spinel nickel ferrite structure. As
can be seen from FT-IR spectra the normal mode of vibra-
tion of tetrahedral cluster (599 cm™!) is higher than that of
octahedral cluster (465 cm™!). This is due to the shorter
bond length of tetrahedral cluster than the octahedral
cluster. %

Fig. 1. FT-IR spectra of NiFe,O, nanoparticles

An XRD spectrum of the NiFe,O, nanoparticles is
shown in Fig. 2. For the NiFe,O, nanoparticles, the eleven
characteristic peaks occur at 26 of 30.48°, 35.87°, 36.21°,
45.52° 51.89°, 57.51°, 63.63°, 72.14°, 75.52°, 76.68°, and
79.68°, which are marked by their corresponding indices
(220), (311), (222), (400), (422), (511), (440), (620), (533),
(622) and (444), respectively. This reveals that the magnet-
ic particles are pure NiFe,O, with a spinel structure. No
diffraction peaks of other impurities such as a-Fe,O; or
NiO were observed. The broadness of the diftraction peaks
suggests the nano-sized nature of the product and the av-
erage crystallite size (t) of it was calculated using the De-

Fig. 2. X-ray diffraction patterns of the NiFe,O, nanoparticles.

bye-Scherrer formula as 40.0 nm. t = 0.9 A / $ cos (0) where
A is the wavelength of the X-ray radiation (1.54056 A for
Cu lamp), 0 is the diffraction angle and { is the full width
at half-maximum (FWHM). 3031

The morphology of the product was examined by
SEM. Fig. 3A depicts the SEM pictures of NiFe,O,
nanoparticles. From the graph, it was observed that the
nanoparticles, which are nearly spherical, are not agglom-
erated and they are seen as less than 10 nm.

The EDX analysis was performed to further confirm
the composition of the obtained products. Fig. 3B shows
that the products are composed of Ni, Fe and O. The C
peak in the spectrum is attributed to the electric latex of
the SEM sample holder.

Fig. 3. (A) SEM micrographs with (B) its EDX spectra of NiFe,O,
nanoparticles.

3. 2. Electrochemical Behaviour of Folic Acid
at The Surface of Various Electrodes

The electrochemical behaviour of folic acid depends
on the pH value of the aqueous solution. Therefore, the pH
optimization of the solution seems to be necessary in order
to obtain the best results for electro-oxidation of folic acid.
Thus, the electrochemical behaviour of folic acid was stud-
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ied in 0.1 M PBS in different pH values (2.0-9.0) at the
surface of NFO/SPE by voltammetry. It was found that the
electro-oxidation of folic acid at the surface of NFO/SPE
was more favoured under neutral conditions than in acidic
or basic medium. Here pH 7.0 was chosen as the optimum
pH for electro-oxidation of folic acid at the surface of
NFO/SPE.

Fig. 4 depicts the CV responses for electro-oxida-
tion of 100.0 uM folic acid at the unmodified SPE (curve
b) and NFO/SPE (curve a). The peak potential occurs at
670 mV due to the oxidation of folic acid, which is about
70 mV more negative than the unmodified SPE. Also,
NFO/SPE shows much higher anodic peak currents for
the oxidation of folic acid compared to the unmodified
SPE, indicating that the modification of the unmodified
SPE with NiFe,O, nanoparticles has significantly im-
proved the performance of the electrode towards folic
acid oxidation.

Fig. 4. CVs of a) NFO/SPE and b) unmodified SPE in the presence
of 100.0 uM folic acid at pH 7.0. In all cases, the scan rate was 50
mV s

3. 3. Effect of Scan Rate

Fig. 5 illustrate the effects of potential scan rates on
the oxidation currents of folic acid, indicating that increas-
ing the scan rate increased the peak currents. Also based
on the fact that the plots of Ip against the square root of the
potential scan rate (v'/2) for analyte was linear, it was con-
cluded that the oxidation processes are both diffusion con-
trolled.

Fig. 5. CVs of NFO/SPE in 0.1 M PBS (pH 7.0) containing 150.0 M
of folic acid at various scan rates; numbers 1-12 correspond to 10, 25,
50, 75, 100, 200, 300, 400, 500, 600, 700 and 800 mV s~1, respectively.
Inset: Variation of anodic peak current vs. square root of scan rate.

3. 4. Chronoamperometric Measurements

Chronoamperometric measurements of folic acid at
NFO/SPE were carried out by setting the working elec-
trode potential at 0.75 V vs. Ag/AgCl/KCI (3.0 M) for var-
ious concentrations of folic acid (Fig. 6) in PBS (pH 7.0).
For electroactive materials (folic acid in this case) with a
diffusion coeflicient of D, the current observed for the
electrochemical reaction at the mass transport limited
condition is described by the Cottrell equation.*?

I = nFAD'2Cym 12172 (1)

where D and C, are the diffusion coefficient (cm? s™!) and
the bulk concentration (mol cm™3), respectively. Experi-
mental plots of I vs. t1/2 were employed with the best fits
for different concentrations of folic acid (Fig. 6A). The
slopes of the resultant straight lines were then plotted
against folic acid concentrations (Fig. 6B). From the resul-
tant slope and the Cottrell equation, the mean values of D
were found to be 1.3 x 10-> cm?/s for folic acid.

3. 5. Calibration Plots and Limits of Detection

The electro-oxidation peak currents of folic acid at
the surface of NFO/SPE can be used to determine folic
acid in the solution. Since differential pulse voltammetry
(DPV) has the advantage of having an increase in sensitiv-
ity and better characteristics for analytical applications,
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Fig. 6. Chronoamperograms obtained at NFO/SPE in 0.1 M PBS (pH
7.0) for different concentrations of folic acid. The numbers 1-6 corre-
spond to 0.1, 0.25, 0.5, 1.0, 1.5 and 2.0 mM of folic acid. Insets: (a)
Plots of I vs. t'/2 obtained from chronoamperograms 1-6. (b) Plot of
the slope of the straight lines against folic acid concentrations.

DPV experiments were performed by using NFO/SPE in
0.1 M PBS containing various individual concentrations of
folic acid (Fig. 7). The results show that the electrocatalytic
peak currents of folic acid oxidation at the surface of NFO/
SPE were linearly dependent on folic acid concentrations
over the range of 1.0-500.0 uM, while the detection limit
(30) was obtained as 0.023 uM. These values are compara-
ble with values reported by other research groups for elec-
trocatalytic oxidation of levodopa at the surface of chemi-
cally modified electrodes (see Table 1).

3. 6. Interference Study

We investigated the effect of various interfering spe-
cies on measuring 20.0 pM FA. The tolerance limit was

Fig. 7. DPVs of NFO/SPE in 0.1 M PBS (pH 7.0) containing differ-
ent concentrations of folic acid. Numbers 1-18 correspond to 0.1,
0.5, 1.0, 5.0, 10.0, 20.0, 30.0, 40.0, 50.0, 60.0, 70.0, 80.0, 90.0, 100.0,
200.0, 300.0, 400.0 and 500.0 pM of folic acid. The inset shows the
plot of the peak current as a function of the folic acid concentration
in the range of 0.1-500.0 puM.

adjusted as the concentration of foreign ions causing +5%
error in the determination. Based on the obtained results,
the tolerance limit for Na*, Cl- and K* was 0.1 M; for Mg?*
and Ca?" it was 0.05 M; for L-lysine, glucose, sucrose, lac-
tose, citric acid, fructose methanol, ethanol, L-asparagine,
alanine, phenylalanine, glycine and NADH it was 0.004 M.

3. 7. Real Sample Analysis

In order to evaluate the analytical applicability of the
proposed method, it was applied to determine folic acid in
folic acid tablets and urine samples by using the standard
addition method. The results for the determination of the
folic acid in real samples are given in Table 2. Satisfactory
recoveries of the experimental results were found for folic

Table 1. Comparison of analytical parameters for the determination of folic acid by various electrodes.

Electrode Modifier LOD (M) LDR (M) Ref.
Carbon paste multiwall carbon nanotubes 1.10 x 10°¢ 4.6 x 10°-152.0 x 1076 33
Carbon paste (DEDE) and NiO/CNTs nanocomposite 0.90 x 1076 3.0x 107%-550.0 x 107° 34
Carbon paste ZrO, nanoparticles 9.86 x 1076 2.0 x 1075-2.5 x 1073 35
Gl b hene/MWCNT iteloaded
assy carbon graphene/ nanocompositeloade 0.09 x 10-6 10.0 x 10-6-170.0 x 10-6 36
Au nanoclusters
Carbon paste Ruthenium(IT) Comple)f—ZnO/CNTs 100 x 10-5 3.0 x 10-5-700.0 x 105 37
Nanocomposite
Screen printed NiFe,0, nanoparticles 3.40 x 1078 1.0 x 1077-5.0 x 107 This Work
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Table 2. Determination of folic acid in folic acid tablet and urine samples. All the con-

centrations are in uM (n=>5).

Sample Spiked Found Recovery (%) RSD (%)
0 15.0 - 3.2
2.5 17.8 101.7 1.7
Folic acid tablet 5.0 19.5 97.5 2.8
7.5 23.3 103.5 2.2
10.0 24.8 99.2 2.4
0 _ _ _
10.0 10.3 103.0 34
Urine 20.0 19.9 99.5 1.7
30.0 29.1 97.0 2.3
40.0 40.5 101.2 2.8

acid. The reproducibility of the method was demonstrated
by the mean relative standard deviation (RSD).

4. Conclusion

In this work, NiFe,O, nanoparticles has been em-
ployed as a modifier in the modification of SPEs. A novel
sensor has been developed, which provides an extremely
sensitive and selective method for determination of folic
acid. At the optimum pH of 7.0, the oxidation of FA occurs
at a potential about 670 mV which is about 70 mV more
negative than the unmodified SPE. Based on differential
pulse voltammetry (DPV), the oxidation of LD exhibited a
dynamic range between 1.0 x 107and 5.0 x 10* M and a
detection limit (30) of 3.4 x 10~® M. The proposed protocol
demonstrated a novel, simple, portable, inexpensive, and
easy-to-use fabrication method to measure folic acid con-
centrations in folic acid tablet and urine samples with
good analytical performance.
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Sintetizirali smo nanodelce NiFe,O, in jih uporabili za izdelavo novega voltametri¢nega senzorja za doloc¢anje folne
kisline. Odziv diferencialne pulzne voltametrije je pokazal linearno zvianje oksidacijskih signalov s pove¢anjem koncen-
tracije folne kisline v obmoéju 1,0 x 1077 - 5,0 x 10~* M, z mejo zaznave 3,4 x 10-8 M. Elektroda ima odli¢no selektivnost
za dolocanje folne kisline tudi v primeru prisotnosti razli¢nih motenj. SPE sestavljajo trije deli: grafitna protielektroda,
srebrna psevdo referen¢na elektroda in grafitna delovna elektroda modificirana z nanodelci NiFe,0,. Senzor smo us-
pesno uporabili za dolo¢anje folne kisline v vzorcih tablet in urina.
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Abstract

Tacrolimus (FK506) is an immunosuppressant drug widely used to avoid organ rejection in transplant patients. It has
a profound influence on the cellular stress response by interfering with the calmodulin-calcineurin signaling pathway.
In this context FK506 also became a valuable antifungal drug in medical care. Here it is shown in vitro that tacrolimus
has a potent growth inhibition activity against 11 fungi and 3 oomycetes of agricultural importance. The significance of
this finding is discussed with respect to crop protection. The in silico molecular docking to 6 major antifungal enzymes
determined UDP-N-acetylmuramoyl-L-alanine: D-glutamate ligase (MurD) as the main target by the best affinity score.

Keywords: Tacrolimus, Antiphytofungal activity

1. Introduction

Presently azoles, echinocandines, pyrimidine ana-
logs and polyenes are among the most common antifun-
gals in human medical care and crop protection. The
search for new potent antifungal agents will remain an ur-
gent task at the background of an ongoing emergence of
drug resistance.! Especially resistant pathogenic fungi rise
concerns human medical care. For instance, immunocom-
promised patients after HIV infection or organ transplan-
tation, who have overcome cryptococcal meningitis infec-
tion, may need a life-time fluconazole prophylaxis.? Here,
management of infections become extremely difficult if
azole resistant pathogens get involved. Also the arise of
fluconazole-resistant mutants among Cryptococcus neofor-
mans clinical isolates was observed.? In search for new tar-
gets for antifungals the calmodulin-calcineurin signaling
cascade came into focus. A stress response of a fungal cell
starts by the uptake of Ca?*, which then binds to the four
binding sites of calmodulin. After a conformational change
Ca?* occupied calmodulin forms a ternary complex to-
gether with calcineurin subunits CnA and CnB, thereby
gaining a phosphatase activity; in turn the complex de-
phosphorylates transcription factor Crzl. Genes activated
by dephosphorylized Crz1 are involved in drug resistance,
growth and cell wall integrity. Generally, calcineurin is an
important part of the stress response of fungal cells.*

Searching for novel immunosuppressive agents a
822-kD 23-membered macrolide lactone named tacrolim-

Figure 1. Chemical structure of tacrolimus (FK506).

us (FK506, Fujimycin, etc.) was isolated and characterized
from Streptomyces tsukubaensis (Fig. 1).

Tacrolimus in capsules for oral intake and as solution
for injection is used for prophylaxis against organ rejection
in patients receiving liver, kidney or heart transplants.® As
a topical ointment it is applied as a second-line therapy for
the short-term and non-continuous chronic treatment of
moderate to severe atopic dermatitis in non-immunocom-
promised adults and children. FK506 has a favorable toxi-
cological profile: no evidence of mutagenicity was ob-
served in vitro in the CHO/HGPRT assay (the Chinese
hamster ovary cell assay). Also it did not cause unsched-
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uled DNA synthesis in rodent hepatocytes. LDs in rat oral
test was 134 mg/kg for tacrolimus hydrate.”

Experimental evidence suggests that tacrolimus
binds to the intracellular protein FKBP12 and thereby
interferes with the calcineurin signal pathway, which is a
key element in regulation of intracellular Ca** concen-
tration.* FKBP12-tacrolimus inhibits the phosphatase
activity of the calmodulin-CnA-CnB complex, which in
turn silences transcription factor Crz1 and correspond-
ing stress related genes. As a consequence, inhibitors of
calcineurin like tacrolimus may function as potent anti-
fungals. In combination with standard antifungal drugs
FK506 may reverse resistance against them or increase
their efficacy.®® Also phytopathogenic fungi rely on the
calcineurin pathway securing cell wall and membrane

integrity, virulence!® or formation of infectious appres-
soria.!l!

Practically all of tacrolimus studies are related to the
development of supportive antifungal therapy to improve
regimes of infected patients. Here we describe novel antifun-
gal efficacy of FK506 towards eleven pathogenic fungi and
three Phytophthora oomycetes of agricultural importance.

2. Results and Discussion
2. 1. Known Antifungal Data

All reported antifungal literature data were summa-
rized below (Table 1) to show its found minimum inhibi-
tory concentrations (MIC).

Table 1. Summary of reported antifungal activity of tacrolimus (FK506)

Fungus Reported strain name MIC, g, pg/mL
AF293, DUMC 119.00, 1.5612
DUMC 153.90, DUMC 101.01 1.56
A il it DUMC 165.86 6.25
spergillus fumigatus DUMC 182.99 0.39
DUMC 168.95 3.125
DUMC 131.00 0.78
6 strains 0.025-0.413
Aspergillus fumigantus AF1 - AF10 >25614
TIMMO0063 <0.008"
A s ni 2 strains 0.006-0.01213
spergitius niger ATCC6275 <0.008'5
) 4 strains 0.1-0.213
Aspergillus flavus AFLI - AFL8 525614
A - 4 strains 0.025-0.113
spergillus terreus AT, AT2 525614
Aspergillus ustus 3 strains >0.414
Aspergillus versicolor 1 strain >0.414
SC5314, echinocandin-res.:
Fks1 S645Y, Fksl F641S,
Candida albicans Fks1 S645F, Fks1 S645P; >161
azole-res.: 2-76,
2-86, 12-99.
SC5314, cnbl/cnbl (DAY364),
cnbl/cnbl CNB1 (MCC85), >3.12!
CNBI-1/CNBI1 (YAG237),
rbp1/rbpl (YAG171) 7
azole-susc. CA5, CAS8, CA12,
CA14, CA129; azole-res. CA10, 51218
CA15, CAl6, CA135, CA137.
TIMM1623
Candida tropicalis TIMMO0313 >1281%
Candida kefyr ATCC28838
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Fungus Reported strain name MIC, g, pg/mL
CGl1, CGY 2561
7 a
Candida glabrata CG4, CG8, CG2, CG3 512
EP1551 15
8003 215
H99 <0.09%4;12.5%°
Cryptococcus neoformans C20, C21 <0.09%
C20F1 1002
C20F2, C21F2 502!
C21F3 2521
Acnal mutant, Afrrl mutant >2520
Cunninghamella spp.® 2 strains 0.05-0.213
Fusarium spp.? 6 strains >0.413
Lichtheimia spp.® 2 strains 0.2-0.4"

. 8 strains 0.0322
Malassezia furfur 26 strains 0.5-3215
Malassezia globose 36 strains

0.016-0.25%
Malassezia restrica 28 strains
Malassezia sympodialis 19 strains 0.125%
Malassezia obtuse 7 strains
0.03%2
Malassezia slooffiae 10 strains
Malassezia dermatis 3 strains -
0.016
Malassezia japonica 2 strains
Malassezia nana 4 strains
Malassezia pachydermatis 6 strains
Malassezia yamatoensis 2 strains
Mucor spp. 4 strains 0.012 to >0.413
Paecilomyces licasinus® 5 strains >0.413
Paecilomyces varioti® 4 strains 0.025 to >0.413
Rhizomucor spp.® 2 strains 0.012-0.025'3
Rhizopus spp.b 5 strains 0.1 to >0.413
Scedosporium apiospermum? 4 strains 0.05 to >0.41
Scedosporium prolificans® 4 strains >0.413
Scopulariopsis spp.? 4 strains 0.05 to >0.41
YFK005 wild type 1523
YFKO007 wild type 22
YFK012 (fkr1), YFK256 (PDR) >80
Saccharomyces cerevisiae® YFK257 (pdrl-3), YFK259 (pdrl-7) >80
YFK014 (fkr2), YFK258 (PDR) 45
YFK093 (fkr3) 50
YFK223-5C (pdrl-3) 6
YFK222-2A (pdrl-7) 35
Sporonthrix brasilliensis CBS 133021 1
Sporonthrix schenckii CBS 132984 224
Trichosporon asahii CBS 2479 >64%°
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Fungus Reported strain name MIC, g, ug/mL
VUT-77011 >100%6
VUT-97010 0.78126
. VUT-00001 6.25%6
Trichophyton mentagrophytes VUT-00002 2526
VUT-00003 12.5%
TIMMI1189 >12815
Trichophyton asteroides EP594
>12815
Trichophyton rubrum EP596

AMICg, PMICs,

Odom at al. revealed, that in vitro FK506 was toxic
to Cryptococcus neoformans at 37 °C, but not at 24 °C, be-
cause at the higher temperature growth and virulence
were dependent on the protein phosphatase calcineurin.?!
It was found, that tacrolimus inhibited CDR1 and CaM-
DRI genes in C. albicans, which are thought to play a role
in the antifungal resistance to azole derivatives.® Along
with the high level of stress that was induced by an influx
Ca?* and Na* the membrane distortion caused by the
azole interference of the ergosterol metabolism gave rise
to an enhanced intracellular FK506 concentration.>?’ In
vitro studies with fluconazole-resistant C. glabrata isolates
revealed a distinct synergistic effect when FK506 was
combined with ketoconazole (77%), itraconazole (73%),
voriconazole (63%) and fluconazole (60%).28 It has also
been shown that tacrolimus dramatically induced Ca?*
uptake in C. glabrata cells in the presence of fluconazole?
or terbinafine and fenpropimorph.!” The addition of
FK506 or the disruption of calcineurin gene CMP2 specif-
ically reversed the B-1,3-glucan synthase Fks2-mediated
resistance of C. glabrata to echinocandin® as well as to
posaconazole in C. albicans.'® Li et al.!® mentioned the de-
crease in ERG11 and SNQ2 gene expression levels and the
inhibition of fluconazole efflux by FK506 in Candida gla-
brata. Poeta et al.*® demonstrated that it exhibits marked
synergistic activity with the H*ATPase inhibitor bafilo-
mycin A; and pneumocandin MK-0991/caspofungin ace-
tate in C. neoformans cells. Steinbach et al.'? confirmed
that FK506 and cyclosporin exhibit an inherent activity
against Aspergillus fumigatus, generally delaying filamen-
tation and producing smaller hyphae. Borba-Santos?* ob-
served an increase of itraconazole and fluconazole effi-
ciency when applied in combination with FK506 in
therapy regime for sporotrichosis, which is caused by
pathogenic fungi Sporonthrix brasiliensis or S. schenckii.
Ozawa et al.?¢ also revealed synergistic activity of tacroli-
mus with itraconazole against Trichophyton mentagro-
phytes. In contrast FK506 showed no high activity against
Trichosporon asahii strains (MIC > 64.0 pg/mL).2> How-
ever, a larger synergistic interaction was observed by the
combinations FK506 + amphotericin B (96.67%) and
FK506 + caspofungin (73.33%) against fluconazole-sus-
ceptible isolates of Trichosporon asahii. The activity of

FK506 in combination with azole antifungals against
Malassezia species was investigated too.!%2?

Also FK506 was thoroughly tested against fungal
biofilms of A. fumigatus'* and 60 selected clinical fungal
isolates:!* A. flavus, A. terreus, A. ustus, A. niger, A. versi-
color, Purpureocillium lilacinus, Paecilomyces variotii,
Scopulariopsis spp., Rhizopus spp., Mucor spp., Rhizomucor
spp., Lichtheimia spp., Cunninghamella spp., Fusarium
spp., Scedosporium apiospermum and S. prolificans. Be-
sides FK506 was reported to effect growth of Paecilomyces
variotii,'* Cryptococcus neoformans,! Neurospora crassa’!
and Coccidioides immitis.>

2. 2. Antifungal Studies

Considering the above-mentioned data, we decided
to investigate antifungal activity of tacrolimus in concen-
trations of 1, 0.05 and 0.001 ug/mL against not studied be-
fore ten phytopathogenic fungi and three Phytophthora
oomycetes: A. alternata, F. graminearum, B. cinerea, C. hig-
ginsianum, E equiseti, E fujikuroi, F. oxysporum, P. digi-
tatum, V. lecanii, M. indicus, P. infestans p-4, GC-1 and p-3.
(Table 2). And also A. niger, that to our knowledge was the
only one fungus treated earlier with FK506 (Table 1).13

So, it was found that at 1 pg/mL all fungi were sus-
ceptible to FK506, except M. indicus. A near complete in-
hibition of 99.0 % was detected with B. cinerea. Whereas
lowest effect (21.1%) was observed with V. lecanii. More-
over, FK506 was always more active against any strain than
the strong antifungal reference cyproconazole (2-(4-chlor-
phenyl)-3-cyclopropyl-1-(1H-1,2,4-triazol-1-yl)butan-2-
ol)*3in the same concentration. And the results against the
different strains of the same specie had the similar inhibi-
tion zones when treated with 1 pg/mL of tacrolimus.

Lowering the concentration to 0.05 pg/mL still con-
ferred an inhibition of all strains. A. alternata, F. gramin-
earum, B. cinerea, C. higginsianum and A. niger were the
most sensitive ones and were effected more than 70%.

Even at a 1000 times lower concentration (0.001 pg/
mL) moderate effects were still observed against F. gramin-
earum (41.0 %), A. alternata (36.1%), C. higginsianum
(27.1%), P. infestans p-4 (23.7%) and A. niger (15.9 %),
showing high efliciency of FK506 antifungal activity.
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S o 2. 3. Molecular Docking Studies
HoH HOH & ©
s e N In order to propose unstudied antifungal activity
o N == mechanism in silico molecular docking was done. The
g - g
2 0 1 oy & found affinity scores of tacrolimus and reference cypro-
g alnide 5 conazole®* to common antifungal targets® are presented
o Al in Table 3.
H - “w
i ¥ § As it was expected the 14a-demethylase (CYP51) has
E RIS 4 shown the best affinity with triazole derivative cyproconazole
E E oA ::l' ;'o' nt; according to its best score (-7.9 Kcal/Mol) (Table 3).
= 2282 An interesting result was found for tacrolimus, be-
% ocwmaol|E cause it fitted into the active sites of secreted aspartic pro-
B o : :ll : : g teinase (SAP2) and UDP-N-acetylmuramoyl-L-alanine:
£ Elwans|Z D-glutamate ligase (MurD) better then cyproconazole,
8 R TS E and its affinity scores were much higher (-8.5 and -9.8
£ A B Kcal/Mol correspondingly).
2 2« :ll i f:l : = The visualization of interaction (Figure 2) with the
2 RE|wano|§ best target indicates that tacrolimus binds to MurD by four
g ) TRAC ; conventional hydrogen and three carbon hydrogen bonds.
e
= S A | g Also five hydrophobic alkyl and nt-alkyl bonds are formed
L . . . .
E g ol a 3 S1e with LEU15, LEU416, ARG186 and PHE422 residues of
g O P | oy < w0 | § enzyme (Table 4).
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g = RN ECh- 21725, E. graminearum DSM 1095, E. fujikuroi DSM 893,
_=§ % ~—oaal:F Verticillium lecanii, Penicillium digitatum DSM 2731 from
g & = RN § § DSMZ (Braunschweig, Germany); Fusarium oxysporum
84 IR 39/1201 St. 9336 and Botrytis cinerea from the Technische
£z 8-~ |E¢ V
RS « « g P Universitdt Berlin (Germany); Colletotrichum higginsia-
o = P . . .
g = co o |wmE num MAFF 305635, originally isolated in Japan, via the
S 5 olma S s ) g’ Department of Biology, Friedrich-Alexander-Universitat
‘&E Hlynex 5 P (Erlangen, Germany); Phytophthora infestans GL-1 01/14
g g A wild strain, p-3 (4/91; R+) and p-4 (4/91; R-) strains were
g < 8 . . - . .
. g%’ ~qan |8 kindly donated by Julius Kithn-Institut (Quedlinburg,
ez wlaanslss Germany). Potato Dextrose Agar (PDA) were purchased
R . IRen s E from C. Roth (Karlsruhe, Germany). Cyproconazole
z 3 Y aF . ® T g (99%) was obtained from (Sigma Aldrich, Germany). Tac-
E% % — o O — % g rolimus (99 %) was purchased from Huaian Ruanke Trade,
g g E <595 01S § Ltd. (Huaian, China). Strains were cultivated on PDA for 6
s S = .
S2g <|lmowo|sSH d at 25 °C. Spores from each strain were gently harvested
S5 g © ¥ 8 F |8 . . . .
S ES DA™Y g § with a sterile glass rod from plate surfaces with deionized
SE 9 = g P
2 é;i oo o % a water. Spore concentration numbers in suspension weri
£8E P - determined microscopically and adjusted to 7.5%10
2578 Huow|§§ Y )
g 2 S RISeSn g g spores/mL. The clear stock solutions of 1 mg/mL were
é é g °x 8 ] made of 0.01 g of cyproconazole and tacrolimus in 10 mL
£ g g O of deionized sterile water as solvent. 10 mL of these stock
'§ €8 | %3 - go solutions were mixed in situ into 99 mL of PDA prior to
(59 @5 g §° - g ~ % S:’ solidification to obtain a final concentration of 1 ug/mL.
o é g |R3 s 3 _S* Additionally, from the same stock solution PDA solutions
ZE 3 I with final concentration of 0.05 and 0.001 pg/mL were
&2 B * s made appropriately. 9 mL of each mixture were poured
** = O
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Table 3. Affinity to binding sites

The calculated affinity of substances to binding sites of sterol 14a-demethylase (CYP51) 5TZ1, N-myristoyltransferase (NMT)
1IYL, secreted aspartic proteinase (SAP2) 1IEAG, UDP-N-acetylmuramoyl-L-alanine: D-glutamate ligase (MurD) 1UAG,
topoisomerase II (Topo II) 1Q1D, and L-glutamine: D-fructose-6-phosphate amidotransferase (GlcN-6-P) 1XFF.

Substance Kcal/Mol
Candida albicans Escheri'chia Succhro.n?yces Escheri.chia
coli cerevisiae coli
5TZ1 1IYL 1EAG 1UAG 1Q1D 1XFF
Cyproconazole -7.9 -7.8 -6.3 -6.9 -6.1 -5.5
Tacrolimus -6.0 -6.7 -85 -9.8 -6.1 -5.4

Figure 2. Visual representation (2D (left) and 3D (right)) of the tacrolimus showing bonds formation and position in the active site of UDP-N-acet-
ylmuramoyl-L-alanine: D-glutamate ligase (MurD) 1UAG. Pale green - van der Waals interaction, green - classical conventional hydrogen bond,
light green - non classical carbon hydrogen bond, pink — hydrophobic alkyl and nt-alkyl bonds.

Table 4. The list of in silico calculated bonds formed between tacrolimus and UDP-N-acetylmu-
ramoyl-L-alanine: D-glutamate ligase (MurD) active site

Name Distance, A Category Type
A:LYS115:NZ - :UNL1:O 3.09159 Hydrogen Conventional
A:LYS319:NZ - :UNL1:0 2.78738 Hydrogen Conventional
A:ASN421:ND2 - :UNLI:O 3.0506 Hydrogen Conventional
:UNLIL:H - A:GLU157:0E2 2.99646 Hydrogen Conventional
:UNLI:C - A:LYS420:0 3.45662 Hydrogen Carbon
:UNLI:C - A:ASN138:0 3.33652 Hydrogen Carbon
:UNLI:C - A:GLU157:0E2 3.51104 Hydrogen Carbon
:UNLI1:C - A:LEU15 3.90689 Hydrophobic Alkyl
:UNL1:C - A:LEU416 3.6241 Hydrophobic Alkyl
:UNLI:C - A:ARG186 4.36225 Hydrophobic Alkyl
A:PHE422 - :UNL1 5.42448 Hydrophobic ni-Alkyl
A:PHE422 - :UNL1:C 5.32047 Hydrophobic n-Alkyl

into 6 cm diameter petri dishes. A central hole (diameter:
2.5 mm) was cut out and inoculated with 6.5 uL spore sus-
pension. Plates were incubated at 25°C (+/-1°C) for 6 d.
Control plates containing only PDA and DMSO were pre-
pared in the same way. Inhibitory effects (I1%) were deter-

mined by analyzing growth zone diameters and calculated
as described?®: 1% = [(C-T) / (C - 2.5 mm)])*100, where C
(mm) represents the growth zone of control PDA, and T
(mm) the average growth zone in presence of tacrolimus.
All growth experiments were carried out in triplicate.
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Means and standard deviations were calculated with soft-
ware “Excel 2016” (Microsoft, USA). The strong antifungal
agent was used as positive control.

Molecular docking. Macromolecular data of crystal
structures were downloaded from the Protein Data Bank
(PDB):*” sterol 14a-demethylase (CYP51) 5TZ1, to-
poisomerase II (Topo II) 1Q1D, L-glutamine: D-fruc-
tose-6-phosphate amidotransferase (GlcN-6-P) 1XFF, se-
creted aspartic proteinase (SAP2) 1EAG, N-myri-
stoyltransferase (NMT) 1IYL, and UDP-N-acetylmuram-
oyl-L-alanine: D-glutamate ligase (MurD) 1UAG; taken
from Candida albicans (CYP51, NMT, SAP2), Escherichia
coli (MurD, GIcN-6-P) and Sacchromyces cerevisiae (Topo
I1).¥ As reference cyproconazole (2-(4-chlorphenyl)-
3-cyclopropyl-1-(1H-1,2,4-triazol-1-yl)butan-2-ol)  was
chosen.

Ligand preparation. Substances were drawn using
MarvinSketch 6.3.0 and were saved in mol format. They
were optimized by program Chem3D using molecular dy-
namics MM2 algorithm and saved as pdb-files. Molecular
mechanics was used to produce more realistic geometry
values for the majority of organic molecules owing to the
fact of being highly parameterized. By using AutoDock-
Tools-1.5.6 pdb-files were converted to PDBQT, and num-
ber of active torsions was set as default.

Protein preparation. Discovery Studio 4.0 was used
to delete water molecules and ligand from crystal struc-
tures. The proteins were saved as pdb-files. In AutoDock-
Tools-1.5.6 polar hydrogens were added and saved as PD-
BQT. The Grid boxes were set as following: 5TZ1 center_x
=70.728, center_y = 65.553, center_z = 3.865, size_x = 35,
size_y = 35, size_z = 35; 1Q1D center_x = 28.5, center_y =
34.4, center_z = 32.7, size_x = 30, size_y = 30, size_z = 30;
1XFF center_x = 5, center_y = 28, center_z = 26, size_x =
30, size_y = 30, size_z = 30; 1UAG center_x = 47, center_y
= -1.5, center_z = 15, size_x = 30, size_y = 30, size_z = 30,
1IYL center_x = 31, center_y = 74.5, center_z = 57, size_x
= 30, size_y = 30, size_z = 30, IEAG center_x = 42, cen-
ter_y = 26, center_z = 11, size_x = 30, size_y = 30, size_z =
30. Vina was used to carry out docking. For visualization
Discovery Studio Visualizer v17.2.0.16349 was used.

4. Conclusion

Considering a substantial role of FK506 in crop pro-
tection due to its distinct activity against phytopathogenic
fungi, the availability in bulk quantities at affordable costs
have to be taken into account.?® For the development of a
formulation for agricultural usage purity standards may be
much less demanding than for immunosuppressant man-
ufacturing. Furthermore, quantities necessary of tacrolim-
us may be reduced if advantages of synergistic effects in
blends with conventional antifungal agrochemicals (e.g.
triazoles) can be generated as it is already described for
medical care of patients infected with C. albicans.® Investi-

gations to further explore the potential benefits of FK506
in agriculture must be accompanied by studies covering
emergence of resistance, toxicity and environmental
friendliness of this compound.
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Abstract

Six different Schiff bases to be used as turn-on fluorescent probes based on photoinduced electron transfer (PET) mech-
anism for the recognition of aluminum ions were successfully synthesized and characterized. The binding abilities of
synthesized compounds with different metal cations were investigated by absorption and emission spectra. From the
spectrophotometric experiments, it were seen that compound SK-1 displayed an excellent fluorescence response towards
targeted aluminum ions probably due to its suitable chelating structure. Furthermore, such compound SK-1 also showed
high sensitivity and selectivity response towards aluminum ions over other competing ions. In addition, the potential
biological applications of SK-1 to detect aluminum ions in living cells were also investigated and results showed that flu-
orescence sensor SK-1 could be a promising probe for determining and/or monitoring aluminum ions in both biological

and/or chemical samples.

Keywords: Schiff Base, fluorescent probe, cell imaging, aluminum, PET.

1. Introduction

Aluminum is one of the most abundant metal ele-
ments in the Earth’s crust and has an important place in
our live. ! Due to different reasons such as both ecological
system and human activities, high quantities of aluminum
are found in the environment.? The presence of excess
amount of aluminum in nature life affects the living be-
ings. Consequently, some natural products containing
large amount of aluminum in food chain are slowly con-
sumed by human beings and this consumption causes
many toxic effects towards human health and this toxicity
leads to different diseases such as cancer, neurotoxicity, di-
alysis disease, Alzheimer’s and Parkinson’s diseases.>*®
With respect to the World Health Organization, desired
concentration of aluminum in drinking water must be
limited to 7.4 uM.” Therefore, it is important topic to de-
sign and develop effective analytical methods or instru-
ments for detection of aluminum jons in environmental
and/or biological systems. Although many different and
sophisticated analytical techniques including inductively
coupled plasma emission (ICP-OES) or mass spectrome-

try (ICP-MS), and atomic absorption spectrometry have
been used extensively for the detection of aluminum
ions,®® most of these techniques have some disadvantages
such as time consuming, qualified personal and high
cost.!? But among them, fluorescence spectroscopy is most
popular analytical instrument for the detection of metal
ions and it is preferred intensively by scientists in analyti-
cal applications owing to its easy operation, comparatively
low cost, and high sensitivity, etc.!! Thus, many different
fluorescence based chemosensors specific for metal ions
have been designed and developed. Compared to these
metal ions, just a few fluorescent probes have been report-
ed for detection of trace amount of aluminum ions. Some
limitations such as poor coordination ability and lack of
spectroscopic characteristics have always been problemat-
ic for the detection of aluminum ions.!? In addition to
these limitations, both complicated synthesis and solubili-
ty properties of new fluorescent probes are also other re-
strictions in the point of design of aluminum sensors.'?
Therefore, it is necessary and important to design and syn-
thesis of aluminum sensors that can be easily prepared and
dissolved. Many sensitive and selective fluorescent sensors
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for metal cations have been reported based on fluores-
cence resonance energy transfer (FRET),'* chelation- en-
hanced fluorescence (CHEF),!> internal charge transfer
(ICT),'¢ photoinduced electron transfer (PET),!” and exci-
mer/exciplex formation mechanisms.!® However, although
photoinduced electron transfer (PET)-based fluorogenic
sensors have many advantages,'® their synthesis and appli-
cation are not common in the literature. Although there
are very interesting literature reports about photoinduced
electron transfer (PET)-based fluorogenic sensors for dif-
ferent analytes,?-22 synthesis of Schiff base type probes are
very inspirational owing to their easily preparation, faster
response and high selectivity towards specific analytes of
interest. Schiff bases are the most popular class of synthet-
ic compounds in organic, medicinal and pharmaceutical
chemistry due to their unique biochemical properties such
as antitumor, anti-HIV, antibacterial, antioxidant, anti-in-
flammatory, antifungal, pesticidal, anthelmintic and anti-
hypertensive, activitie.?>2> Although, there are appropri-
ate literature reports showing their biological applications
of Schiff base compounds, recently, limited number of lit-
erature results about using of Schiff base derivatives as flu-
orescent probe for the detection of metal ions in living cell
have been existed.?6-3? In the light of these literature, here,
we presented the design, synthesis and biological applica-
tions of a series of Schiff base based fluorescent sensors
containing ortho, meta and para hydroxy units which
could detect aluminum ions by the ‘naked eye:

2. Experimental

2. 1. General
2,3-dihydroxybenzaldehyde, 3,4-dihydroxybenzal-
dehyde, ortho, meta and para aminophenol and all metal

salts were of analytical grade and purchased from Sig-
ma-Aldrich or Merck and was further used without any
purification. 'H NMR spectra was recorded on Agilent
Premium Compact spectrometer operating at 600 MHz.
Chemical shifts were reported as § values (ppm). Peak
multiplicities were expressed as follows: s, singlet; bs,
broad singlet; d, doublet; t, triplet and m, multiplet. Bruker
Vertex FT-IR spectrometer (ATR) was used for FT-IR
spectra. UV-vis absorbance spectra were collected by a
Shimadzu UV-1800 and the fluorescence measurements
were obtained by Hitachi F-7100.

2. 2. General Procedure for the Synthesis
of Schift Base Probes

To a stirred solution of corresponding ortho, meta or
para aminophenol compounds (1.5 mmol) in 20 mL abso-
lute ethanol was added 1.5 mmol of 2,3-dihydroxybenzal-
dehyde (for SK-1, SK-2 and SK-3, respectively) or 1.5 mmol
of 3,4-dihydroxybenzaldehyde (for MK-2, MK-3 and MK-
4, respectively); the reaction mixture was stirred under re-
flux for 18 h. After completion of the reaction, excess
amount of solvent was removed under reduced pressure
and the solid residue was washed with 1 N HCI, brine and
excess amount of water. The crude product was crystallized
from CH,Cl,-C,H;0H (1:1) solvent system (Scheme 1).

SK-1: Red solid with 68% yields, FT-IR (ATR cm™): 1616
(C=N stretching). 'H NMR (600 MHz DMSO): § 14.21
(bs, 1H, OH) 9.88 (bs, 1H, OH), 9.02 (bs, 1H, OH), 8.91 (s,
1H, CH=N), 7.38 (d, J= 8.3 Hz, 1H, Ar-H), 7.10 (m, 1H,
Ar-H), 7.02 (m, 1H, Ar-H), 6.95 (m, 1H, Ar-H), 6.87 (m,
1H, Ar-H), 6.77 (m, 1H, Ar-H), 6.69 (m, 1H, Ar-H). Anal.
calcd. For C3H,;05N: C, 68.11; H, 4.84; N, 6.11. Found: C,
68.09; H, 4.90; N, 6.19%.

Scheme 1. The synthetic route of Schiff base compounds (SK-1, SK-2, SK-3, MK-2, MK-3, and MK-4)
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SK-2: Dark red solid with 70% yields, FT-IR (ATR cm™):
1623 (C=N stretching). 'H NMR (600 MHz DMSO): §
14.18 (bs, 1H, OH) 9.87 (bs, 1H, OH), 9.03 (bs, 1H, OH),
8.89 (s, 1H, CH=N), 7.35 (d, J= 8.4 Hz, 1H, Ar-H), 7.13
(m, 1H, Ar-H), 7.03 (m, 1H, Ar-H), 6.92 (m, 1H, Ar-H),
6.85 (m, 1H, Ar-H), 6.74 (m, 1H, Ar-H), 6.65 (s, 1H, Ar-
H). Anal. calcd. For C;3H;;03N: C, 68.11; H, 4.84; N, 6.11.
Found: C, 68.03; H, 4.80; N, 6.07%.

SK-3: Dark red solid with 70% yields, FT-IR (ATR cm™!):
1621 (C=N stretching). 'H NMR (600 MHz DMSO): §
14.17 (bs, 1H, OH) 9.88 (bs, 1H, OH), 9.06 (bs, 1H, OH),
8.91 (s, 1H, CH=N), 7.34 (d, J= 8.4 Hz, 1H, Ar-H), 7.17-
7.11 (m, 3H, Ar-H), 6.83 (m, 1H, Ar-H), 6.34 (m, 1H, Ar-
H), 6.21 (m, 1H, Ar-H). Anal. calcd. For C;3H;,O;N: C,
68.11; H, 4.84; N, 6.11. Found: C, 68.03; H, 4.88; N, 6.15%.

MK-2: Red solid with 71% yields, FT-IR (ATR cm™): 1635
(C=N stretching). 'H NMR (600 MHz DMSO): § 9.84 (bs,
1H, OH) 9.48 (bs, 1H, OH), 9.03 (bs, 1H, OH), 8.87 (s, 1H,
CH=N), 7.27 (m, 2H, Ar-H), 7.18 (m, 2H, Ar-H), 7.10-
7.04 (m, 3H, Ar-H). Anal. caled. For C;3H,;03;N: C, 68.11;
H, 4.84; N, 6.11. Found: C, 68.09; H, 4.90; N, 6.19%.

MK-3: Red solid with 65% yields, FT-IR (ATR cm™!): 1634
(C=N stretching). "H NMR (600 MHz DMSO): § 9.81 (bs,
1H, OH) 9.52 (bs, 1H, OH), 9.11 (bs, 1H, OH), 8.91 (s, 1H,
CH=N), 7.33 (m, 2H, Ar-H), 7.25 (m, 1H, Ar-H), 7.09 (m,
1H, Ar-H), 6.88 (m, 2H, Ar-H), 6.57 (m, 1H, Ar-H). Anal.
caled. For C;3H;;03N: C, 68.11; H, 4.84; N, 6.11. Found: C,
68.03; H, 4.80; N, 6.07%.

MK-4: Dark red solid with 58% yields, FT-IR (ATR cm™):
1620 (C=N stretching). 'H NMR (600 MHz DMSO): §

9.81 (bs, 1H, OH) 9.47 (bs, 1H, OH), 9.16 (bs, 1H, OH),
8.90 (s, 1H, CH=N), 7.34-7.29 (m, 2H, Ar-H), 7.17 (m,
2H, Ar-H), 7.03 (m, 3H, Ar-H). Anal. calcd. For
C3H,,05N: C, 68.11; H, 4.84; N, 6.11. Found: C, 68.03; H,
4.88; N, 6.15%.

2. 3. Uv-Vis and Fluorescence Studies

The stock solutions of SK-1, SK-2, SK-3, MK-2,
MK-3 and MK-4 (1 mM), the guest nitrate salts of metal
cations (Li*, Na*, Ag*, Ca%*, Ba?*, Co?", Cs*, Cu?*, Mg**,
Hg?*, Mn?*, Pb?*, Ni?*, Sr?*, Zn?* and AI**) (1 mM) in
DMEF were prepared. In absorption and emission experi-
ments, the volume of studied solutions was adjusted as 2.0
mL. Titration experiments were performed by addition of
corresponding amount of metal cation solutions to a DMF
solution of targeted fluorescent probe (SK-1). The absorp-
tion spectra of SK-1, SK-2, SK-3, MK-2, MK-3 and MK-4
in the presence and absence of metal cations were record-
ed in the range of 200-600 nm. All emission spectra were
obtained at room temperature under the excitation of
400-430 nm. The solutions were scanned (1200 nm/min)
with 400 watt of PMT voltage in a spectrofluorometer with
the range of 400-750 nm. The widths of the slit for the
both excitation and emission were adjusted at 5 nm. The
best fluorescence intensity at 530 nm was determined un-
der the excitation at the wavelength of 430 nm.

2. 4. Biological Applications

The living MCF7 cells were provided by ATCC
(American Type Culture Collection, Rockville, MD, USA).
MCF?7 cells were incubated with 10 uM of AI** ions in the
culture medium at 37 °C for 1 h and washed with phos-

Fig. 1. UV-vis absorption spectra of (1uM); (a) SK-1, (b) SK-2, (c) SK-3, (d) MK-2, (e¢) MK-3, and (f) MK-4 in the presence of several metal ions
such as Li*, Na*, Ag*, Ca?*, Ba?*, Co?*, Cs*, Cu?*, Mg?*, Hg?*, Mn?*, Pb?*, Ni?*, Sr?*, Zn?* and AI** (10 eq. for each metal ion).
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phate buffered saline (PBS) followed by the addition of 10
uM of SK-1. Bright field and fluorescent images were tak-
en from Leica DM3000 fluorescence microscopy.

3. Results and Discussion

3. 1. UV-vis Absorption Studies

The absorption spectrum of the Schiff bases SK-1,
SK-2, SK-3, MK-2, MK-3 and MK-4 was investigated by
the absence and/or presence of 10 equiv. of metal cations
such as Li*, Na*, Ag*, Ca?*, Ba?*, Co**, Cs*, Cu**, Mg**,
Hg?*, Mn?*, Pb?*, Ni?*, Sr?*, Zn?** and AI**. As seen in Fig.
1, the absorption spectrum of all Schiff bases, exhibited a
broad absorption band attributable to m-m* transition of
the imine moiety at around 342 nm. The absorption band
positions generally remained unchanged over the various
metal ions except AI** ions. After the addition of Al*, the
appreciable bathochromic or hypochromic changes at
around 342 nm for SK-1, SK-2, MK-2, MK-3 and MK-4
was observed owing to the imine nitrogen (CH=N) was
involved in coordination with AI** jon. However, consid-
erable changes in the absorption spectra of the SK-3 was
not observed over the various metal ions (Fig. 1c). Fur-
thermore, new absorption bands at around 470 nm (for
SK-1, and SK-2) and 450 nm (for MK-2, MK-3 and MK-
4) were seen probably due to the complexation capabilities
of these molecules with AI** ions. Since absorption spec-
troscopy is a complementary part of emission spectrosco-
py; fluorescence emission studies were also applied for the
getting more information about the spectrophotometric
results.

3. 2. Fluorescence Emission Analysis

High selectivity is necessary to define the excellent
chemosensor. Therefore, to evidence the usability of the
synthesized Schiff bases as a selective sensor, the fluores-
cence behavior of Schiff bases SK-1, SK-2, SK-3, MK-2,
MK-3 and MK-4 was investigated by Hitachi F-7100 Spec-
trofluorometer upon addition of selected metal ions such
as Li*, Na*, Ag*, Ca?*, Ba?*, Co?*, Cs*, Cu?*, Mg?*, Hg*",
Mn?*, Pb?*, Ni?*, Sr?*, Zn?* and AI**. The reported Schiff
base probes (1 uM) showed a weak fluorescence emission
spectrum at around 530 nm (for SK-1), 480 nm (for SK-
2), 508 nm (for SK-3), 518 nm (for MK-2), 430 nm (for
MK-3) and 518 nm (for MK-4) with an excitation of 430
(for SK-1), 400 nm (for SK-2 and SK-3,), 380 nm (for
MK-3,) and 430 nm (for MK-2 and MK-4). Other metal
ions (10 pM) such as Li*, Na*, Ag*, Ca**, Ba’*, Co**, Cs*,
Cu?*, Mg?*, Hg**, Mn?*, Pb?*, Ni?*, Sr?*, and Zn?* were
added to the solution of Schiff base probes, considerable
decrease or increase in fluorescent intensity of probes
were not observed in Fig. 2. Whereas, upon addition of
AP* (10 uM) remarkable fluorescence increase accompa-
nied by a red shift of 24 nm from 530 nm to 554 nm was
only noticed for the Schiff base probe SK-1 (Fig. 2a). Schiff
base probe SK-1 exhibited a more than 37-fold fluorescent
enhancement alone in the presence of Al** ions. This in-
crease in fluorescence intensity is such that the Schiff base
probe SK-1 shows “OFF-ON” mode of high sensitivity for
AR* ions. Furthermore, the Schiff base probe SK-1 indi-
cated considerable color change from colorless to brilliant
turquoise fluorescence in the presence of Al** ions under
UV light, and this color change was also easily detected by

Fig. 2. Fluorescent emission spectra of (1uM); (a) SK-1, (b) SK-2, (c) SK-3, (d) MK-2, (e) MK-3, and (f) MK-4 in the presence of several metal ions
such as Li*, Na*, Ag*, Ca?*, Ba?*, Co?", Cs*, Cu?*, Mg?*, Hg?*, Mn?*, Pb?*, Ni?*, Sr?*, Zn?* and AI** (10 eq. for each metal ion).
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Fig. 3. Images showing the corresponding (a) visible color and (b) fluorescence color changes of SK-1 with and without metal cations (10 equiv. of
Li*, Na*, Ag*, Ca?*, Ba®*, Co**, Cs*, Cu?t, Mg?*, Hg?*, Mn?*, Pb%*, Ni?*, Sr?*, Zn?* and AI>*) under day light and UV light.

the naked eye (Fig. 3). As a results, this Schiff base probe
SK-1 can be evaluated to determine AI** ions in solution
visually.

Photoinduced electron transfer (PET) mechanism
includes the deactivation of the excited-state of fluorescent
compounds by adding an electron to its frontier orbital.
This electron addition to one of frontier orbital of excit-
ed-state causes a non-emissive state for fluorophore struc-
tures. For instance, the presence of one or more functional
groups having free pair of electrons attached to the fluores-
cent molecule may quench its fluorescent intensity intra-
molecularly due to photoinduced electron transfer (PET)
mechanism. However, a possible interaction of these elec-
tron donor groups with electron acceptor metal ions re-
duces efficient electron donor capabilities of these groups,
thereby disconnecting the photoinduced electron transfer
(PET) mechanism and increase the fluorescence output
via chelation-enhanced fluorescence (CHEF).3!*2 Herein,
the emission intensity of SK-1 was very low because of the
quenching by the lone pair electrons of imine group
through a PET mechanism. However, with increasing of
AP* (0-10 equiv.), the fluorescence emission intensity of
SK-1 (1.0 uM) at 530 nm increased gradually (Fig. 4b). The
complexation of the imine group (-C=N) with AI** ion
given rise to the PET mechanism was suppressed, the fluo-
rescence of the complex structure was restored.>3

3. 3. Titration and Competition Studies

The binding properties of SK-1 with AI** ions were
studied by both UV-vis and fluorescent titration experi-
ments (Fig. 4a and 4b). Firstly, we explored the UV-vis ti-
tration spectra of SK-1 with increasing concentrations of
A" in DME As shown in Fig. 4a, upon addition of in-
creasing amounts of AI** (0.0 to 2.0 equiv.), absorption
bands of SK-1 appeared at around 360 nm was gradually
decreased with increasing amount of AI**, while the inten-
sities of absorption SK-1 at around 434 nm increased. Fur-
thermore, the absorbance at around 434 nm reached max-
imum in the presence of 1.0 equiv. of AI** and showed
nearly no change with further addition of metal ion. The
titration configuration of SK-1 with AI**in Fig. 4a indicat-
ed 1 equiv. of AI** reacting with same equiv. of SK-1 could
quickly reached an equilibrium, showing complex forma-
tion between SK-1 and Al** with 1:1 stoichiometry. To fur-
ther examine the sensing properties of SK-1, sensitivity of
SK-1 as a probe toward Al** ions was investigated by the
fluorescence titration experiments by increasing concen-
tration of AI** ions (0-10 equiv.) at 530 nm (Fig. 4b). Upon
excitation at 430 nm, SK-1 in the absence of any AI**
showed practically no emission signal between the range
of 460 and 700 nm which was probably due to PET pro-
cess.>> However, a clear enhancement in fluorescence in-

Fig. 4. (a) UV-Vis, (b) fluorescence titration spectra of compound SK-1 (1uM) respectively, upon addition of AI** (from 0 to 10 equiv.) at room
temperature (¢, = 430 nm; Ay, = 530 nm) and (c) Job’s plot for the determination of stoichiometry of SK-1-AI** system.
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Fig. 5. Fluorescent selectivity of SK-1 (1uM) at 530 nm upon addition of various metal ions (10uM) Li*, Na*, Ag*, Ca?*, Ba?*, Co?*, Cs*, Cu?*, Mg**,
Hg?*, Mn?*, Pb%*, Ni**, Sr?*, and Zn?*, A, = 430 nm. (b) Calculation of binding constant between SK-1 and AI**. A, is the absorbance of free SK-1
solution (1uM); A is the absorbance of compound SK-1 solution (1uM) upon addition of different amounts of AL, (c) Calculation of detection
limit of SK-1 for AI** with excitation at 430 nm and emission at 530 nm by addition of different amounts of AI** to SK-1 solution (1uM)

tensity of SK-1 was observed gradually at around 530 nm
with increasing concentrations of AI’* as shown in Fig 4b.
This increase in fluorescent intensity was probably due to
the chelation-enhanced fluorescence (CHEF) effect that
inhibiting the PET process by complexation of SK-1 with
AP+ 36 Furthermore, the detection limit of AI** was esti-
mated based on the fluorescence titration profile (Fig. 5¢).
The detection limit of SK-1 in recognizing Al** was found
to be 4.85 - 10”7 M which was lower than some reported
literature results regarding AI** selective chemosen-
sors.’”38 This result was shown that this sensor could be
used for both detection and monitoring of sub-micromo-
lar concentration of aluminum ions in biological and envi-
ronmental systems. To verify the practical application of
SK-1 as an AI’* selective and sensitive fluorescent sensor,
competition experiments were also performed by adding
of AIP* into SK-1 solution mixed with other coexisting
metal jons such as Li*, Na*, Ag*, Ca?', Ba?*, Co**, Cs*,
Cu?*, Mg?*, Hg?*, Mn**, Pb?*, Ni**, Sr**, and Zn?*. As de-

picted in Fig. 5a, relatively low interference was seen for
the detection of AI** in the presence of other competing
metal ions. Although, the slightly decreasing in emission
intensity of SK-1 at around 530 nm was observed in the
presence of Zn?*, and Mg?*, fluorescent response was rela-
tively detectable. However, upon addition of other com-
peting metal ions under same conditions, it was seen that
the fluorescence emission intensity at around 530 nm did
not change considerably and SK-1 still have an efficient
“turn-on” rate for the detection of Al**. Consequently, it
was concluded that SK-1 could be a promising selective
and sensitive fluorescent sensor for the detection of AI** in
the presence of competing metal ions.

3. 4. Binding Studies

To determine the binding stoichiometry of SK-1 with
AI?*, the method of continuous variations known as Job’s
plot was used.* In this method, each experiment per-

Fig. 6. The FT-IR (ATR) spectra of SK-1 with (1.0 equiv of AI**) and without AI**.
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formed with different concentrations of SK-1 and AI** with
maintaining the total concentration at 10 uM. The plot ob-
tained by measuring the fluorescence intensity at 530 nm
for nine experiments with molar fraction of SK-1 (0.1 to
0.9). In this experiment, the maximum absorbance value
was observed when the molar fraction was 0.5 (Fig. 4c) and
it was consistent well with the UV-vis titration spectra (Fig.
4a). This data showed that 1 mole of SK-1 and AI** partici-
pated in the complex formation and binding mode was de-
termined as 1:1 stoichiometry. Furthermore, the binding
constant of the probe SK-1 with AI** were calculated by the
Benesi-Hildebrand method.*’ From curve fitting of absor-
bance values of probe SK-1 against the reciprocal of the
AIP* concentration, this plot yielded a linear fit as seen in
Fig. 5b. The value of the binding constant was calculated as
3.9 - 10° M! which was within the range of those (10>-10°
M) previously reported AI** sensors.! In addition, the
linear plot also proved the 1:1 complexation behavior of
SK-1 to AIP*. Because, if a 1:1 metal-probe complex is
formed between receptor and metal ions, Benesi-Hildeb-
rand plot should be linear.*? In related to stoichiometry, the
binding site participated in complexation was clarified by
FT-IR (ATR) and 'H NMR experiments along with stoichi-
ometry confirmation as presented in Fig. 6 and 7.

The IR spectra of free SK-1 and SK-1-AI¥* complex
structure showed that the characteristics frequencies of
SK-1 with 1.0 equiv. of AI** exhibited significant changes
as compared with those of free the SK-1 (Fig. 6). The IR
spectra of the free SK-1 showed the absence of bands at
around 1735 and 3300 cm™! attributable to the carbonyl
v(C=0) and v(NH,) stretching vibrations and a clear
strong new band at around 1616 cm™! due to azomethine
v(HC=N) linkage.*>-%> All these existing and disappearing
signals in IR indicated that amino and aldehyde groups in
starting reactants (Scheme 1) were converted into the
SK-1 and synthesis of the SK-1 was successfully carried
out. The comparison of IR spectra of free SK-1 and its AI**
complex (Fig. 6) demonstrated that SK-1 probe was prin-
cipally coordinated to the AI** ion. The strong band ap-
pearing at around 1616 cm™! due to azomethine group
shifted to a higher frequency at 1629 cm™! in AI** complex,
indicating participation of azomethine group in the com-
plexation with the AI** ion. On the other hand, the free
OH group at 3378 cm™! was completely disappeared at 1
equiv. of AI**. In addition, disappearing of strong band at
around 3378 cm™! indicated that phenolic hydroxy group
of SK-1 participated in the complex formation with AI**.

To better understand the complexation between the
probe SK-1 and AI**, 'TH NMR experiment of SK-1 in
DMSO-dg were examined by addition of 1 equiv. of AI*".
As seen in Fig. 7, three phenolic -OH signals belonging to
SK-1 was observed at around 9.88, 9.02 and 14.21 ppm.
Compared the phenolic -OH signals, appearing signal at
around 14.21 ppm attributed the ortho position of SK-1 is
probably due to the intramolecular hydrogen bonding
(Fig. 7). While the phenolic OH proton at 14.21 ppm dis-
appeared when added of 1.0 equiv. of AI** to SK-1 solu-
tion, the other signal at around 9.88 and 9.02 ppm shifted
to downfield. Also, it was seen that the imine (CH=N) pro-
ton of SK-1 at 8.91 ppm was slightly shifted to some extent.
This shift for the imine proton was probably due to com-
plexation ability of the azomethine group after coordina-
tion of SK-1 with AIP* - 4 All these shifting and/or disap-
pearing of signals showed that both phenolic OH group
located in ortho position and imine group of SK-1 were
efficient on complex formation between SK-1 and AI**. In
the light of obtained spectroscopic data, possible complex
formation mechanism was given in Fig. 8.

Fig. 8. Proposed binding mechanism between the compound SK-1
and A",

3. 5. Biological Applications

SK-1 was successfully applied for imaging of AI**
ions in human breast cancer cells, MCF7 under fluores-
cence microscope. Cells treated with free SK-1 were
used as controls. When MCF7 cells were incubated with
SK-1 (10 uM), it was not seen any fluorescence response
(Fig. 9¢). However, after addition of AI** ions, a brilliant
red fluorescence was sighted in the MCF7 cells (Fig. 9b).
Merged images of fluorescence and bright-field showed
that fluorescence signals were detected in the intra-cel-

Fig. 7. '"H NMR spectra in DMSO-d; of SK-1 with (1.0 equiv of AI**) and without AI**.
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Fig. 9. Fluorescence images of AI** using probe SK-1 in MCF7: (a) bright field image of MCF7 cells treated with probe SK-1; (b) fluorescence image
of MCF7 cells treated with probe SK-1; (c) merged image of (a) and (b); (d) bright field image of MCF?7 cells treated with probe SK-1 without AI**;
(e) fluorescence image of MCF7 cells treated with probe SK-1 without AI**; (d); (f) merged image of (d) and (e).

lular zone, showing the distribution of AI** and cell
membrane permeabilities of SK-1 molecules (Fig 9c).
On the other hand, Fig. 9 indicated that SK-1 could stain
Al** jons in living cells without any harm (cells remain
alive even after several hours of exposure to 10 pM of
SK-1), making it useful to monitor Al** in biological sys-
tems.

4. Conclusion

In conclusion, visual detection of highly selective
and sensitive AI>* ions by a very simple and low-cost fluo-
rescence sensor (SK-1) based on the blocking PET process
was carried out successfully. SK-1 showed high sensitivity
with the detection limit at around 4.8 x 10”7 M in the mi-
cromolar scale and selectivity response towards AI** over
other metal ions with 37-fold fluorescence enhancement.
The predicted configuration of the SK-1-AIP* complex
formation was well-characterized to be 1:1 by spectroscop-
ic analyses. Beyond that, SK-1 was utilized to detect sensi-
tively the AI** jons in living cells by emitting visible fluo-
rescence. Cell applications indicated that SK-1 could be
used as an excellent fluorescence probe for visualizing of
AlP* ions in cell lines.
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Povzetek

Za detekcijo aluminijevih ionov na osnovi fotoinduciranega prenosa elektronov smo sintetizirali in okarakterizirali $est
Schiffovih baz. Z absorpcijskimi in emisijskimi spektri smo raziskovali moznost vezave sintetiziranih spojin z razli¢nimi
kovinskimi kationi. S spektrofotometrijo smo ugotovili, da daje spojina SK-1 odli¢en fluorescenéni odziv na ciljne alumi-
nijeve ione. Razlog je verjetno njena kelatna struktura. Spojina SK-1 je za aluminijeve ione pokazala ve¢jo obcutljivost
in selektivnost kot za ostale ione. Rezultati raziskav moZnosti uporabe SK-1 za detekcijo aluminijevih ionov v celicah
so pokazali, da je lahko fluorescen¢ni senzor SK-1 obetavna sonda za dolocanje in/ali monitoring aluminijevih ionov v
biologkih in/ali kemijskih vzorcih.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
Creative Commons Attribution 4.0 International License
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Abstract

This study aimed to optimize and validate the inductively coupled plasma optical emission spectrometric method (ICP
OES) for the simultaneous determination of eleven potentially toxic elements (Al, Cd, Cr, Co, Cu, Ni, Pb, Fe, Sb, Mn,
and Zn) in lipstick samples. The method was evaluated by applying the standard addition method. The recoveries for all
elements in lipsticks were between 90% and 110%, except for Cd and Pb they were <90% and >110%, respectively. The
health risk assessment was determined by calculating the average daily intake (ADD), hazard quotient (HQ), and hazard
index (HI). The highest mean value for ADD was for Fe (4.8 x 10! mg kg™! day™!), and the lowest was for Co (9.3 x 107
mg kg! day™!). There was no significant toxic health risk for any of the elements (HQ < 1), except for Fe (HQ < 3) which
indicates a potential health risk. Based on PCA, all potentially toxic elements have been classified in the three groups. The
first group includes Fe, the second includes Al, and all other elements belong to the third group. The cluster analysis of
the elements provided the identical grouping that was obtained on the basis of PCA. Two separate clusters were obtained
when cluster analysis was applied to the analyzed samples. The first cluster contained the only sample that was brown.
The second cluster was divided into two sub-clusters. The first sub-cluster included the samples belonging to category I
regarding the price, while the second sub-cluster included the samples belonging to category II and III regarding the price.

Keywords: Trace elements; makeup; inductively coupled plasma optical emission spectrometry; method development;

health risk assessment

1. Introduction

Cosmetic products play an important role in human
lives, being a part of routine body care.! During the recent
decades, these products have been used by an increasing
number of people, which has influenced the increase in
their production. Cosmetics include skin care creams, lo-
tions, powders, perfumes, lipsticks, nail polish, eye make-
up, hair dyes, deodorants, baby products, bathing oils, and
many other types of products. Some cosmetics are benign,
but others have been investigated as a possible cause of
cancer. The most important are those which are directly
applied to human skin, because they may produce local
effects on human skin, such as allergy, irritation, sensitiza-
tion, or photoreactions.>* These effects are linked to the
presence of harmful chemicals in cosmetics. Potentially

toxic elements are some of them. The sources of elements
in cosmetics are raw materials which naturally contain
them, the water used, the coated apparatuses during the
cosmetics production, and the metal compounds used
during the manufacturing of cosmetics.

Toxic elements are widely diffused in colored make-
up products such as lipsticks. Some of the studies conduct-
ed have shown that lipsticks contain potentially toxic ele-
ments such as Al, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sb, and
Zn.5"13 These potentially toxic elements can be classified as
particularly toxic elements such as Pb, Cd, Ni, As, Sb, Al,
and Hg, and toxic trace elements that are essential but dan-
gerous in excessive amounts, such as Cr, Fe, Cu, Mn, Zn,
and Co.’> Lipstick consumers are exposed to potentially
toxic elements only in small amounts, but they expose
themselves for a prolonged period of wearing time, which
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makes it significant in developing chronic health risk or
skin damages. Nickel, chromium, cobalt, and cadmium
may sensitize the immune system and produce an allergic
reaction due to their cuamulative effects.!*1¢ It was reported
that cosmetic products must contain less than 5 mg kg~!,
and preferably levels below 1 mg kg™! of elements such as
chromium, cobalt, and nickel, in order to reduce the risk of
eczema or allergic reactions.!”!8 Also, the U.S. Food and
Drug Administration together with the Campaign for Safe
Cosmetics!” has conducted a study and found that 61% of
the 33 brands of lipsticks contained lead, with levels rang-
ing up to 0.65 mg kg!. This research by the U.S. Food and
Drug Administration?® also found lead in all lipstick sam-
ples tested, with levels ranging from 0.09 mg kg™! to 3.06
mg kg!. The Health Canada®! reported that 81% of the lip-
stick samples they tested on lead had levels ranging from
0.079 to 0.84 mg kg!, and one of them contained lead in
the concentration of 6.3 mg kg™!. Also, some elements such
as As, Sb, Cd, Pb, Cr, and Hg are banned as intentional in-
gredients in cosmetics in Canada.??

Most studies determined the content of potentially
toxic elements in cosmetic products, but only a couple of
them determined the content of some elements and their
impact on human health. Volpe et al.” determined the con-
tent of Pb using flame-atomic absorption spectrometry
(F-AAS), and contents of Cd, Cr, Co, and Ni by ICP OES
in eyeshadow samples. Ullah et al.® used F-AAS for the de-
termination of Pb, Cd, Cu, Co, Fe, Cr, Ni, and Zn in sam-
ples of shampoo, talc powders, lipstick, surma, and cream
available in the Pakistan market. Bocca et al.® reviewed the
concentrations of Sb, As, Cd, Cr, Co, Hg, Ni, and Pb in
cosmetics, including lipstick samples, using different tech-
niques. Piccinini et al.!? evaluated microwave acid diges-
tion for the determination of the content of Pb in lip prod-
ucts (lipsticks and lip glosses) of different color and price
using ICP-MS, and Ziarati et al.!! evaluated the wet diges-
tion method for the determination of Pb and Cd by flame
emission spectrophotometer. Zakaria and Ho!'? evaluated
the potential health risks due to the daily ingestion of Pb,
Cd, and Cr in lipsticks, while Batista et al.!* developed ICP
OES method for determination of Cd, Co, Cr, Cu, and Ni
and the graphite furnace atomic absorption spectrometry
(GF AAS) method for the determination of Pb in lipsticks.

Because of the importance of the control and monitor-
ing of toxic elements in cosmetics, our primary objective
was to develop an effective and sensitive inductively coupled
plasma atomic emission (ICP OES) method which may be
applicable for a simultaneous analysis of potentially toxic el-
ements in lipsticks. The second one was to apply the chemo-
metric techniques of principal component analysis (PCA)
and cluster analysis (CA) to the results obtained from the
ICP OES determination of eleven potentially toxic elements
in marketed lipsticks to assess whether there is a similarity
regarding their element contents as well as to evaluate the
possibility of potential health risk due to the daily ingestion
of toxic elements in lipsticks among lipstick users.

2. Experimental
2. 1. Chemicals

Ultra-scientific (U.S.A.) ICP multi-element standard
solutions of about 20.00 + 0.10 mg L~! were used as a stock
solution for calibration. Nitric acid (65%) (Merck, Darm-
stadt, Germany) and hydrogen peroxide (30%) (Fluka,
Buchs, Switzerland) were both of the analytical grade.

2. 2. Instrumentation

The thermo Scientific iCAP 6000 inductively cou-
pled plasma atomic emission spectrometer with an Ech-
elle optical design (52.91 grooves mm™!, 63.5° blaze an-
gle) and a change injection device solid-state detector
(RACIDS86) was used to analyze the lipstick samples. The
nebulizer was glass concentric. The iTEVA operating
software for iCAP 6000 series was used to control all
functions of the instrument. The microwave digestion
system ETHOS 1 was used for performing a digestion
(Milestone, Bergamo, Italy).

2. 3. Samples

Fourteen lipstick samples (L1-L14) were purchased
in local markets in Serbia. The lipstick samples were classi-
fied by price in three categories varied from “cheap” (cate-
gory I) to ,expensive” (category III). Every sample label
contained the origin country of manufacture and was
stored at room temperature until the analysis.

2. 4. Sample Preparation

The sample preparation was carried out using a mi-
crowave digester according to the method of Zakaria and
Ho!2 with slight modification. 0.2 g of lipstick was weighed
in a microwave vessel and 6 mL of HNO; (65%) and 1 mL
of H,0, (30%) were added. The conditions were as follows:
1800 W, 90 bar, with the temperature program: heating to
130 °C in 15 min (held for 20 min), then to 200 °C in 15
min (held for 20 min). After the second step of the pro-
gramme, the vessels were cooled to 50 °C for 10 min. The
extracts were filtered and then diluted with 0.5% HNO; to
the final volume of 25 mL. The procedure was carried out
in triplicate. A blank was prepared in the same way. The
plastic containers used for storing the samples were
cleaned to avoid the contamination of the samples with the
traces of any elements. The containers were treated with
20% HNO; and washed with ultra-pure water 0.05 uS cm™!
(MicroMed high purity water system, TKA Wasseraufbe-
reitungssysteme GmbH, Niederelbert, Germany).

2. 5. Operating Plasma Condition

Before the metal analysis, the operating parameters
were conducted to check the instrument performance. The
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following ICP OES instrument performance tests should
be performed: RF power, nebulizer gas flow rate, torch gas
flow rate, viewing height and sample introduction rate. RF
power, viewing height, and nebulizer gas flow rate are
three of the parameters that have high influence on the an-
alytical characteristics of ICP plasma.?* In the present
study, using a 27.12 MHz ICP, RF power, and nebulizer
argon flow rate were varied under the constant values of
other plasma conditions.?#?> Also, both viewing modes
(axial/radial) were considered in this study. In order to
eliminate the memory effect, the delay time for washing
between samples and signal measurement was set to 30 s.
Mermet?® reported that plasma robust conditions can be
represented by a Mg II 280.270 nm/Mg I 285.213 nm ratio
(Mg II/Mg I) higher than 10. Under robust plasma condi-
tions matrix effects as well as other interferences are main-
ly assigned to the aerosol transport.

2. 6. The selection of Analytical Lines and the
Evaluation of Matrix Effect (ME)

Prior to the analysis, the line selections were per-
formed. The spectral interferences and matrix effect in
both axial and radial view modes for a total of 44 lines rec-
ommended by the ICP OES spectrometer library, corre-
sponding to 11 determined elements, were checked. The
analytical lines were evaluated according to the ratio of the
slope of the calibration curve and slope of the standard ad-
dition method line (slope_,/slopem)-

A standard addition method was used to overcome
the matrix effect.?>2%%” A portion of the sample was spiked
at a different concentration levels of the standard accord-
ing to U.S. Food and Drug Administration?® (from 0.1 mg
L' to 1.0 mg L™! for trace elements). The increase in signal
was to the standard that was added, and the original signal
was due to the analyte only. A ratio of two elemental sig-
nals was used to calculate the matrix effect.?

2. 7. Validation

The instrument was calibrated at a four-point cali-
bration curve. The linearity of each element was tested
ranging from 0 mg kg™! to 5 mg kg™!. The calibration
curve linearity for each element was evaluated by the co-
efficient of determination (R?). Each sample of lipstick
was analyzed in triplicate in order to gain a more precise
estimation of the data. A method blank was carried
throughout the entire sample preparation and analytical
process.

The detection (LOD) and quantification (LOQ) lim-
its were calculated with three and ten times of the residual
standard deviation of the regression line (30 and 100 crite-
rion), divided with a slope of the calibration curve.*® Both
limits were expressed in ng g~..

The signal-to-background ratio (SBR) is also a figure
of merit that can be correlated with the limit of detection.

(1)

All signals were measured in the presence of some
degree of background. A quantitative measure of the back-
ground level is called the background equivalent concen-
tration (BEC), and was calculated by the following formu-
la:

2)

where Iy,,4.4 and Iy, are emission intensities for the
multielemental standard and blank solutions, ¢y,,,4.418 the
concentration of the multielemental standard solution (2
mg LY).

The recovery test was evaluated by spiking three rep-
licates of each lipstick sample with the element standard. 2
mL of 62.5 mg L ™! of Al and Fe, and 2 mL of 6.25 mg L~! of
Mn, Ni, Sb, Cu, Zn, Cr, Cd, Co, and Pb were added to the
lipstick samples. The samples were prepared as is described
in the Sample preparation part.

2. 8. Human Health Risk Assessment

Regarding health risk assessment, risk level was de-
termined using the average daily intake dose (ADD, mg
kg~ day™!) of ingestion, hazard quotient (HQ) and hazard
index (HI).

ADD is used to quantify the oral exposure dosage for
deleterious substances.’! This dose of the elements was

calculated using the following equation:!?3?

©)

where c is the concentration of elements found in the test-
ed lipstick samples (mg kg™!); IR is the intake rate (40 mg
day1);*® ED is the exposure duration (35 years); EF is the
exposure frequency (260 days year™); BW is the average
body weight for an adult (57.9 kg);'? AT is the average ex-
posure time for non-carcinogenic effects (365 days years™
x number of exposure years (35)); CF is the conversion
factor (1073).

To assess the health risk associated with a potential
toxic element, the hazard quotient and hazard index can
be calculated using the following equations:!?3*

(4)
(5)

where RfD is the oral reference dose (mg kg™! day™!), based
on the US EPA database. The RfD value is regarded as an
estimate of a daily exposure to the human population that
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is likely to be without a significant risk of harmful effects
during a lifetime.>

If value HQ < 1 then no adverse health effects (no
risk); if HQ > 1 then adverse health effectsand 1 < HQ < 5
(low risk); 5 < HQ < 10 (medium risk); HQ > 5 (high risk).>
The HI index represents the sum of the HQ index and
shows the influence of toxic elements on human health.

2. 9. Statistical Analysis

Statistical multivariate methods such as principal
component analysis (PCA) and cluster analysis (CA) were
used for the classification of samples based on the metal
content. PCA and CA were performed using a statistical
package running on a computer (Statistica 8.0, StatSoft,
Tulsa, Oklahoma, USA). The Tukey’s test was used (signif-
icant level of p < 0.05) for the determination of the differ-
ence between the mean concentration of metal in the ana-

lyzed lipsticks.?”

3. Results and Discussion

3. 1. The Optimization of Plasma Operating
Conditions

The Mg II/Mg I line intensity ratio was selected to
evaluate the ICP operating conditions and the plasma ro-
bustness.?® Using a 27.12 MHz ICP, the RF power was var-
ied from 750 W to 1350 W with the intervals of 200 W. The
other plasma conditions were constant: flush pump rate 50
rpm, analysis pump rate 50 rpm, nebulizer gas flow rate 0.5

L/min, coolant gas flow rate 12 L/min, auxiliary gas flow
rate 0.7 L/min, dual (axial/radial) viewed plasma mode
and sample uptake delay 30 s. The highest Mg II/Mg I ratio
was obtained for the RF power of 1150 W and was found
to be 10.35 and 11.42 for the axially and radially viewed,
respectively. As expected, the results showed a higher Mg
I1/Mg I ratio for the radially viewed configuration (Table
1).2425

Using an RF power of 1150 W, nebulizer gas flow was
varied from 0.5 mL/min to 1.5 mL/min in intervals of 0.5
mL/min. The highest Mg II/Mg I ratio of 10.35 and 11.42
for axially and radially viewed ICP OES, respectively, was
at the nebulizer gas flow of 0.5 L min~! (Table 1). This value
was selected for further proceedings.

3. 2. The Selection of Analytical Lines

The best lines experimentally found in both axial
and radial plasma viewing modes after the study of ratio
slope .i/slopeg,,, and matrix effect, are shown in Table 2. A
final selection of wavelength lines also took into consider-
ation the accuracy obtained for each line and spectral in-
terferences. As it can be seen in Table 2, the slopes of both
kinds of lines were statistically comparable, which indi-
cates the lack of the matrix effects. The ME data up to 9.5%
indicate that the method of the evaluation of the matrix
effect generates reliable results.

3. 3. Validation

On the basis of the calibration curve of each metal,
the selected wavelengths of the analyte lines, coefficient of

Table 1. Results (mean + SD, n = 3) obtained for RF power and nebulizer gas flow rate in axial/radial mode

Viewing RF power Relative intensity + SD RSD Relative intensity + SD RSD Intensity ratio
mode (W) (280.270 nm) (%) (285.213 nm) (%) MgIl/MgI
Axial 750 318233 + 4550 1.43 75120 £+ 1092 1.45 4.24
950 832600 + 6038 0.73 109697 + 953 0.87 7.59
1150 1155400 = 7779 0.67 111658 + 872 0.78 10.35
1350 1413317 £+ 19909 1.41 141050 + 1275 0.90 10.02
Radial 750 18685 + 273 1.46 2454+ 6 0.24 7.61
950 30189 + 509 1.69 3147 £ 35 1.11 9.59
1150 42177 + 377 0.89 3694 + 27 0.73 11.42
1350 45005 + 435 0.97 3961 + 30 0.76 11.36
Viewing Nebulizer gas Relative intensity + SD RSD Relative intensity + SD RSD Intensity ratio
mode flow (I/min) (280.270 nm) (%) (285.213 nm) (%) MgIl/MgI
Axial 0.5 1155400 = 7779 0.67 111658 + 872 0.78 10.35
1.0 1029000 + 9337 0.91 102286 + 1057 1.03 10.06
1.5 698000 + 6902 0.99 70950 + 395 0.56 9.84
Radial 0.5 42177 + 377 0.89 3694 + 27 0.73 11.42
1.0 39209 + 452 1.15 3573 £45 1.26 10.97
1.5 32041 + 280 0.87 3094 + 26 0.84 10.36
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Table 2. Analyte line selected with the ratio slope_,/slope,,, matrix effect (ME), BEC and SBR, as well as coefficient of determination (R?), LOD and
LOQ of the calibration for each metal determination. Plasma view mode: axial.

Element A Slope_.i/Slopeg,m ME R? LOD LOQ BEC SBR
(nm) (%) (ngg™) (ngg™) (ngg™)

Al 396.152 0.976 -2.4 0.9995 85 280 109.3 18.3
Cd 226.502 1.056 5.6 0.9999 8 25 26.9 74.3
Co 228.616 1.078 7.8 0.9999 2 5 35 563
Cr 283.563 0.905 -9.5 0.9997 30 100 36.5 54.8
Cu 324.754 1.019 1.9 1 25 80 15.2 131.2
Fe 259.940 1.011 1.1 0.9998 25 80 63.1 31.7
Mn 257.610 0.982 -1.8 0.9997 5 15 20.5 97.7
Ni 231.604 0.983 -1.7 0.9998 20 68 17.1 116.6
Pb 220.353 0.958 -4.2 1 11 36 15.9 125.9
Sb 231.147 1.033 3.3 0.9999 17 55 14.2 104.5
7Zn 213.856 0.981 -19 0.9998 5 15 16.8 119.3

determination, limit of detection and limit of quantifica-
tion are shown in Table 2. The four-point calibration curve
showed good linearity over the concentration range from 0

to 5 mg kg!, where correlation coeflicients ranged from
0.9995 to 1. Table 2 also shows the parameters of merit
(BEC, SBR, LOD, LOQ) obtained under robust conditions

Table 3. Spiked concentration® (mg kg™!) of elements in lipstick samples and recovery test (n = 3)

Samples AlP RSD® Recovery! Cd RSD Recovery Cr RSD  Recovery
¢, SD ¢t SD ¢t SD
L1 79+1 1.3 97.5 0.49 £ 0.01 2.0 88.8 1.43 £0.02 1.4 96.6
L2 254 %1 0.4 98.8 0.55+0.02 3.6 85.3 1.59 £ 0.03 1.9 96.4
L3 164+3 1.8 97.6 0.49 £ 0.01 2.1 88.5 1.39 £ 0.02 1.4 97.2
L4 26+1 3.8 96.3 0.67 £ 0.02 3.0 111.4 1.43 £0.02 1.4 97.3
L5 2261 0.4 98.3 0.50 +0.01 2.0 97.9 1.42 £0.02 1.4 102.9
L6 3614 1.1 99.4 0.56 +0.01 1.8 85.6 1.77 £ 0.03 1.7 95.7
L7 1121 0.9 96.5 0.54+0.01 1.9 84.8 243 +0.04 1.6 95.3
L8 1131 0.9 97.4 0.55+0.01 1.8 85.4 1.76 £ 0.02 1.1 95.6
L9 1391 0.7 97.9 0.54+0.01 1.8 88.1 1.54 £ 0.01 0.6 96.9
L10 488 +3 0.6 99.2 0.47 £0.01 2.1 87.7 1.37 £0.01 0.7 97.2
L11 9.02 +0.05 0.5 96.5 0.48 £0.01 2.1 87 1.40 £ 0.01 0.7 97.2
L12 190+ 1 0.5 97.9 1.20 £0.03 2.5 85.1 3.47 £ 0.04 1.2 94.8
L13 4322 0.5 99.1 0.57 £0.02 35 87.6 1.71 £0.02 1.2 96.6
L14 262 %2 0.8 99.6 0.55+0.01 1.8 88 4.94 £ 0.05 1.0 95.4
Co RSD  Recovery Cu RSD  Recovery Ni RSD  Recovery Pb RSD Recovery
¢, =SD ¢ =SD ¢, =SD ¢ =SD
0.49+0.01 2.1 97.4 1.74 £ 0.05 2.9 938 0.78+0.01 1.3 97.5 1.31£0.04 3.1 88.5
0.61+0.02 3.3 96.0 82+0.1 1.2 91.5 1.07£0.02 1.9 96.4 1.58 £0.03 1.9 87.8
0.52+0.01 19 95.7 1.88 £0.05 2.7 942  0.84+0.01 1.2 96.5 1.20£0.04 3.3 88.9
0.50+0.01 2.0 96.9 1.01 £0.02 2.0 949  072+0.01 14 97.3 1.11£0.04 3.6 88.1
0.54+0.02 3.7 96.1 2.16 £0.04 1.8 91 0.84+0.01 1.2 954  2.02+0.05 25 87.8
0.52+0.01 19 98.3 1.35£0.03 2.2 92.3 0.89+0.02 22 94.7 1.37£0.04 29 113.2
1.00£0.02 2.0 95 2.22+0.04 1.8 91.8 1.77£0.03 1.7 972 17.33£0.6 35 85.8
0.51+0.01 19 98.5 1.51 £0.04 2.6 92.1 0.84+0.02 24 97.7 1.63£0.05 3.1 88.1
0.57+0.01 1.8 97.8 1.16 £ 0.03 2.6 95 0.80+0.01 1.3 98.8 1.06 £0.03 2.8 88.3
0.52+0.01 19 95.6 2.02+0.03 1.5 90.7 072+0.01 14 97.3 0.92+0.02 22 87.6
0.74+0.01 1.3 95 1.93 £0.02 1.0 91.1 1.34+£0.02 15 103.9 1.21£0.04 33 89
0.88+0.02 23 97.8 3.77 £0.05 1.3 90 141+£0.02 14 96.6 7.00+0.08 1.1 86.7
0.49+0.01 2.0 98.8 2.19 £ 0.04 1.8 92 129+£0.02 1.6 97.7 1.35£0.03 22 87.1
0.62+0.01 1.6 96.6 5.11 £ 0.07 1.4 93.7 1.84+£0.03 1.6 95.3 6.76 +£0.07 1.0 86.3
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Fe RSD  Recovery Sb RSD  Recovery Mn RSD  Recovery Zn RSD  Recovery
¢+ SD ¢+ SD ¢+ SD ¢+ SD
75+1 1.3 94.9 6.34+0.2 32 94.6 1.23 £0.01 0.8 93.2 3.59+0.02 0.6 95
659 +2 0.3 99.5 7.75+0.1 1.3 94.5 2.83 +0.05 1.8 90.4 21.7+0.1 0.5 98.8
93+1 1.1 95.9 1.44+£0.07 49 93.5 0.94 +£0.01 1.1 94.9 3.07+0.01 03 95.2
145+ 1 0.7 98.0 2.05+0.08 3.9 92.8 296+0.07 24 90.5 6.15+0.04 0.6 94.7
214+03 14 95.5 1.03+£0.05 4.9 93.6 1.41£0.03 2.1 93.4 337+0.02 0.6 94.3
974+ 13 1.3 99.8 89+0.1 1.1 91.6 1.99 £0.03 1.5 94.3 9.68+0.05 0.5 96.9
548 +3 0.5 98.9 7.08+0.08 1.1 95 3.27 £0.04 1.2 91.1 6.18+0.06 1.0 95
617 +2 0.3 101.0 7.8+0.1 1.3 94.8 6.79+0.02 03 94.1 13.8+0.1 0.7 97.9
3603 0.8 100.5 454+0.04 09 934 3.24 +0.04 1.2 93.9 485+0.03 0.6 94.2
94+0.1 11 94.9 505+0.04 0.8 92.7 0.96 £ 0.01 1.0 92.3 241+0.02 038 94.7
228+03 1.3 96.6 326+0.07 22 92.3 0.74 £ 0.01 1.3 91.4 1.84+0.02 1.1 94.7
381617 04 99.0 6.9+0.1 1.4 94.5 5.85+0.04 0.7 96.8 143 +0.1 0.7 97.3
802 +4 0.5 99.5 92+0.2 23 95.6 1.82 £0.02 1.1 91.9 123+0.1 0.8 97
50+04 0.8 97.5 6.97£0.08 1.1 95.3 1.25+0.01 0.8 91.9 6.71+0.02 0.3 94.8

aMean (c;) * standard deviation (SD) of three replicates, *Spiked concentrations for Al and Fe are 62.5 mg L™! (2 mL), while for other elements are
6.25 mg L' (2 mL), “Relative standard deviation (%), 9Results obtained from recovery test (%)

and using an axially viewed configuration. High SBR val-
ues and low BEC values were obtained.

The results obtained by the standard addition meth-
od and the recovery experiments for lipstick samples are
shown in Table 3. In the tested samples, the recovery for all
elements was between 90% and 110%, except for Cd and
Pb, they were < 90% and > 110%. The element concentra-
tions precision ranged from 0.3% to 4.9%. Lower RSD val-
ues were obtained for Zn, higher RSD values were obtained
for Pb and Sb. Nevertheless, in all cases, the accuracy and
precision were within the acceptable recoveries and RSD
percentages obtained from the Horwitz function®-*! and
from the AOAC Peer-Verified Methods (PVM) program
on the analyte level.*> According to Horwitz and AOAC
PVM RSDs, the maximum RSD values acceptable for the
analyte level of 100 pg kg™! are 22.6% and 15%; for 1 mg
kg! they are 16% and 11%; for 10 mg kg™! they are 11.3%
and 7.3%; for 100 mg kg! they are 8% and 5.3%, respec-
tively, and so on. The results obtained clearly demonstrate
that this type of digestion and ICP measurements are suit-
able for all elements.

3. 4. The Concentration of Elements
in Lipsticks

Potentially toxic elements concentrations, expressed
as milligram per kilogram (mg kg™), in the lipstick samples
investigated are shown in Table 4. The overall (n = 14) mean
concentration of potentially toxic elements was: 202 + 2 mg
kg! for Al;0.160 + 0.003 mg kg ™! for Cd; 1.55 + 0.02 mg kg™
for Cr; 0.129 + 0.004 mg kg™! for Co; 2.31 +0.02 mg kg™! for
Cu; 0.61 + 0.01 mg kg™! for Ni; 3.25 + 0.08 mg kg™! for Pb;
584 + 3 mg kg™ for Fe; 5.00 + 0.09 mg kg~! for Sb; 2.20 + 0.02
mg kg™! for Mn, and 7.62 + 0.04 mg kg™! for Zn. Based on
the mean concentrations, the potentially toxic metal con-
tents were arranged in the following decreasing order: Fe >
Al>Zn>Sb>Pb>Cu>Mn > Cr>Ni>Cd > Co.

The concentrations of Al, Cd, Cr, Co, Cu, Ni, Pb, Fe,
Sb, Mn, and Zn in all analyzed lipsticks were in the inter-
val of 4.35-487 mg kg~!, 0.038-0.914 mg kg~!, 0.88-4.68
mg kg1, n.d.-0.556 mg kg~!, 0.56-8.5 mg kg~!, 0.24-1.43
mgkg!,0.55-19.7 mg kg, 4.9-3850 mg kg, 0.6-9.1 mg
kg1, 0.31-6.72 mg kg~!, 1.44-21.5 mg kg!, respectively.
The concentration ranges of Cd, Cr, Co, Cu, Ni, Pb, Fe, Zn
in lipsticks found by Ullah et al.® were: 0.2-0.43 mg kg™!,
n.d.-0.77 mg kg!, 0.3-0.872 mg kg~!, 0.026-6.036 mg
kg!, 0.696-1.610 mg kg™!, 2.58-11.33 mg kg~!, 258-1164
mg kg!, 0.696-1.610 mg kg!, respectively. Zakaria and
Ho!2 found Cd, Cr, and Pb in concentration ranges n.d.—
0.33 mg kg!, 0.24-2.50 mg kg, 0.77-15.44 mg kg, re-
spectively. Liu, Hammond, and Rojas-Cheatham*® found
Al in lipsticks in the concentration interval of 4.448-
27.032 mg kg™!, while Al-Qutob, Alatrash, and Abol-Ola**
found it in the concentration range 10.98-694.5 mg kg™
As can be seen, the obtained results are consistent with
the results obtained by other authors. Aluminum is added
to cosmetics as white pigments in colored cosmetics. The
EC Regulation®® allowed some compounds of Al as colo-
rants in cosmetics. According to the U.S. low (FD&C
Act)*® color additives can contain lead in lipsticks as an
impurity up to 10 mg kg™!. On the other hand, the EC
Regulation*’ banned Pb and its compounds as intentional
ingredients in cosmetics. Also, The EC Regulation®
banned the use of Cd, Ni, Sb, and Co as metallic ions or
salts in the preparation of cosmetic formulations. The
Health Canada sets out a list of banned or limited ingredi-
ents in cosmetics, where some elements such as As, Sb,
Cd, Pb, Cr, and Hg and its compounds are banned. Also,
the Health Canada determined appropriate limits for As,
Cd, and Hg (3 ug g™1), for Pb (10 pg g™!), and for Sb (5 pg
g1), as impurities in cosmetic products, while Germany
set a limit for Cd as an impurity of 5 mg kg 1.47*® The
Cr(III) oxide green and Cr(III) hydroxide green are al-
lowed for use as colorants in cosmetic products.*’ The EU
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Table 4. Element contents” (mg kg!) in lipstick samples

Samples® Country of Color Price category Al Cd Cr Co
production ¢, SD ¢, SD ¢, SD ¢+ SD
L1 China orange I 76 1 0.054 + 0.002° 0.98 £ 0.03° n.d?
L2 Slovenia pink II 252+ 1P 0.145 + 0.007°f8 1.15 +0.02¢ 0.131 + 0.0028
L3 France orange I 163 +4 0.050 + 0.002b¢ 0.93 +0.022 0.041 # 0.002¢d
L4 Turkey red I 22+1 0.099 + 0.005 0.97 £ 0.01° 0.019 +0.001
L5 London purple I 225+2 0.071 + 0.002¢ 0.88 + 0.022 0.064 + 0.005¢
L6 Serbia red I 358 5 0.155 + 0.0028 1.35 + 0.044 0.030 + 0.002¢
L7 Poland pink II 111+12 0.133 + 0.002¢ 2.05+0.03 0.556 + 0.007
LS Poland pink 11 11 £12 0.144 + 0.002¢f 1.34 + 0.044 0.022 + 0.000°
L9 Ireland red 111 137+ 1 0.114 + 0.0074 1.09 + 0.04¢ 0.081 + 0.006f
L10 Turkey violet I 487 +2 0.038 + 0.002? 0.91 +0.012 0.049 + 0.002d
L11 Poland orange I 4.35 +0.04 0.047 + 0.004 0.94 + 0.05% 0.28 + 0.01
L12 China brown II 189+ 1 0.914 + 0.005 3.16 + 0.05 0.400 + 0.007
L13 Germany red 1I 431 £2 0.151 + 0.005' 1.27 £ 0.02 nd?
L14 Serbia pink I 258 + 2P 0.124 + 0.0024 4.68 +0.02 0.14 +0.018
Samples Cu Ni Pb Fe Sb Mn Zn
¢, SD ¢, SD ¢, SD ¢, SD ¢, SD ¢, SD ¢t SD
L1 1.35 + 0.012 0.30 +0.01° 0.98 + 0.04 74+1 6.2 +0.22 0.82 +0.01° 3.28 +0.01°
L2 8.50 + 0.1 0.61 +0.01 1.30 + 0.054 657 +2 7.7 +0.1° 2.63+0.01¢ 21.5+0.1
L3 1.50 + 0.06% 0.37+0.01%  0.85 + 0.05%¢ 9242 1.04 + 0.06 0.49 + 0.02° 2.73+0.02
L4 0.56 + 0.01 0.24 +0.01° 0.76 + 0.05% 143+ 1 1.71 +0.07 2.77 +0.06° 5.99 +0.02°
L5 1.87 + 0.05° 0.38 +0.01¢ 1.80 + 0.04 17.4+0.2 0.60 = 0.02 1.01 +0.01 3.07 +0.01°
L6 0.96 +0.01 0.44 +0.01 0.71 + 0.05% 971 + 12 9.2+0.2° 1.61 +0.03 9.49 + 0.06
L7 1.92 +0.01° 1.32 +0.02 19.7 +0.4 549 + 4 6.95 + 0.06 3.09 +0.044 6.00 % 0.05°
L8 1.14 + 0.01 0.36 +0.02¢¢  1.35+0.044 606 + 1 7.7 £0.1° 6.72 +0.01 13.6 + 0.1
L9 0.72 +0.01 0.31+0.02>  0.70 + 0.04% 353+ 3 436 +0.03 2.95 +0.02¢d 4.65 + 0.02
L10 1.73 +0.01 0.24 +0.01° 0.55 + 0.04 49+0.1 4.95 + 0.04 0.54 + 0.01° 2.05 +0.02
L11 1.62 + 0.02> 0.79 + 0.02f 0.86 + 0.03¢ 18.6 £0.3 3.03+0.09 0.31+0.01 1.44 +0.01
L12 3.69 +0.01 0.96 + 0.02 7.57 +0.06 3850 + 17 6.8 +0.03? 5.54 + 0.05 14.2 +0.1
L13 1.88 + 0.03¢ 0.82 +0.01f 1.05 + 0.05 801+5 9.1+0.2° 1.48 +0.01 12.17 + 0.09
L14 4.95 +0.01 1.43 +0.02 7.33 +0.08 463 +0.1 6.81 +0.04° 0.86 +0.01° 6.58 +0.01

"Mean = standard deviation, 7 = 3; n.d. - not detected; values with different letters within the columns are statistically different at p < 0.05 by Tukey’s test

banned Cr(VI) which can still be in these coloring
agents.*>*® Moreover, as opposed to the other elements,
Cr is not limited as a cosmetic’s impurity. Also, some
countries (Germany and Canada) adopted the national
limits to define the maximum allowable amount of Sb as
an impurity in cosmetics (5-10 mg kg™!).4748

Concentrations of analyzed potentially toxic ele-
ments in lipsticks were below reported limits, but it was
needed to evaluate the possibility of potential health risk
(ADD, HQ, HI, and RfD) due to daily exposure of these
elements through lipstick consummation.

3. 5. Health Risk Assessment

The oral reference doses (RfD) for Co, Cu, Cr, Cd, Fe,
Ni, Zn, and Mn are 3 x 10,4 x 107%,3 x 107, 1 x 107, 7
x 1071,2x 1072,3 x 1071, 1.4 x 1071, respectively.’->4 Lead,
chromium, and cadmium belong to toxic and potentially
carcinogenic substances. According to US EPA, it is inap-

propriate to develop an RfD value for inorganic lead be-
cause the degree of uncertainty about the health effects of
lead is quite low.1%%

The mean daily intake of potentially toxic elements
for adults (ADD) and potential toxic health risk effects
(HQ and HI) are given in Table 5. Since As, Pb, Cd, and Cr
are classified by the US EPA%-%2 as being carcinogenic
agents, HQ of Cd and Cr were used to calculate HI.

The ADD values of Co, Cu, Fe, Ni, Zn, Mn, Cr, and
Cd varied from n.d. t0 2.7 x 1074, 2.8 x 107 to 4.2 x 1073,
1.9% 102 t04.8x 1075 1.2x 10 t0 7.0 x 1074 7.1 x 10~
to 1.1 x 107% 1.5 x 107 to 3.3 x 1073 3.7 x 107 to 2.3 x
1073 1.9 x 107 to 7.6 x 107>, respectively. The mean con-
centrations for daily intake decrease in the following or-
der: Fe > Zn > Cu~Mn > Cr > Ni > Co > Cd.

The obtained ADD values were lower than the RfDs,
which indicated that there would not be any adverse health
effects. A study by Zakaria and Ho!? also reported that
there was no significant health risk due to the exposure of
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Table 5. Health risk assessment for the exposure to Co, Cu, Fe, Ni, Zn, Mn, Cr, and Cd in the lipstick samples

Sample Co Cu Fe Ni

ADD HQ ADD HQ ADD HQ ADD HQ
L1 n.d. n.d. 6.6 x 107 0.017 3.6 x 1072 0.052 1.5x 107 0.007
L2 6.4 %107 0.215 42x107 0.105 3.2x 107! 0.462 3.0x 10 0.015
L3 2.0 x 1073 0.067 74x 107 0.018 4.5x 1072 0.065 1.8 x 10~ 0.009
L4 9.3x10°° 0.031 2.8x 107 0.007 7.0 x 1072 0.100 1.2x 10 0.006
L5 3.1x 107 0.104 9.2x 107 0.023 8.6x 1073 0.012 1.9 x 10 0.009
L6 1.5x 1073 0.049 47 %10 0.012 4.8x 107! 0.683 22x10* 0.011
L7 2.7 x 107 0.912 9.4x10™* 0.024 2.7 x 107! 0.386 6.5x 10 0.032
L8 1.1x 107 0.036 5.6 x 1074 0.014 3.0x 107! 0.426 1.8 x 10~ 0.009
L9 4.0x%x107° 0.133 3.5x 107 0.010 1.7x 107! 0.248 1.5x 107 0.008
L10 24 %107 0.080 8.5x 1074 0.021 2.4x1073 0.003 1.2x 10 0.006
L11 1.4x10™* 0.459 8.0 x 107* 0.020 9.1x1073 0.013 3.9x10* 0.019
L12 2.0x 10 0.656 1.8 x 1073 0.045 1.9 x 1073 2.707 4.7 x 107 0.024
L13 n.d. n.d. 9.2x 107 0.023 3.9x 107! 0.563 4.0 x 10 0.020
L14 6.9 x 107 0.230 2.4x1073 0.061 2.3x1072 0.033 7.0 x 1074 0.035

Sample Zn Mn Cr Cd HI?

ADD HQ ADD HQ ADD HQ ADD HQ

L1 1.6 x 1073 0.005 1.6 x 1073 0.005 4.8x10™ 0.161 2.7 x 107 0.027 0.188
L2 1.1 x 1072 0.035 1.1 x 1072 0.035 5.7 x 107 0.189 7.1 x 107 0.071 0.260
L3 1.3x 1073 0.004 1.3x 1073 0.004 4.8x10™ 0.152 2.5x 107 0.025 0.177
L4 29x%x 1073 0.010 2.9 %1073 0.010 41x10™ 0.138 49%x107° 0.049 0.187
L5 1.5%x 1073 0.005 1.5%x 1073 0.005 3.7 x 107 0.125 3.5x 107 0.035 0.160
L6 47%x1073 0.016 47 %1073 0.016 5.7 x 107 0.191 7.6 x 107 0.076 0.267
L7 29x%x 1073 0.010 2.9 %1073 0.010 8.7 x 107 0.291 6.5x 107 0.065 0.356
L8 6.7 x 1073 0.022 6.7 x 1073 0.022 5.7 x 107 0.190 7.1 x 107 0.071 0.261
L9 2.3x1073 0.008 2.3x1073 0.008 4.6x10™ 0.153 5.6 x 107 0.056 0.209
L10 1.0x 1073 0.003 1.0x 1073 0.003 3.8x 10 0.128 1.9 x 107 0.019 0.147
L11 7.1x 107 0.002 7.1x 107 0.002 4.0x 10 0.132 2.3 %107 0.023 0.155
L12 7.0 x 1073 0.023 7.0 x 1073 0.023 1.6 x 1073 0.518 45%x107° 0.450 0.968
L13 6.0 x 1073 0.020 6.0 x 1073 0.020 6.2 x 107 0.208 7.4 x 107 0.074 0.282
L14 32x1073 0.011 32x1073 0.011 2.3x1073 0.768 6.1 x 107 0.061 0.829

*H I =YHQ(Cr)+ HQ(Cd)

Pb, Cd, and Cr in lipsticks from Malaysia, USA, Korea,
France, and the United Kingdom.

The HQ risk value for Fe in one lipstick sample was
2.707 and indicates the potential of an adverse effect to
human health, but low risk. The HQ values for other ele-
ments were below 1, indicating an acceptable level and
no significant toxic health risk for lipstick users. The or-
der of severity of the heavy metal total health risk is Fe >
Cr > Co > Cd > Cu > Ni ~ Zn > Mn. The HI values for
all lipsticks were below 1, which suggested that none of
the analyzed potential toxic elements may pose a health
risk.

3. 6. Chemometric Techniques for Correlation
Analysis

To understand the connection between lipstick sam-
ples and potentially toxic elements contents, chemometric

techniques PCA and CA were used. The obtained results
for PCA are given in Fig. 1.

Two significant principal components are extracted
based on the Kaiser criterion.”® The first principal compo-
nent (PC1) (with an eigenvalue of 10.51) explained 75.08%
of the variance and the second principal component (PC2)
(with an eigenvalue of 3.46) explained 24.72% of the vari-
ance. The first two PCs are enough to explain 99.80% of the
pattern variation. Based on PCA, all potentially toxic ele-
ments have been classified in three fully separated groups.
Iron is located on the negative side of PC1 and on the neg-
ative side of PC2 and it is a major contributor to PCI. Alu-
minum is located on the negative side of the PC1 and pos-
itive side of PC2 and it is a major contributor to PC2. Oth-
er elements (Sb, Cd, Cr, Co, Cu, Ni, Pb, Zn, Mn) are locat-
ed on the positive side of PC1 and the near-zero values of
PC2. Such grouping of elements is probably based on the
origin of elements in lipstick. The most abundant element
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Figure 1. Principal component analysis of element contents in lip-
stick samples

in lipsticks is Fe, as a result of using metal-based pigments
in color cosmetics such as orange, red, yellow, and black.*®
Aluminum is the light metal and adds as a pigment in lip-
sticks.*> Other elements may be added as pigments or de-
rivatives of oil such as mineral oils, paraffin, silicones.’

Cluster analysis (CA), as a multivariate method, is
also used to classify elements and lipsticks in clusters based
on their similarities.’”*® Ward’s method with Euclidean
distance was used to adopt measures.>® The linkage dis-
tance was given as Dy, /D .., which represents the quo-
tient between the linkage distances for a particular case
divided by the maximal linkage distance.””->

The dendrogram of the cluster analysis of the ana-
lyzed elements is presented in Fig. 2 and shows three sepa-
rated clusters at (Djju/Dimax) X 100 < 50.

The first cluster contained Fe, the second cluster con-
tained Al and the third cluster involved Sb, Cd, Cr, Co, Cu,
Ni, Pb, Zn, and Mn. It can be seen that the CA of the ele-
ments provided the identical grouping obtained on the
basis of PCA.

Figure 2. The dendrogram of the cluster analysis of elements based
on their concentrations

The cluster analysis was applied to the analyzed sam-
ples using Ward’s method, with Euclidian distances as the
criterion for forming clusters of samples. Two separate
clusters were obtained (Fig. 3).

Figure 3. The dendrogram of the cluster analysis of lipsticks

The first cluster contained sample L12, which is the
only one in brown color. The second cluster is divided into
two sub-clusters. The first sub-cluster included samples L1
and L4 (88-Euclidean distances)/L11 which showed a close
association with samples L5 and L14 (45-Euclidean dis-
tances)/L3 and L10. All lipsticks in this sub-cluster belong
to category I regarding the price. The second sub-cluster
included samples L7 and L8 (73-Euclidean distances)/L2
and sample L9 which showed a close association with sam-
ples L6 and L13 (185-Euclidean distances). All lipsticks in
this sub-cluster belong to category II and III regarding the
price.

4. Conclusion

The optimization and validation of the ICP OES
method permitted an accurate and precise determination
of Al, Cd, Cr, Co, Cu, Ni, Pb, Fe, Sb, Mn, and Zn in lip-
sticks. The recoveries for all elements in lipsticks were be-
tween 90% and 110%, except for Cd and Pb they were <
90% and > 110%, respectively. The element concentrations
precision ranged from 0.3% to 4.9%. Lower RSD values
were obtained for Zn, higher RSD values were obtained for
Pb and Sb. Results for spike experiments in lipsticks have
confirmed the suitability of the whole analytical proce-
dure. In all samples, the concentrations of potentially toxic
elements (Pb, Cd, and Cr) were within the level permitted
in cosmetics. Only the sample L7 contained a higher con-
centration of lead compared to the acceptable and safe
concentration given by the Health Canada and FDA (< 10
mg kg1), but lower than the permissible limit subscribed
by German Federal Government (< 20 mg kg™!) and EU
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which banned lead. The concentrations of other potential-
ly toxic elements did not exceed the permissible limits. The
HQ and HI values for Co, Cu, Fe, Ni, Zn, Mn, Cr, and Cd
were less than 1, except HQ value for Fe (HQ < 3). The
obtained results indicate that there is no risk to human
health. Based on the comparison of element concentra-
tion, the examined elements were classified into three
groups by the PCA interpretation. The first group contains
Fe, the second group includes Al and the third group con-
tains the other analyzed elements (Sb, Cd, Cr, Co, Cu, Ni,
Pb, Zn, and Mn). CA confirms the results obtained by
PCA. The cluster analysis separated the analyzed samples
into two clusters regarding the price and color.
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Povzetek

Namen te $tudije je bil optimizirati in validirati metodo induktivno sklopljene plazme z opti¢no emisijsko spektrometrijo
(ICP OES) za hkratno dolo¢evanje enajstih potencialno strupenih elementov (Al, Cd, Cr, Co, Cu, Ni, Pb, Fe, Sb, Mn in
Zn) v vzorcih rdedila za ustnice. Metodo smo evalvirali z uporabo metode standardnega dodatka. Izkoristki so bili za vse
elemente v rdecilih med 90 % in 110 %, razen za Cd in Pb, za katera sta izkoristka bila <90 % in >110 %. Oceno zdra-
vstvenega tveganja smo naredili z izratunom povpre¢nega dnevnega vnosa (ADD), kvocienta tveganja (HQ) in indeksa
tveganja (HI). Najvi§ja povpre¢na vrednost za ADD je bila za Fe (4,8 x 107! mg kg~! dan™!) in najniZja za Co (9,3 x 1076
mg kg~! dan™1). Za nobenega od elementov nismo ugotovili pomembnejiega zdravstvenega tveganja (HQ < 1), razen
za Fe (HQ < 3), kar kaze na potencialno zdravstveno tveganje. Glede na PCA smo vse potencialno strupene elemente
Klasificirali v tri skupine. V prvi skupini je Fe, v drugi je Al, vsi ostali elementi pa so v tretji skupini. Analiza skupkov
(CA) je za elemente pokazala enako grupiranje, kot je bilo opazeno s PCA. Ce smo CA uporabili za analizirane vzorce,
smo opazili dva lo¢ena skupka. Prvi skupek je vseboval samo en vzorec, ki je bil rjave barve. Drugi skupek se je delil na
dva podskupka. Prvi podskupek je vseboval vzorce iz kategorije I glede na ceno, drugi podskupek pa vzorce iz kategorij
I in III glede na ceno.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
Creative Commons Attribution 4.0 International License
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Abstract

The determination of low concentration of iron in natural waters can be difficult due to the complexity of natural water,
but primarily because it requires preconcentration of the sample with solvent extraction. In this work we report on re-
sults of thermal lens spectrometry (TLS) coupled to flow injection analysis (FIA) as a highly sensitive FIA-TLS method
of iron detection. The concentration of iron redox species was determined using 1,10-phenanthroline (PHN), that forms
stable complexes with Fe(II) ions which are characterized by an absorption maximum at 508 nm. The TLS system using
a 633 nm probe laser and 530 nm pump laser beam was exploited for on-line detection in flow injection analysis, where
a PHN solution was used as the carrier solution for FIA. The concentration of the complexing agent affects the quality
of the TLS signal, and the optimal concentration was found at 1 mM PHN. The achieved limits of detection (LODs) for
Fe(II) and total iron were 33 nM for Fe(II) and 21 nM for total iron concentration. The method was further validated by
determining the linear concentration range, specificity in terms of analytical yield and by determining concentration of

iron in a water sample from a local water stream.

Keywords: Flow injection analysis; iron concentration; thermal lens spectrometry

1. Introduction

As the fourth most frequent element in the earth’s
crust, iron is a geologically important element. As a trace
element iron is also present in the biosphere in organisms,
where it performs key life functions.

Iron can be found in various forms in water: as dis-
solved, colloidal or particulate, either in the elemental
form or in bivalent or trivalent ion forms, and in complex-
es.! The abundance of each species depends on the pH and
Eh values of the aquatic environment. The oxidation state
of iron affects the properties of the species, mobility and
accessibility to organisms. At pH around 8, iron can be
found as Fe(II) and Fe(OH);. In the reductive conditions,
the prevalent oxidation state is the divalent ion form Fe(II),
which is soluble in water. In oxidative conditions, however,
Fe(II) is oxidized to Fe(III). It forms insoluble hydroxides,
Fe(OH);. Due to this phenomenon, the concentration of
iron in natural water is very low.

In fresh waters as rivers, lakes, groundwater and
drinking water, iron is found at trace amounts. Compared
with seawater, fresh water is richer in Fe(II) ions. Iron con-
centrations in fresh water can vary greatly depending on
the source of water, its tributaries and other external cir-
cumstances. The World Health Organization, which oper-
ates within the United Nations, reports that the average
iron concentration in rivers is around 14 pM.? In anaero-
bic conditions, iron concentrations may be higher, be-
tween 9-190 uM. The highest possible values may reach up
to 893 pM. In drinking water iron concentrations are usu-
ally lower, less than 5 uM. In Slovenian rivers, the concen-
tration of soluble iron species reaches up to 13 pM.3 The
lowest concentrations are lower than the limit of quantifi-
cation of methods nowadays widely used as colorimetric
analysis with UV-VIS detection, atomic absorption spec-
troscopy, chemiluminescence. In groundwater iron con-
centrations are significantly lower than the concentrations
measured in rivers.* Generally, the concentrations of iron
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in groundwater are below 0.2 uM, but sometimes can be
even lower than 2 nM. As a result, lower concentrations of
iron are also found in drinking water. The limit value of
iron in drinking water is 4 pM,” but this value is rarely ex-
ceeded, as iron concentrations in surface waters exploited
as drinking water sources reach only up to 0.7 pM, with a
mean value of about 0.2 pM.®

In certain ocean areas dissolved iron concentrations
can be as low as 20-30 pM, so that iron represents a limit-
ing factor in the growth of microorganisms.”!! It was ob-
served that already at 1.3 nM concentration of iron in wa-
ter or lower, the growth of biomass is slowing down.!!

Without the environmentally available iron marine
and freshwater organisms cannot perform their metabolic
functions, since iron participates in the photosynthetic
process, cellular respiration, nitrate reduction and the syn-
thesis of chlorophyll.” The content of iron in the aquatic
environment, even if it is usually low, therefore, affects the
functioning of organisms, as it enables or impedes their
growth. This can have an impact on the entire ecosystem.?
The amount of algae in marine waters can play an import-
ant role in the fixation of atmospheric carbon dioxide in
sea biomass. Consequently, the increased biomass growth
and photosynthesis reduces the amount of carbon dioxide
in the atmosphere, which represents an important sink for
this greenhouse gas.

In order to assess the status of an aquatic system, one
of the key data that must be at disposal is the bioavailabili-
ty of iron. Chemical analysis of natural water is a challeng-
ing task. UV-VIS spectrometry is a technique often used to
determine the concentration of iron species in liquid sam-
ples after the complexation with 1,10-phenanthroline
(PHN) and formation of an orange-coloured complex.
This is a simple method, yet it has a major disadvantage,
i.e. the limited sensitivity. Measurement of very low iron
concentrations by UV-VIS is therefore impeded. For this
reason, a number of other techniques for determining iron
concentration in water samples were developed. The meth-
ods are as flow injection analysis coupled with spectropho-
tometric detection and on line preconcentration using a
column filled with 8-hydroxyquinoline resin'® or induc-
tively coupled plasma mass spectrometry,!*!> laser-in-
duced breakdown spectroscopy,'® flow injection chemilu-
minometric method!” and for lowest concentrations rely
on preconcentration. In all cases, the aim is to maximize
the sensitivity of the technique while simultaneously sim-
plifying the system. The method should be user-friendly
and inexpensive, but must provide reliability, high sensi-
tivity and good repeatability. Furthermore, an increasing
emphasis is nowadays put on environmental protection by
developing methods that use as little harmful chemicals as
possible. Recently, TLS which is known as one of the most
sensitive spectrometric methods for the analysis of liquid
samples, and enables detection of absorbances as low as
1077 absorption units,'® was developed and optimized to
provide a high throughput platform for highly sensitive

and environmentally friendly analysis of water and other
samples.!®

The main aim of this study was to develop an efhi-
cient, fast and reliable method for determination of low
concentrations of iron species in natural water based on
TLS technique coupled to flow injection analysis (FIA).
The performances of FIA-TLS technique (LOD, linear
range, specificity) were evaluated and the achieved LODs
were compared to UV-VIS spectrometry, after establishing
the optimal conditions for FIA-TLS determination of
Fe(II) and Fe(III) species.

2. Experimental

2. 1. Reagents and Solutions

Double deionized ultrapure Milli-Q-water (MQ)
water (18 MQ cm™!) was used for preparation of the initial
solutions and for their dilution. The MQ water was ob-
tained with the NANOpure double deionization system
(Barnstead, Thermo Scientific). The following chemicals
were used without further purification:

¢ Hydrochloric acid, HCI (p.a., 32%, Carlo Erba re-

agents)

o Acetic acid, CH;COOH (puriss. p.a., = 99,8%,

Sigma-Aldrich)

e Ascorbic acid, CsHgOg (reagent grade, 99%, Sig-

ma)
e 1,10-phenanthroline (reagent grade, 99%, Alfa
Aesar)

e Ferrous sulphate heptahydrate, FeSO, - 7H,0
(ACS grade, 99,5%, Merck)

e Ferric chloride hexahydrate, FeCl;-6H,O (puriss.
p-a., 2 99.5%, Riedel-de Haén)

Iron detection was enabled by a colorimetric reac-
tion with PHN, that binds Fe(II) ions and forms a stable
[Fe(PHN);]?* complex with an absorption maximum at
508 nm. The total iron was determined by reducing Fe(III)
ions to Fe(II) in the presence of ascorbic acid, since only
the redox form of Fe(II) can form a [Fe(PHN);]?*.

For the UV-VIS spectrophotometric measurements
all the working standard solutions (5-100 uM) were pre-
pared by adding 1 mL of 30 mM PHN solution to the cor-
responding volume of the stock standard solution of 0.01
M Fe(Il), and diluting to 10 mL by deionised water in a
volumetric flask. 1 mL of 0.03 mM solution of ascorbic
acid was added to the solutions containing Fe(III) ions be-
fore adding 30 mM PHN.

For the FIA-TLS measurements the working stan-
dard solutions were prepared in the range of 1-20 uM by
proper dillution of stock standard solution by deionized
H,0. 1 mM PHN solution, which was made 0.03 mM with
respect to ascorbic acid to reduce Fe(IlI) was used as carri-
er solution for Fe determination. In optimization experi-
ments the PHN concentrations from 30 mM to 0.5 mM
were tested.
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The pH of analysed solutions was found to be in the
optimum pH range for the complexation reaction (be-
tween 6 and 9), thus, did not required further adjustment.

The analysed real samples were water samples from
Vrtojbica creek. The samples were measured as collected
without any pre-treatment.

2. 2. Measurement Techniques

2.2.1. UV-VIS Spectrophotometry

The PerkinElmer Lambda 650 S UV-VIS dual beam
spectrometer was used to measure the absorbances of
working standard solutions and for recording the absorp-
tion spectra, in the wavelengths’ range between 400 nm
and 650 nm. All measurements were performed in a 10
mm optical path quartz cuvette (HELLMA, model 100-
QS) with respect to blank solution, that contained all add-
ed reagents to the working standard solutions except for
iron.

2. 2. 2. Thermal Lens Spectrometry with Flow
Injection Analysis

The scheme of the FIA-TLS experimental setup is
shown in Figure 1. The sample is irradiated by laser light
from Innova 70 Coherent Ar-ion laser with output wave-
length of 514.5 nm, providing 150 mW power at the sam-
ple (excitation beam, EB). EB is modulated using a me-
chanical modulator (Scitec instruments, Control unit
model 300C, chopping head model 300CD, chopping
disks model 300H). The selected frequency was 30 Hz, as
this ensured the maximum signal-to-noise ratio (for fre-
quencies < 10 Hz the mechanical chopper did not provide
stable modulation frequency). The absorbed energy is con-
verted into heat and as a result, the refractive index of the
sample is changed, and a thermal lens (TL) is formed in
the sample. The TL is detected by the use of another laser
beam - the probe beam (PB) from a He-Ne laser (Uni-
phase, Model 1103P) with output wavelength of 633 nm
and output power of 2 mW. PB is defocused by TL result-
ing and its intensity change is measured by a photodiode
(Thorlabs, model PDA 36A-EC) and converted into volt-
age registered by the lock-in voltage amplifier (Stanford
Research Instruments, the SR830 DSP model) and collect-
ed by Mathlab software. The recorded change in the PB
intensity depends linearly on the concentration of absorb-
ing species in the sample.

The flow injection unit (FIA) consisted of an HPLC
pump (Knauer Advanced Scientific Instruments) used to
deliver the carrier solution (PHN) and the sample to the
detection cell. The working standard solutions and the
sample (different concentration of iron ions) are injected
through the metal free injection valve (RHEODYNE,
model 7725) equipped with a 10 uL peek sample loop
(CHEMINERT, VICI). The carrier solution flow rate of 0.6
mL min~! is used and the TLS detection is performed in a

Figure 1. Scheme of the FIA-TLS experimental setup adopted from
[20]

10 mm pathlength (8 pL) flow through detection cell
(HELLMA, model 178.173-QS) in which the TL was in-
duced upon irradiation by the EB.

3. Results and Discussion

3. 1. UV-VIS Spectrophotometry

In the first step the absorption spectra of
[Fe(PHN);]?* solutions were recorded at different concen-
trations of the complex (Figure 2). The absorption maxi-
mum was found at 508 nm.

Figure 2. Absorption spectra of [Fe(PHN);]** complex for different
Fe(II) concentration

Next, the calibration curves for Fe(IT) and Fe(III) de-
termination were constructed in the 5 uM-100 uM con-
centration range (Figure 3).

The obtained relationship between absorbance and
concentration shows good linearity (R? > 0.995) over the
investigated concentration range (0 to 100 uM) for Fe(II)
and Fe(III) ions (Figure 3). The limit of detection (LOD) is
calculated as the concentration giving a signal that is three
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Figure 3. Calibration curves for Fe(II) and Fe(III) determination by
UV-VIS spectrophotometry

times larger than the standard deviation of blank signal
(Equation 1).

(1)

Where LOD is the limit of detection, SD, standard de-
viation of blank signal and k the slope of the calibration line.

The calculated LODs were 130 nM for Fe(II) and 135
nM for Fe(total). The concentration of total iron was de-
termined on the basis of calibration line for Fe(II), since
Fe(III) was reduced to Fe(II) by ascorbic acid. The concen-
tration of Fe(IIT) was then calculated as difference between
the concentration of total iron and Fe(II).

3. 2. Thermal Lens Spectrometry with Flow
Injection Analysis

Different concentration of the complexing agent
(PHN) in the carrier were examined in the study. In case of
30 mM PHN solution (as used for the measurement by
UV-VIS spectrophotometry) incomplete mixing of the

Figure 4. The shape of FIA-TLS signal peaks for 30 mM PHN used
as a carrier solution

carrier and sample solutions was observed in the form of
disturbance in the signal peaks which are the consequence
of inhomogeneous refractive index of solution in the mix-
ing area (Figure 4).!

As the problem could not be solved using a mixing
coil between the injector and the sample cell, the concen-
tration of PHN in the carrier solution was reduced to
make the carrier and sample solutions as similar as possi-
ble in their composition. Thus, the PHN concentration
was reduced from 30 mM to 10 mM, 5 mM, 2 mM, 1 mM
and 0,5 mM.

The changes in shape of FIA-TLS signal peaks are
presented in Figure 5. It is observed, that with decrease in
PHN concentration the mixing problems disappear, but
the height of the measured signal peak also decreases. This
is related to the fact that in the case of lower reactant con-
centrations the reaction rate decreases, which means that
in the same time interval not all Fe(II) ions are complexed
by PHN to form [Fe(PHN);]?* complex. At concentrations
of PHN as low as 0.5 mM, the value of the TLS signal at its
peak is 3.5 times lower compared to 2 mM PHN.

Figure 5. The shape of TLS signal peaks for different concentrations
of PHN in carrier solution

Figure 5 shows, that for 1.0 and 0.5 mM PHN-related
peaks mixing of the carrier and the sample have no signif-
icant effect on the peak heights, as there is no sharp de-
crease of the TLS signal before the peak, as observed at
higher PHN concentrations. In these two cases the con-
centration of PHN is sufficiently low to provide similar
composition of carrier solution and the sample in terms of
refractive index. Unfortunately, as it is seen in Figure 5, the
decrease of the TLS signal peak heights at lower PHN con-
centrations in the carrier decreases the sensitivity and in-
creases the LOD of the method.

Thus, for FIA-TLS measurements, 1 mM was chosen
as the optimal PHN concentration in the carrier solution,
since it provided the highest sensitivity among tested car-
rier solutions and conditions where no effects on TLS sig-
nal due to mixing problems were observed. The peaks of
TLS signal for Fe(II) and Fe(III) for 1 mM PHN solution
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used as carrier are shown in Figures 6 and 7, respectively.
The constructed calibration lines for Fe(II) and Fe(III)
concentration are presented in Figure 8. Good agreement
of the slopes confirms that the reduction of Fe(III) is quan-
titative under given experimental conditions.

Figure 6. The TLS signal peaks of Fe(II) with 1 mM PHN as carrier
solution

Figure 7. The TLS signal peaks of Fe(III) with 1 mM PHN as carrier
solution

Figure 8. Calibration curve for determination of Fe(II) and Fe(III)
by FIA-TLS with 1 mM PHN as carrier solution

The linear range of the method (defined as the range
of independent variable for which strong linear relation-
ship exists between the iron concentration and the FIA-
TLS signal) is between 0.2-5 uM for Fe(II) and 0.2-2.5 pM
for Fe(III) and the calculated LODs were 15 nM and 13
nM for Fe(II) and Fe(total), respectively.

The effect of PHN concentration on the sensitivity
of the FIA-TLS method was investigated further by per-
forming the complexation reaction off-line and using just
water as the carrier. In this case final dilution was made to
50 mL and 30 mM PHN could be used as reagent added to
the sample. The final concentration of PHN in the sample
was therefore similar (0.6 mM) as used in the carrier in
case of FIA-TLS to avoid mixing problems. As can be seen
on Figure 9, no distortions of the peaks due to mixing are
observed. Figure 9 also shows significant difference in
sensitivity, as can be deduced by comparison of TLS signal
peak heights to those recorded in case of FIA-TLS with
on-line complexation reaction (Figures 6 and 7), which is
in fact five times lower due to use of lower PHN concen-
tration. LODs of 3 nM were achieved for Fe(II) and Fe(to-
tal) by of-line complexation of Fe(II) and TLS detection in
FIA mode.

Figure 9. FIA-TLS signals for replicate injections of [Fe(PHN);]**at
different concentrations

To verify the method, concentration of iron species
in real samples was determined by standard addition
method. The examined sample was the water from Vrto-
jbica creek, which was spiked by Fe(II) standard (for deter-
mination of Fe(IT)) or by Fe(III) standard (for determina-
tion of Fe(total)) solutions at 0.5 uM, 1 uM, 2 pM, 3 uM
and 4 pM levels. Figure 10 shows the FIA-TLS signals for
original water sample and signals for samples with differ-
ent standard additions of Fe(IIl). The complexity of the
medium affected the limit of detection, which was 373 nM
for Fe(II) and 314 nM for Fe(III) determination. This is
approximately 25 times higher than for the Fe(II) and
Fe(III) in deionized water.

Vrtojbica creek contained 1.43 uM + 0.15 uM Fe(II),
which corresponds to 80 pg/L + 8 ug/L, as well as 1.90 uM
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Figure 10. The TLS signal peaks of Vrtojbica creek with added proper amount of Fe(III) and 1 mM PHN as carrier solution

+ 0.12 uM total iron, which corresponds to 106 ug/L + 7
ug/L. From the subtraction of the concentration of Fe(II)
from the measured value of total iron concentration, the
concentration of Fe(III) was found to be 26 ug/L + 8 ug/L.

These results correspond within the measurements
uncertainity to those determined by external calibration.

In the next step the analytical yield of the method
was determined as a ratio of the measured and actually
added concentration of the analyte in the examined sam-
ple solution. The results are presented in Table 1.

Table 1. The analytical yield of the FIA-TLS method for determina-
tion of total iron added as Fe(III)

Added Measured
concentration concentration SD (uM) Yield (%)
(1M) (1M)
1.0 1.02 0.20 102+ 10
5.0 4.37 0.28 88+5
0.50 0.55 0.07 110+ 3
3.0 3.16 0.15 105+ 3

The results show, that the analytical yield of the meth-
od is satisfactoty and in agreement with US-EPA recom-
mendations for acceptable analytical yields in the range of
80-120% for determination of metals and trace elements
in water.??

The results obtained by the use of FIA-TLS technique
were compared to those obtained by UV-VIS spectropho-

Table 2. Comparison of LODs for determination of Fe(II) and Fe(I-
II) by FIA-TLS and UV-VIS spectrophotometry

Fe(II) Fe(I1I)
UV-VIS 130 nM 135 nM
FIA-TLS 15 1M 13 nM

tometry. The value of LODs achieved by these two meth-
ods are compared in Table 2. The LODs achieved by FIA-
TLS are up to 10 times lower than those achieved by
UV-VIS spectrophotometry.

4. Conclusion

In this study iron redox species concentration was
determined by thermal lens spectrometry coupled to flow
injection analysis (FIA-TLS).

The technique was optimised regarding the concen-
tration of the complexing agent used as the carrier solu-
tion. The optimal concentration of PHN is 1 mM, as in this
way we avoid mixing problems between the sample solu-
tion and the carrier.

Furthermore, the use of the FIA-TLS method signifi-
cantly reduces the amount of sample consumption. By us-
ing UV-VIS spectrophotometry approximately 3 mL of the
sample was used for the final measurement, while with
FIA-TLS the amount was 20 pL, what is 150 times lower.

The achieved LOD is much lower compared to those
achieved for spectrophotometric method (1.07 uM ; in 10
cm long sample cell), thermal lens microscopy (TLM) in
batch mode (0.01uM ) and compared to values achieved
by TLM-uFIA (36 nM).23-24

The applicability of FIA-TLS technique was verified
by determining iron species concentrations in a real fresh-
water sample from Vrtojbica creek. The concentration of
iron in Vrtojbica creek was determined by the standard
addition method. It was found, that Vrtojbica creek con-
tains 80 pg/L of Fe(II) and 26 ug/L of Fe(III). The total iron
content was therefore 106 ug/L, which fully corresponds to
the values of iron in Slovenian water streams, that range
from less than 1 pg/L to 750 ug/L.

On the basis of the presented results it was it can be
concluded that the optimized FIA-TLS technique has sev-
eral advantages over other methods used for determina-
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tion of metals in liquid samples. These are in particular
high sensitivity and low LODs without the need of sample
preconcentration, low consumption of reagents and on-
line detection, consequently reducing also the possible
contamination.
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Dolocevanje Zeleza v naravnih vodah je pogosto otezeno zaradi nizkih koncentracij analita in kompleksnosti naravne
vode, kar zahteva predkoncentracijo vzorca z ekstrakcijo. V tem delu poro¢amo o razvoju nove, visoko obcutljive FIA-
TLS metode za dolocevanje redoks specij Zeleza brez predkoncentracije, ki temelji na uporabi spektrometrije s toplotnimi
le¢ami (TLS), sklopljene s preto¢no injekcijsko analizo (FIA). Koncentracije zZeleza (Fe(II), Fe-skupno) smo dolocali po
kolorimetri¢ni reakciji z 1,10-fenantrolinom (PHN), ki kompleksira zelezove Fe(II) ione v stabilen kompleks z absorp-
cijskim maksimumom pri 508 nm. Spektrometer TLS s tipalnim laserskim snopom valovne dolzine 633 nm in vzbuje-
valnim laserskim snopom valovne dolZzine 530 nm smo uporabili za detekcijo v sistemu FIA, kjer je nosilna raztopina
vsebovala PHN, in pri dolocevanju skupnega Zeleza tudi askorbinsko kislino za redukcijo Fe(III).

Visoka koncentracija PHN v nosilni raztopini (30 mM) negativno vpliva na vi$ino in obliko TLS signalov za injicirane
vzorce. Ugotovili smo, da je optimalna koncentracija PHN 1 mM in z njo dosegli meji zaznave (LOD) 33 nM za Fe(II)
in 21 nM za skupno koncentracijo Zeleza. Metodo smo validirali $e z doloc¢itvijo linearnega koncentracijskega obmocja,
specifi¢nosti v smislu analitskega izkoristka in z dolo¢itvijo koncentracije Zeleza v vzorcu naravne povrsinske vode.
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Abstract

Contents of twelve selected bioactive substances and antioxidant potential of Salix caprea L. extracts were compared in
its two vegetative organs (bark and leaves) and in terms of different ethanol/water mixtures used for extraction (30-70%
aq, ethanol) and extraction time (30 min; 24, 48 and 72 h). The extracts were characterized by High Pressure Liquid
Chromatography (HPLC), and total phenolics and flavonoids were determined spectrophotometrically. All secondary
metabolites identified in Salix caprea L. extracts (gallic, chlorogenic and vanillic acid, epicatechin, rutin, quercetin and
naringenin) were found more accumulated in bark. Salicin and p-hydroxybenzoic acid were detected in bark and ferulic,
trans-cinnamic and p-coumaric acid in leaves extracts only. Rutin was most abundant bioactive compound both in bark
(1.71 g/100 g of de) and leaves extracts (0.434 g/100 g of de). Bark extract with highest bioactive substances contents was
obtained with 70% aq. ethanol as most suitable solvent during extraction time of 48 h. Molecular docking showed salicin
to have similar affinity toward COX-2 as acetylsalicylic acid, but lower toward COX-1.

Keywords: Extraction; HPLC; molecular docking; salicin; Salix caprea

1. Introduction

Willow bark (Salix spp., Salicaceae) is traditionally
used herbal remedy due to its anti-inflammatory, analgesic
and antipyretic properties. Salicin is usually described as
the analgesic agent found in willow bark, responsible for
its pharmacological effects.!> However, it was suggested
that many of these effects cannot be explained by the pres-
ence of salicylic derivatives only and that other compounds
such as polyphenols (flavonoids, flavan-3-ols) and simple
phenols (phenolic acids) can contribute to the therapeutic
effects of willow bark.*® On the other hand, leaves of
many Salix species are mainly not studied and are consid-
ered as waste product after collection of bark.

Genus Salix includes about 350 different, mainly
woody species.’ Salix caprea is a common species of wil-

low native to Europe, Western and Central Asia and it is
widely distributed in the flora of Serbia. It has been report-
ed to exhibit strong antioxidant activity in many in vitro
systems.!®!1

Solvent extraction, i.e. solid-liquid extraction, is
commonly used for the isolation of phenolic compounds
from plant material.!> Extraction procedure and solvent
selection are considered to be a critical point since they
dictate the amount and nature of secondary metabolites
transferred to extract.!> Some previous studies involving
different plant material showed a great impact of solvent
polarity and time of extraction on total extraction yield,
antioxidant activity and bioactive compounds contents in
final extracts.!417 Ethanol and water mixtures are com-
monly used solvents for herbal extractions as they can dis-
solve a wide range of phenolics and are also acceptable for
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human consumption.'® By far mainly used solvents for the
extraction of Salix caprea were 80% methanol for bark,
70% acetone for leaves, 95% ethanol for flowers and 95%
acetone for wood and knots.!>!%20 There is no available
data on testing the impact of different extraction condi-
tions and solvent concentrations on total extraction yield,
chemical composition and antioxidant activity of extracts
obtained from bark and leaves of Salix caprea L. Thus, the
objective of this study was to use different ethanol/water
mixtures (30-70% aq, ethanol) for extraction of two vege-
tative organs of Salix caprea L. during extraction time of 30
min; 24, 48 and 72 h in order to gain extracts with the
highest amount of target compounds.

COX-1 and COX-2 are two isoforms of cyclooxygen-
ase which has a role in conversion of arachidonic acid to
prostaglandins that are involved in inflammatory process-
es in human body. Salicin is considered to be main com-
pound found in willow responsible for its analgesic and
anti-inflammatory properties. Salicylic acid, which is re-
leased in body from salicin, is considered to have similar
affinity toward COX-2 as acetylsalicylic acid.?!** There-
fore, the secondary goal of this paper was to elucidate the
interaction and binding affinity of salicin and COX-1 and
COX-2 using molecular docking, an efficient tool to get an
insight into ligand-receptor interactions. These molecular
docking studies could be useful in better understanding of
interactions between ligand and active sites of enzymes
which is of great importance in aspect of designing a novel
potent inhibitors.

2. Experimental
2. 1. Plant Material

Bark and leaf of Salix caprea L., Salicaceae were col-
lected from locality of Vlasina Lake, Serbia in June 2013.
The plant material was air-dried and stored at room tem-
perature. Dried willow bark and leaves were ground in a
mill and particle size diameter (d = 0.35 mm) was deter-
mined by sieve set (Retsch GmbH and Co KG).

2. 2. Chemicals

The following HPLC grade compounds were used
as standards for analysis by HPLC-DAD: gallic acid (pu-
rity 297%), chlorogenic acid (purity 295%), ferulic acid
(purity 299%), rutin (purity 294%), naringenin (purity
>98%), p-hydroxybenzoic acid (purity 299%), vanillic
acid (purity 297%), trans-cinnamic acid (purity 299%),
epicatechin (purity >98%) purchased from Sigma Al-
drich; p-coumaric acid (purity 298%) from Fluka; quer-
cetin (purity 299%) from Extrasynthese and salicin (pu-
rity 290%) from Carl Roth. HPLC grade acetonitrile,
methanol, o-phosphoric acid, tetrahydrofuran and acetic
acid were obtained from J.T. Baker. Sodium carbonate
and methanol (analytical grade) were purchased from

POCH, aluminium chloride from Sigma Aldrich. Fo-
lin-Ciocalteu (FC) reagent was obtained from Merck and
2,2-diphenyl-1-pycrylhydrazil (DPPH) from Alfa Aesar.
Analytical grade EtOH was obtained from Zorka pharma.
Distilled deionised water (dd H,O) was used throughout
the experiments.

2. 3. Extraction Procedure

Ethanolic extracts were prepared as following: 0.5 g
of plant material (bark/leaves) was extracted with 5 ml of
aqueous ethanol (30%, 40%, 50%, 60% v/v) for 30 min, 24,
48 and 72 hours at room temperature (25 °C) and by
method of maceration with 70% ethanol for 30 minutes to
72 hours at room temperature, according to the proce-
dure given in EMA.?* After maceration, the extracts were
filtered, evaporated to dryness and left in exicator for 24
hours. After measuring the weight of dry extract, the ex-
traction yield was calculated.

2. 4. Chemical Characterization by High
Performance Liquid Chromatography
(HPLC)

Chemical characterization of the obtained extracts
and quantification of the selected compounds was carried
out by applying HPLC method.?* Agilent HP 1100
HPLC-diode array detection (DAD) system equipped with
an autosampler was used. The components were separated
using reversed-phase Zorbax CB-C18 column (4.6 x 150
mm, 5 um particle size) held at 25 °C. Solvent A was 0.1%
aqueous CH;COOH and solvent B was 0.1% CH;COOH
in acetonitrile. The mobile phase used was delivered in
gradient mode (3,25 min 10% B; 8 min 12% B; 15 min 25%
B; 15,8 min 30% B; 25 min 90% B; 25,4 min 100% B), with
flow rate of 1 mL/min. The HPLC mobile phase was pre-
pared fresh daily and filtered through a 0.45 um nylon fil-
ter. The injection volume was 15 pL. For the quantification
of the selected compounds, standards (gallic acid, chloro-
genic acid, ferulic acid, rutin, naringenin, p-hydroxyben-
zoic acid, vannilic acid, trans-cinnamic acid, epicatechin,
p-coumaric acid, quercetin) dissolved in methanol, were
run under the same conditions. UV detection was set at
280 nm.

Salicin was determined by a slightly modified HPLC
method described earlier,?> using Zorbax CB-C18 column
(4.6 x 150 mm, 5 pm particle size). For quantification of
salicin, the standard was dissolved in methanol and run
under the same conditions.

Phenolic compounds were identified by comparing
their retention time and UV/Vis spectra with those ob-
tained from standard compounds. For quantitative analy-
sis, a calibration curve for each standard was constructed:
gallic acid (y = 41245x - 466.1, R? = 0.998); chlorogenc
acid (y = 13523x - 42.854, R? = 0.998), p-hydroxybenzoic
acid (y = 22708x + 12.73, R? = 0.999); vanillic acid (y =
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23028x + 53.27, R?= 1); epicatechin (y = 6269 x + 23.72, R?
=0.999); p-coumaric acid (y = 67213x - 75.38, R = 0.999);
rutin (y = 9921x - 70.05, R? = 0.999); ferulic acid (y =
41992x - 508.1, R? = 0.999); trans-cinnamic acid (y =
11200x + 69.55, R*= 0.999); quercetin (y = 19129x - 103.3,
R? = 0.999); naringenin (y = 52671x - 770.6, R? = 0.999)
and salicin (y = 1927x - 113.4, R? = 0.995). The results
were expressed in g/100 g of dried extract.

2. 5. Antioxidant Activity - DPPH Assay

The DPPH-assay was performed as previously de-
scribed.?® Different volumes (10-100 pl) of samples, dis-
solved in methanol, were mixed with 1ml of 90 uM DPPH
solution and made up with 95% methanol to a final vol-
ume of 4 ml. After 1 h at room temperature, absorbance
of the resulting solutions and the control (same chemi-
cals without sample) were measured spectrophotometri-
cally at 515 nm (Agilent 8453 UV-Visible Spectroscopy
System). Methanol was used as a blank. For each sample,
the experiment was performed in triplicate. RSC, ex-
pressed as a percentage, was calculated by the following
equation:

RSC=100 x (Ablank - Asample)/Ablank

2. 6. Determination of Total Phenolics
and Flavonoids Content

Total phenolics and flavonoids content were deter-
mined spectrophotometrically by Agilent 8453 UV-Visible
Spectroscopy System. The amount of total phenolic com-
pounds in the extracts was assessed using the method de-
scribed before.?” The concentration of total phenolics was
expressed as mg of gallic acid equivalents per g of dried
extract, using a standard curve of gallic acid (y = 0.2559x +
0.3345). Measurement of the total flavonoid content in the
obtained extracts was evaluated using the method based
on formation of flavonoid-aluminium complex with the
absorptivity maximum at 430 nm.?® The flavonoids con-
tent was expressed as mg of quercetin equivalents per g of
dried extract, using a standard curve of quercetin (y =
0.0039x + 0.012). All measurements were performed in
triplicate.

2. 7. Molecular Docking Studies

Chemical structures of ligand molecules used in this
research were taken from PubChem database (http://pub-
chem.ncbi.nlm.nih.gov/). Three dimensional crystallo-
graphic structures of proteins COX-1 in complex with
flurbiprofen (1CQE)? and COX-2 in complex with indo-
methacin (4COX)3° were retrieved from Protein Data
Bank (PDB) (http://www.rcsb.org/). Ligands, chains B, C,
D and molecules of water were erased, polar hydrogen at-
oms added and parcial atomic charge was calculated by

Gasteiger method, using AutoDock Tools. The dimension
of the grid box was 60x60x60 with distance of 0.375 A be-
tween points. Molecular docking was conducted using
AutoDock 4.2.3. program package, by Lamarckian Genetic
Algorithm,?! with standard docking procedure for rigid
receptor and flexible ligand, with 25 independent runs per
ligand. Other parameters were set to default. Conforma-
tions of docked structures with the lowest binding energy
were considered as the most favorable docking pose. Dis-
covery Studio Visualizer 4.5. was used to visualize the re-
sults and produce the figures.

2. 8. Statistical Analysis

Statistical analyses were performed by SPSS, version
22. Results of extraction yield, total phenolics and flavo-
noids amount and antioxidant activity were analyzed us-
ing Student’s t-test and one-way analysis of variance
(ANOVA) to determine significant differences among
samples with level of significance p < 0.05.

3. Results and Discussion

3. 1. Extraction Yield, Antioxidant Activity
and Total Phenolics and Flavonoids

Effects of operating conditions (extraction time and
solvent polarity) on extraction yield of leaves and bark of
Salix caprea L. are shown in Table 1.

Yield of Salix caprea L. leaves extracts ranged from
12.47 t0 20.94 g/100 g of drug and bark extracts from 9.49
to 16.77 g/100 g of drug. Yield of dry extract of both leaves
and bark, increased by increasing extraction time, due to
longer contact between plant material and solvent. In case
of leaves, differences in extraction length are significant
only in 50%, 60% and 70% ethanol extracts, whereas in
ethanolic bark extracts there is statistically significant dif-
ference between each time interval. Considering solvent
polarity, by increasing ethanol concentration from 30% to
70% (v/v), in case of bark, yield of dry extract increased,
so the highest was achieved by 70% ethanol. In case of
leaves, 40% ethanol as solvent was the most selective for
obtaining the highest extraction yield. In terms of pro-
longed extraction time leading to increase of extraction
yield, our results are in agreement with other similar re-
searches.!®1> Also, the results obtained for S. caprea leave-
sare in accordance with the results of mate tea extraction
from an earlier study, which revealed that the highest
yield was achieved by using a more polar solvent, particu-
larly 40% aqueous ethanol,'° as it was in case of S. caprea
leaves as well.

The DPPH radical scavenging activity of the differ-
ent extracts of bark and leaves of Salix caprea was assessed.
Concentrations of extracts inhibiting 50% of DPPH radi-
cal (ICs) are shown in Table 2.

Gligori¢ et al.: Methodological Aspects of Extraction, ...

823


http://pubchem.ncbi.nlm.nih.gov/
http://pubchem.ncbi.nlm.nih.gov/

824

Acta Chim. Slov. 2019, 66, 821-830

Table 1. Effects of extraction solvent on extraction yield (g dry extract /100 g drug) of leaves and bark of Salix caprea

Drug Extraction Extraction type
time 30% EtOH 40% EtOH 50% EtOH 60% EtOH 70% EtOH
30 min 17.14 + 1.49 ,° 19.19+1.18 2 17.50 + 3.33 , @ 15.89+0.71 ,° 12.47£0.29 ,°
24h 19.12+0.28 ,° 19.33 £0.52 ,° 17.19 £0.57 ;% 18.12+0.72 ,° 17.60 + 0.55 , b¢
Leaves 48h 19.43 +0.84 2 20.15+0.74 , 2 19.79 +0.14 , 2 19 +0.35 b 19.23+0.52,°
72h 20.55 +2.09,2 19.50 + 0.41 ,° 2047 £ 1.17 , % 19.89+0.48 ,© 20.94 +0.32 %4
30 min 9.49 +0.02 ,° 10.22 +0.02 ,2 10.48 + 0.03 . 13.024£0.03 peq®  10.33+0.03 42
24h 11.29 +£0.04 ,° 12.72 £ 0.03 ,° 11.76 £ 0.04 ,.° 14.01 £ 0.03 4" 14.93 +£0.03 4°
Bark 48h 12.68 +0.03 , € 13.30 £ 0.03 ¢ 14.24 +0.03 , € 14.72 £ 0.03 4 16.58 £ 0.02 ¢
72h 13.20 +£0.03 ¢ 14.23 +£0.03 ¢ 15.15 +0.02 , ¢ 15.96 % 0.02 49 16.77 £ 0.02 4¢

Data are presented as mean value of triplicate measurements + standard deviation; Superscript letters within the same column indicate significant (P <
0.05) differences of means within the extracting solvent; Subscript letters indicate significant (P < 0.05) differences of means between extraction types.

Table 2. Antioxidant activity of S. caprea leaves and bark extracts [ug/ml]

Drug Extraction Extraction type
time 30% EtOH 40% EtOH 50% EtOH 60% EtOH 70% EtOH
30 min 26.82+02,° 3.33 % 0.35 pee 2.41 % 0.40 gor® 1.73 £ 0.08 4. 2 1.57 +0.04 .
Leaves 24h 16.04 +0.27 ,® 2.75 % 0.05 pef 6.02 % 0.08 _gor® 2.05 % 0.06 4. ° 3.72+0.08 b
48h 7.48+0.27 ¢ 4.01 % 0.20 o 3.80 % 0.05 go 2.86 % 0.15 4.© 3.42+0.18 ¢
72h 60.15+0.15, 4 445 % 0.05 ,cof 4 2.79 + 0.26 gord 4.26 +0.04 4.9 4.24 +0.05 .4
30 min 1.07 + 0.04 ,° 1.35 +0.03 o¢® 0.99 + 0.01 pge ® 1.33+0.01 42 0.99 +0.02 4. ?
Bark 24h 3.03 +0.08 1.97 +0.02 ,¢° 1.80 + 0.03 4. ° 2.59 +0.03 4 1.41 +0.02 4.°
48h 2.55 % 0.05 ,° 2.49 + 0.04 € 1.68 + 0.04 g, 1.61 +0.06 4°¢ 1.60 + 0.06 4 ©
72h 3.34 % 0.06 .9 2.87 +0.02 .9 1.31 +0.01 4.9 1.21+0.01 44 1.58 +0.01 4. €

Data are presented as mean value of triplicate measurements + standard deviation; Superscript letters within the same column indicate significant (P <
0.05) differences of means within the extracting solvent; Subscript letters indicate significant (P < 0.05) differences of means between extraction types.

Lower IC5, values indicate higher antioxidant activi-
ty. ICs; values of bark extracts ranged from 0.99 to 3.34 pg/
ml indicating strong antioxidant activity. Increasing etha-
nol concentration from 30% to 70%, antioxidant activity of
bark extracts increased, whereas increased extraction time
led to decrease of antioxidant activity. This could be ex-
plained by the fact that longer extraction time might in-
crease the oxidation of phenolic compounds contributing
to lower DPPH radical scavenging activity.> The highest
antioxidant activity of bark extracts was observed for 50%
and 70% ethanol extracts after 30 min of maceration. Com-
pared to results of antioxidant activity of Salix aegyptiaca
ethanol bark extracts (19 + 3 ug/ml),* our results indicate
higher antioxidant activity. ICs, values of leaves extracts
were in range of 1.57 to 60.15 pg/ml, also indicating high
antioxidant activity. Among leaves extracts the highest an-
tioxidant activity was observed for 70% ethanol extract ob-
tained after 30 min of maceration. Comparing the results of
bark and leaves extracts, it can be noticed that bark extracts
possess higher antioxidant activity. Compared to Salix ca-
prea ethanol flower extract, where ICs, value was 75 pg/
ml,!? extracts of both bark and leaves exhibited stronger
antioxidant activity, indicating that antioxidant potential
could depend on the selected plant material.

The total phenolics content in the obtained ex-
tracts of bark and leaves of Salix caprea L. are presented
in Table 3.

The amount of total phenolics in the investigated ex-
tracts ranged from 16.44 to 68.37 mg GAE/g de and from
4.14 to 26.16 mg GAE/g de in bark and leaves, respectively.
Increasing ethanol concentration from 30% to 70%, the
amount of total phenolics increased for both bark and
leaves extracts and the highest amount of phenolic com-
pounds was observed in 70% ethanol extracts. The ob-
tained results for bark extracts are lower than results from
a study (75.5 + 0.1 mg GAE/g de) where Salix caprea bark
was extracted by 80% aqueous methanol using Ultra Tur-
rax.”” However, results obtained for most 70% ethanol
leaves extracts in our study are higher than results of total
phenolics in Salix caprea leaves extracts (37.6 = 0.1 mg
GAE/g de), where extraction was carried out by 70% aque-
ous acetone using magnetic mixer.!® Total phenolics con-
tent in 70% ethanol extracts of leaves is significantly higher
than the amount of phenolics obtained by extraction with
other concentrations of ethanol. There is a statistically sig-
nificant difference between total phenolics content in bark
and leaves extracts. The highest amount of phenolics in
bark was achieved by extraction with 70% ethanol.
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Table 3. Total phenolics content of S.caprea leaves and bark extracts [mg of gallic acid equivalents per g of dried extract]

Drug Extraction Extraction type
time 30% EtOH 40% EtOH 50% EtOH 60% EtOH 70% EtOH
30 min 2120 £0.07 ,q*  22.92+0.13 342 2319 +0.12 yq 17.56 + 0.24 4 * 25.52 + 0.042
Leaves 24h 822 +0.26 4° 14.24 +0.15 ;,4° 20.69 £ 0.12 ;q° 30.11 £ 0.12 4" 33.98 +0.02.°
48h 11.38 £ 0.05 34 € 5.84 +0.04 5 © 4.14 % 0.08 34 26.16 +0.08 .4 © 4537 £ 0.28 ¢
72h 12.09 +0.08 ;44 23.44 +0.02 ;4 9 18.82 £ 0.07 ;q ¢ 22.62 +0.041,49 41.14 + 0.02 4
30 min 51.12 +0.31, 56.12 + 0.23,2 48.89 +0.18,2 52.36 + 0.12, 42.68 + 0.23, 2
Bark 24h 17.31 +£0.09,b 16.44 +0.21,° 4582 +0.16,° 25.63 +0.18,.° 64.88 +0.11,°
48h 20.16 +0.17,° 25.42 +0.16,° 29 +0.18,° 38.16 +0.11,.¢ 68.37 + 0.08, <
72h 23.76 + 0.22,4 27.58 £ 0.12,.4 26.84 +0.12,4 42.65 +0.02,4 55.71 + 0.04;, .4

Data are presented as mean value of triplicate measurements + standard deviation; Superscript letters within the same column indicate significant (P <
0.05) differences of means within the extracting solvent; Subscript letters indicate significant (P < 0.05) differences of means between extraction types.

Total flavonoids content in the investigated bark and
leaves extracts is shown in Table 4.

Increasing ethanol concentration led to the increase
of total flavonoids of both bark and leaves extracts, so the
highest amount of flavonoids was obtained by maceration
with 70% ethanol. The amount of total flavonoids in bark
extracts is significantly higher than in leaves extracts of S.
caprea. The great impact of solvent polarity and extraction
time on total flavonoid content found in this research is in
agreement with other studies.!>1¢

3. 2. Chemical Composition of Extracts

Bioactive compounds considered to be responsible
for pharmacological effects of willow were identified and
quantified by HPLC analysis. The impact of different ex-
traction conditions on chemical composition of Salix
caprea L. bark and leaves extracts are shown in Tables 5
and 6.

Presence of active ingredients in the extracts was
confirmed by comparing their retention time with the re-
tention times of the standards, as well as comparing their
UV/VIS spectra with the spectra of the standard signal.

Phenolic compounds identified in both Salix caprea
L. bark and leaves extracts were gallic acid, chlorogenic
acid and vanillic acid and the flavonoids identified were
epicatechin, rutin, quercetin and naringenin. p-Hydroxy-
benzoic acid was found in bark extracts andferulic acid,
trans-cinnamic acid and p-coumaric acid were identified
in leaves extracts only. The most abundant polyphenols
in bark extracts was rutin (1.71 g/100 g de). Also high
amounts of chlorogenic acid (0.965 g/100 g de), p-hy-
droxybenzoic acid (0.542 g/100 g de) and quercetin
(0.603 g/100 g de) were detected in bark. Previous study
of Salix aegyptiaca indicate a similar polyphenolic pro-
file, where rutin was one of the predominant flavonols in
ethanolic bark extract.>®> Other published reports indi-
cate that epicatechin is one of the most dominant flavo-
noids in willow bark extracted with polar solvents.>* In
leaves extracts, rutin was also the most abundant poly-
phenol (0.968 g/100 g de), followed by naringenin (0.434
g/100 g de) and quercetin (0.226 g/100 g de). Our results
are in accordance with earlier published studies on poly-
phenol content in leaves of six different Salix species,
which revealed that quercetin was one of the major flavo-
nols.*

Table 4. Total flavonoids content of S. caprea leaves and bark extracts [mg of quercetin equivalents per g of dried extract]

Drug Extraction Extraction type
time 30% EtOH 40% EtOH 50% EtOH 60% EtOH 70% EtOH
30 min 4.07 +0.09 42 1.99 + 0.04 44 2.93+0.03 2 4.69+0.03 ,4° 16.92 £ 0.01 .2
Leaves 24h 1.03 +0.08 ,4° 1.72 + 0.04 ;q° 2.57 £0.03 ,° 7.50 + 0.04 p4° 15.10 + 0.07 b
48h 0.91 +0.04 ,4° 1.30 + 0.03 ;4€ 2.09 +0.02 ,¢ 8.14 % 0.05 4 1521 +0.04 .bc
72h 1.28 +0.02 ,4¢ 7.01 +0.03 ;49 1.76 +0.03 ,¢ 5.76 + 0.04 pq 9 14.86 +0.02 bd
30 min 4.45+0.03 ,° 5.69+0.03 2 5.38+0.012 7.16 +0.06 . * 15.19 +0.02 42
Bark 24h 4,08 +0.03 ,° 5.84 +0.01,° 7.28 £0.01,° 8.70 +0.06 .° 15.65 + 0.05 4°
48h 3.91+0.00,° 5.71 +0.00 ,* 6.28+0.01°¢ 8.38+0.05 ¢ 18.24  0.01 4¢
72h 3.75+0.01 ,¢ 5.76 + 0.06 , 4.42 +0.03 ,4 11.23 +£0.00 .4 17.95 +0.06 4¢

Data are presented as mean value of triplicate measurements + standard deviation; Superscript letters within the same column indicate significant (P <
0.05) differences of means within the extracting solvent; Subscript letters indicate significant (P < 0.05) differences of means between extraction types.
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Table 5. Chemical composition of Salix caprea leaves extracts

Extraction Time GA CHLA VA EPC CA R FA Q TCA NRG SA
type [g/100 g drug]

30 min n.d. n.d. n.d. n.d. 0.009 0.046 0.074 n.d. n.d. 0.092 n.d.
30% EtOH 24h n.d. n.d. n.d. nd 0.014 0.047 0.077 0.035 0.0009 0.122

48h n.d. n.d. 0.003 n.d. 0.009 0.057 n.d. 0.043 0.0011  0.204
72h n.d. 0.019 0.005 0.0004 n.d. 0.045 0.070 0.036 0.0011  0.091

30min  n.d. 0.030 0.001 n.d. n.d. 0.072 0.100 0.048 0.0009  0.136
40% EtOH 24h 0.071 n.d. 0.003 0.003 0.012 0.044 0.073 0.034 0.0008  0.092
48h n.d. n.d. 0.006 0.087 0.0008  0.052 0.072 0.044 0.005 0.160
72h n.d. n.d. n.d. n.d. n.d. 0.049 n.d. 0.048 0.002 0.302
30min  n.d. n.d. 0.008 0.002 0.008 0.056 0.083 0.047 0.004 0.188
50% EtOH 24h 0.074  0.027 n.d. 0.013 0.011 0.058 0.084 0.052 0.007 0.131
48h 0.068 n.d. n.d. 0.007 0.007 0.057 0.075 0.069 0.026 0.141
72h n.d. n.d. n.d. n.d. n.d. 0.105 n.d. 0.066 0.006 0.330
30min  0.099 n.d. n.d. 0.021 n.d. 0.099 0.095 0.073 0.009 0.330
60% EtOH 24h 0.077  0.100 n.d. 0.015 0.011 0.259 n.d. 0.060 0.023 0.113
48h n.d. n.d. n.d. n.d. n.d. 0.968 n.d. 0.067 0.035 0.156
72h n.d. n.d. 0.017 0.009 0.007 0.054 0.076 0.068 0.043 0.136
30min  0.111  0.082 0.002 0.002 0.020 0.129 n.d. 0.185 0.075 0.319
24h n.d. n.d. n.d. 0.028 0.015 0.089 n.d. 0.087 0.033 0.146
70% EtOH

48h n.d. n.d. 0.013 0.015 n.d. 0.177 n.d. 0.226 0.090 0.434
72h 0.060 0.028 0.0002  0.055 n.d. 0.116 n.d. 0.125 0.032 0.032

n.d. - not detected; GA - gallic acid; CHLA - chlorogenic acid; PHB - p-hydroxybenzoic acid; VA - vanillic acid; EPC - epicatechin; CA - p-cou-
maric acid; R - rutin; FA - ferulic acid Q - quercetin; NRG - naringenin; SA - salicin

Table 6. Chemical composition of Salix caprea bark extracts

Extraction type  Time GA CHLA PHB VA EPC R Q NRG SA
[g/100 g de]
30 min n.d. 0.004 0.020 0.008 0.0006 0.087 0.043 n.d. n.d.
30% EtOH 24h n.d. 0.202 n.d. 0.027 0.093 0.329 0.091 n.d. n.d.
48h n.d. 0.019 0.0009 0.003 0.002 0.064 0.042 n.d. n.d.
72h n.d. 0.035 0.003 0.004 0.010 0.099 0.101 0.052 n.d.
30 min n.d. 0.093 0.111 0.047 0.050 0.428 0.074 0.078 0.789
40% EtOH 24h n.d. 0.050 0.007 0.009 0.007 0.128 0.066 0.061 0.250
48h 0.032 0.10 0.078 0.070 0.134 0.341 0.138 0.055 0.273
72h 0.068 0.166 0.078 0.077 0.285 0.620 0.304 0.103 0.269
30 min 0.043 0.285 0.252 0.143 0.108 0.786 0.155 0.086 0.749
40% EtOH 24h 0.035 0.092 0.074 0.005 0.039 0.243 0.106 0.076 0.638
48h 0.030 0.165 0.107 0.082 0.218 0.783 0.139 0.082 0.469
72h 0.057 0.536 0.307 0.302 0.699 1.470 0.429 0.153 0.530
30 min 0.032 0.244 0.293 0.117 0.17 1.135 0.168 0.072 0.615
60% EtOH 24h 0.029 0.294 0.135 0.098 0.412 0.980 0.244 0.074 0.628
48h n.d. 0.702 0.091 0.114 0.435 1.710 0.31 0.115 0.461
72h 0.054 0.965 0.332 0.232 0.697 1.442 0.344 0.127 n.d.
30 min 0.113 0.563 0.542 0.329 0.672 1.320 0.603 0.157 0.658
0% EtOH 24h n.d. 0.583 0.29 0.172 0.267 0.550 0.098 0.05 0.598
48h n.d. 0.825 0.43 0.486 0.499 1.680 0.642 0.111 0.413
72h 0.093 0.655 0.34 0.209 0.649 1.630 0.532 0.130 0.604

n.d. - not detected; GA - gallic acid; CHLA - chlorogenic acid; PHB - p-hydroxybenzoic acid; VA - vanillic acid; EPC - epicatechin; R - rutin; Q
- quercetin; NRG - naringenin; SA - salicin
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Gallic acid content varied from 0.029 to 0.113 g/100
g de and from 0.060 to 0.111 g/100 g de in bark and leaves,
respectively. The highest amount of gallic acid in leaves
was found in 70% ethanolic extract. It was not detected in
either bark or leaves extracts obtained by maceration with
30% ethanol, implying that this concentration of ethanol is
not selective for gallic acid isolation. The amount of chlo-
rogenic acid was in interval of 0.004-0.965 g/100 g de and
0.019-0.100 g/100 g de for bark and leaves, respectively.
The highest quantity of chlorogenic acid in bark and leaves
was obtained by maceration with 60% ethanol. Vanillic
acid content was in interval of 0.003 to 0.486 g/100 g de in
bark and 0.0002 to 0.017 g/100 g de in leaves. The highest
amount of vanillic acid in bark was obtained by macera-
tion with 70% ethanol for 48 hours, and in leaves by mac-
eration with 60% ethanol during 72 h of extraction. The
amount of epicatechin was in interval of 0.0006-0.699
/100 g de and 0.0004-0.087 g/100 g de for bark and leaves,
respectively. The highest quantity of epicatechin in bark
was obtained by 50% ethanol and in leaves 40% ethanol is
found to be most effective extraction solvent. The highest
content of rutin in both, bark and leaves, was found in 60%
ethanolic extract obtained after 48 hours of maceration.
Quercetin was obtained in highest amount in both, bark
and leaves, by maceration with 70% ethanol for 48 hours.
The amount of naringenin in bark was in interval of 0.050
to 0.157 g/100 g de, which is similar to results obtained for
Salix caprea wood and knots (0.5-1.5 mg/g) published ear-
lier.?% Even higher amounts of naringenin were found in
leaves extracts (0.091-0.330 g/100 g de). P-hydroxybenzo-
ic acid was detected in bark only (0.0009-0.542 g/100 g
de), with the highest amount in 70% ethanolic extract ob-
tained after 48 hours of maceration. Ferulic acid was found
in leaves only (0.07-0.100 g/100 g de), with the highest
amount in 40% ethanolic extract. Trans-cinnamic acid
(0.0008-0.09 g/100 g de) and p-coumaric acid (0.0008-
0.020 g/100 g de) were found in low amounts in leaves
only. Salicin was detected in bark extracts only. Its content
ranged from 0.250 to 0.789 g/100 g de. The highest amount
of salicin was obtained in 40% ethanolic extract after 30
min of maceration, while in 30% ethanolic extracts it was
not detected at all. Salicin content in our study is higher
compared to the amount of salicin obtained in a similar
research, where Salix caprea bark and leaves were extract-
ed with methanol.> However, in the mentioned study, sal-
icin was detected also in leaves extracts, which was not the
case in our research. These quantitative variations within

Table 7. Binding energies and inhibition constants

the same species could reflect the influence of environ-
mental and also genetic factors.

Correlation between antioxidant activity and the de-
termined compounds in Salix caprea leaves and bark ex-
tracts was tested. There is statistically no significant cor-
relation between antioxidant activity and any of the
determined compounds in leaves extracts. In case of bark,
statistically significant moderate negative correlation be-
tween antioxidant activity and rutin (R = -0.485, level of
significance p < 0.05), naringenin (R = -0.474, level of sig-
nificance p < 0.05) and salicin (R = -0.541, level of signifi-
cance p < 0.05) was observed, suggesting that these com-
pounds might contribute to the antioxidant activity of
Salix caprea bark extracts.

3. 3. Molecular Docking

Molecular docking, as effective tool used to investi-
gate the active site of a protein and to elucidate the interac-
tions between ligands and the biological molecule, was
applied in our research. One of the most important com-
pound of willow bark, salicin, was selected to study its
binding affinity and interactions to COX-1 and COX-2
enzymes. Binding energies and inhibition constants for
the studied ligand and control inhibitor acetylsalicylic acid
are listed in Table 7.

The results presented in Table 7 showed salicin to
have similar affinity toward COX-1 and COX-2 enzymes.
Also, in comparison with acetylsalicylic acid, salicin
showed similar affinity toward COX-2, but lower toward
COX-1. Acetylsalicylic acid, also known as aspirin is cur-
rently one of the most widely used drugs worldwide owing
to its analgesic, antipyretic, anti-inflammatory and cardio-
protective effects.*® Aspirin irreversibly inhibits both iso-
zymes of COX, but with a greater potency for COX-1,%¢
which was demonstrated by our docking study as well.
COX-1 is constitutively expressed in blood platelets and
most tissues, particularly gastric mucosal cells, whereas
COX-2 is an inducible form expressed during inflamma-
tion. Therapeutic effects of acetylsalicylic acid are achieved
by COX-2 inhibition, while inhibition of COX-1 is respon-
sible for the side effects.>® The risk of adverse effects, espe-
cially gastrointestinal mucosa damage, limits the benefit of
aspirin use.’” Lower affinity of salicin toward COX-1
might partially explain why willow bark extract does not
damage the gastrointestinal mucosa in contrast to aspi-
rin.’® Interactions of salicin with amino acid residues at

COX-1 COX-2
Compound Binding energy Binding energy [
[kcal/mol] K; [uM] kcal/mol] K; [uM]
Salicin -5.70 66.54 -5.86 50.95
Acetylsalicylic acid -6.25 26.1 -5.69 67.66
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b)

Figure 1. Active site of the COX-1 enzyme with salicin (A) 3D view; B) 2D view)

a)

b)

Figure 2. Active site of the COX-2 enzyme with salicin (A) 3D view; B) 2D view)

the active site of COX-1 and COX-2 are shown in Figures
1and 2.

Salicin was involved in hydrogen bonding with ami-
no acid residues of the active site of COX-1 Tyr 355, Tyr
385 and Ser 530. Other important active site amino acid
residues Arg 120, Val 349, Ser 353, Leu 384, Trp 387, Met
522, 1le 523, Gly 526 and Ala 527 form van der Waals inter-
actions with salicin. These amino acid residues have also
been reported for curcumin analogues having strong in-
teractions with COX-1.% Salicin showed hydrogen bond-
ing with Leu 352, Tyr 355, Tyr 385 and Ser 530, which are
relevant amino acid residues of the active site of COX-2.
Previous studies revealed that Ser-530 and Tyr-385 are im-
portant for the inhibition of COX-2.? Salicin exhibited hy-
drophobic interactions with important amino acid resi-

dues of the active site, namely Arg 120, Tyr 348, Val 349,
Leu 352, Ser 353, Leu359, Trp 387, Phe 518, Met 522, Val
523, Gly 526 and Ala 527. Interactions with most of these
residues have also been reported for compounds showing
strong inhibition of COX-2 and correspond to the active
binding site of non-steroidal anti-inflammatory drugs.*-4!

4. Conclusion

Extraction technique showed great impact on yield,
antioxidant activity and the amount of active compounds
of Salix caprea bark and leaves. 70% ethanolic extracts ex-
hibited highest antioxidant activity. Although willow ex-
tracts have been traditionally used as anti-inflammatory
agents for their salicin content, Salix caprea bark and
leaves contain significant amounts of other phenolic com-
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pounds, especially epicatechin, rutin, quercetin, chloro-
genic acid and gallic acid, which act as potent antioxidants,
and therefore can contribute to the therapeutic effects of
this species. Also, the results obtained in our study showed
that Salix caprea leaves, as well as bark could be used as a
rich natural source of bioactive components and have po-
tential in the pharmaceutical industry for extraction of
phenolic antioxidants. Salicin was found in bark extracts
only and molecular docking study was applied for evalua-
tion of interactions and binding affinity between salicin
and the enzymes COX-1 and COX-2. The results showed
that salicin exhibited a number of strong hydrogen bonds
and hydrophobic interactions with significant amino acid
residues of active sites of COX-2 which could explain ma-
jor anti-inflammatory potency of this compound.

5. Abbreviations

Ala, alanine; Arg, arginine; COX, cyclooxygenase;
d.e., dried extract; DPPH", 2,2-diphenyl-1-picrylhydrazyl
radical; GAE, gallic acid equivalents; Gly, glycine; Ile, iso-
leucine; Leu, leucine; Met, methionine; *OH, hydroxyl
radical; Phe, phenylalanine; Ser, serine; Trp, tryptophan;
Tyr, tyrosine; QE, quercetin equivalents.
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Abstract

In this study, we report anti-inflammatory and antioxidant activities of two acylated isoscutellarein glucosides isolated
from ethyl acetate extract of Stachys subnuda aerial part. 4’-O-methylisoscutellarein-7-0-2"-0-(6""-O-acetyl-f-D-al-
lopyranosyl)--D-glucopyranoside (SS1) and isoscutellarein-7-O-2"-0O-(6""-O-acetyl-p-D-allopyranosyl)-3-D-glu-
copyranoside (SS2) were isolated as major compounds from ethyl acetate extract (SSEA). Also, 2 hydroxycinnamic acid
derivatives, and 5 isoscutellarein glucoside derivatives in the SSEA were identified using LC-MS/MS. SS1 with ICs, values
of 2.35 and 1.98 pug/mL and SS2 with ICs, values 13.94 and 12.76 ug/mL showed fairly strong antioxidant activity against
DPPH (1,1-diphenyl-2-picrylhydrazyl) and ABTS (2,2'-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid) radicals, re-
spectively. SS1 and SS2 inhibited 5-lipoxygenase (5-LOX) activity with IC5, values of 47.23 and 41.60 pg/mL, respectively.
The results demonstrated that SS1 and SS2 have significant anti-inflammatory and antioxidant potential. Acylated flavo-
noid glycosides have been first reported for Stachys subnuda. Also, the activities of SS1 and SS2 have been investigated

for the first time in this study.

Keywords: Stachys subnuda; acylated flavonoids; anti-inflammatory activity; antioxidant activity; LC-MS/MS

1. Introduction

The Stachys genus is one of the largest species of the
Lamiaceae family and is represented by about 300 species
worldwide.! Also, Turkey is one of the richest countries in
terms of variety of Stachys species and this genus is repre-
sented by 91 species with an endemism rate of 48%. Stachys
species known as “Deli sage” or “Mountain tea” in Anatolia
are used in the skin diseases, ulcers, cancer, respiratory
diseases and kidney diseases by the people because of their
antibacterial, anti-inflammatory, antipyretic, antioxidant
and cytotoxic effects.? In many countries, especially in the
Mediterranean regions, Stachys species are consumed as
herbal tea (Mountain Tea), food and herbal remedies.>

There is only one report on the chemical composi-
tion and biological activity of the essential oil of Stachys

subnuda in the literature.* However, no study on isolation
of flavonoids from this species and their biological activi-
ties have yet been reported. In the studies on other Stachys
species, it has revealed that secondary metabolites are gen-
erally iridoids, flavone glycosides, diterpenes and essential
0ils.2>7 Also, it has been reported that various extracts of
Stachys species have antioxidant, anti-proliferative, an-
ti-inflammatory, antiulcer, antinociceptive, antimicrobial
activities.®~1% There is no scientific information on chemi-
cal composition of Stachys subnuda ethyl acetate extract
and anti-inflammatory and antioxidant activities of its ac-
tive major compounds. Therefore, the aim of this study
was to test anti-inflammatory and antioxidant activities of
major compounds isolated from ethyl acetate extract of ae-
rial parts of endemic Stachys subnuda Montbret & Aucher
Ex Benth.
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2. Experimental

2. 1. Plant Material

Aerial parts of plant were collected in the flowering
period from the Tunceli province of Turkey in 2015 and
identified by Dr. Ahmet Dogan, a botanist of the Faculty of
Pharmacy, University of Marmara. Voucher specimens
were deposited in the Herbarium of the Faculty of Phar-
macy, Marmara University (MARE No: 17720).

2. 2. Extraction

Dried and ground aerial parts of Stachys subnuda (10
g) for activities were extracted with CH;OH (3 x 100 mL),
using an ultrasonic bath. After filtration and evaporation,
the residue (SSM) was dissolved in 50 mL 50% aqueous
methanol, and subjected to solvent-solvent partition be-
tween n-hexane (3 x 50 mL), chloroform (3 x 50 mL) and
ethyl acetate (3 x 50 mL). The n-hexane, chloroform, ethyl
acetate and aqueous methanol extracts were coded as SSH,
SSC, SSEA and SSAM, respectively. Also, about 140 g of
the plant was weighed for isolation and similar extraction
procedures described above were carried out. All extracts
were stored under refrigeration for further analysis.

2. 3. In vitro Anti-Inflammatory Activity

The anti-inflammatory activity was evaluated accord-
ing to the method described by Phosrithong et al.!! An ali-
quot of 500 pL at different concentrations of isolated com-
pounds was added to 250 uL of 0.1 M borate buffer pH 9.0,
followed by addition of 250 pL of type V soybean lipoxy-
genase solution in buffer (20.000 U/mL). After the mixture
was incubated at 25 °C for 5 min, 1000 uL of 0.6 mM linole-
ic acid solution was added, mixed well and the change in
absorbance at 234 nm was recorded for 6 min. Indometha-
cin was used as a reference standard. The percent inhibition
was calculated from the following equation:

% inhibition= [(Acontrol_Asample) / Acontrol] x 100 (1)

A dose-response curve was plotted to determine the
IC;, values. ICs is defined as the concentration sufficient
to obtain 50% of a maximum anti-inflammatory activity.
All tests and analyses were performed in triplicates.

2. 4. DPPH Radical Scavenging Activity

Free radical scavenging capacity of isolated com-
pounds and extracts were evaluated according to the pre-
viously reported procedure using the stable DPPH.!2 Brief-
ly, 10 uL of sample in DMSO at different concentrations
(125-0.24 pg/mL) were added to 190 pL methanol solu-
tion of DPPH (0.1 mM) in a well of 96-well plate. The mix-
ture was shaken vigorously and allowed to stand in the
dark at room temperature for 30 min. Absorbance read-

ings were taken at 517 nm. The percent radical scavenging
activity of extracts and standard against DPPH were calcu-
lated according to the following:

DPPH radical-scavenging activity (%) = 2)
= [(Ag=A,)/Ao] x 100

where A, is the absorbance of the control (containing all
reagents except the test extracts or compounds), and A, is
the absorbance of the extracts/standard. Extracts or com-
pounds concentration providing 50% inhibition (ICs,)
was calculated from the graph plotting inhibition percent-
age against extracts concentration. Tests were carried out
in triplicate. BHA, Ascorbic acid and Trolox were used as
positive control.

2. 5. ABTS Radical-Scavenging Activity

Free radical scavenging capacity of isolated com-
pounds and extracts was evaluated according to the previ-
ously reported procedure.!’> ABTS radical cations were
prepared by mixing equal volume of ABTS (7 mM in H,0)
and potassium persulfate (4,9 mM in H,0), allowing them
to react for 12-16 h at room temperature in the dark. Then,
ABTS radical solution was diluted with 96% ethanol to an
absorbance of about 0.7 at 734 nm. 10 uL of sample in
DMSO at different concentrations (125-0.24 pug/mL) were
added to 190 pL of ABTS radical solution in a well of 96-
well plate. The mixture was shaken vigorously and allowed
to stand in the dark at room temperature for 30 min. Ab-
sorbance readings were taken at 734 nm. The percent rad-
ical scavenging activity of extracts and standards against
ABTS were calculated according to the following:

ABTS radical-scavenging activity (%) = 3)
= [(Ag=A,)/Ao] x 100

where A, is the absorbance of the control (containing all
reagents except the test extracts or compounds), and A, is
the absorbance of the extracts/standards. Extracts or com-
pounds concentration providing 50% inhibition (ICs,)
was calculated from the graph plotting inhibition percent-
age against extracts concentration. Tests were carried out
in triplicate. BHA, ascorbic acid and trolox were used as
positive control.

2. 6. Quantitative Determination of the Total
Phenolic Contents of Stachys Subnuda
Extracts
Total phenolic compound content of extracts was de-

termined according to Gao et al.!® The assay was adapted to

the 96 well microplate format. 10 uL of extracts in various
concentrations were mixed with 20 pL Folin-Ciocalteu re-
agent (Sigma), 200 pL of H,O, and 100 uL of 15% Na,CO;
and the absorbance was measured at 765 nm after 2 h incu-
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bation at room temperature. Gallic acid was used as a stan-
dard and the total phenolic contents of extracts were ex-
pressed as mg/g gallic acid equivalents (GAE)

2. 7. Quantitative Determination of the Total
Flavonoid Contents of Stachys Subnuda
Extracts

Total flavonoid compound content of extracts was
determined according to Zhang et al.!'* The assay was
adapted to the 96 well microplate format. 25 pL of extracts
in various concentrations were mixed with 125 uL of H,O,
and 7.5 uL of 5% NaNO,. After 6 min, 15 pL of 10% AICl,
solution was added and incubated for 5 min, followed by
the addition of 50 uL of 1 M NaOH solution. Distilled wa-
ter was added to bring the total volume to 250 uL, and the
absorbance was immediately measured at 510 nm using a
Shimadzu UV-1800 spectrometer. Catechin was used as a
standard and total flavonoid content was expressed as
mg/g catechin equivalents (CE)

2. 8. Isolation of Active Compounds

In antioxidant activity experiments, ethyl acetate ex-
tract showed the best antioxidant activity among all ex-
tracts. Therefore, ethyl acetate extract was chosen for isola-
tion. The ethyl acetate extract (2.02g) was fractionated by
CC onssilica gel, using a gradient system of CHCI;/EtOAc/
CH;OH to yield twenty five fractions. Fractions showing
similar TLC profiles were combined to give six sub-frac-
tions (F7-F8: 1.00 g, F9-F10: 0.46 g, F11-F13: 0.20 g,
F14-F18: 0.15 g, F19-F22: 0.06 g, F23-F25: 0,04 g). DPPH
activity test was performed on these fractions. It has been
continued the isolation with F7-F8, having the highest
DPPH radical scavenging activity and the most intense
compound content on TLC among all fractions [DPPH
radical inhibition rate at concentration of 10 pug/mL: 47%
(F7-F8), 22% (F9-F10), 16% (F11-F13), 44% (F14-F18),
32% (F19-F22), 31% (F23-F25)]. F7-F8 (1,0 g) was repeat-
edly chromatographed on a Sephadex LH-20 column,
eluted with CH;OH and then combined sub-fractions was
re-chromatographed by preparative TLC with CHCl;:
CH;0H:H,0 (4:1:2 drops) to give SS1 (32 mg) and SS2
(43.6 mg) (Figure 1, Detailed spectral data is included in
supporting information).

(SS1)

Figure 1. Chemical structures of major compounds isolated from S. subnuda

2. 9. LC-MS/MS Analysis

LC-MS/MS analysis was carried out using an Ab-
sciex 3200 Q trap MS/MS dedector. Experiments were
performed with a Shimadzu 20A HPLC system coupled to
an Applied Biosystems 3200 Q-Trap LC- MS/MS instru-
ment equipped with an ESI source operating in negative
ion mode. For the chromatographic separation, ODS 150
x 4.6 mm, i.d., 3 um particle size, octadecyl silica gel ana-
Iytical column operating at 40 °C has been used. The sol-
vent flow rate was maintained at 0.5 mL/min. Detection
was carried out with PDA detector. The elution gradient
consisted of mobile phases (A) acetonitrile:water:formic
acid (10:89:1, v/v/v) and (B) acetonitrile:water:formic acid
(89:10:1, v/v/v). The composition of B was increased from
10% to 100% in 40 min. LC-ESI-MS/MS data were collect-
ed and processed by Analyst 1.6 software. For enhanced
mass scan (EMS), the MS was operated at mass range of
100-1000 amu. Enhanced product ion spectra were mea-
sured from m/z 100 up to m/z 1000. Nitrogen was used as
the collision gas, and the collision energy was set at 30. The
parameters were as follows: Collusion Energy Spread
(CES)-0, Declustiring Potential (DP)-20, Enterance Poten-
tial (EP)-10, Curtain gas (CUR)-20, Gas Source 1 (GS1)-
50, Gas Source 2 (GS2)-50, CAD- medium, The- on and
Temperature (TEM)-600. For the IDA experiment, the cri-
teria were arranged for ions greater than 100.000 #/z and
smaller than 1000 m/z, and excluded former target ions
after 3.0 occurrence(s) for 3.000 seconds.

2. 10. Statistical Analysis

The data were given as means+standard deviations
and analysed by one-way analysis of variance (ANOVA)
followed by the Tukey’s multiple comparison tests using
GraphPad Prism 5. Differences between means at p<0.05
levels were considered significant.

3. Results and Discussion

In the present study, it was evaluated anti-inflamma-
tory and antioxidant activities of major compounds isolat-
ed from ethyl acetate extract of aerial parts of endemic
Stachys subnuda. Two acylated flavone glycosides, SS1 and

(SS2)
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SS2, were isolated as major compounds from active F7-F8
sub-fraction of ethyl acetate extract (SSEA) of S. subnuda
aerial part (Figure 1). All isolated compounds were ana-
lyzed by spectroscopic methods (*H NMR and *C NMR-
APT) and their data were compared with those reported in
the literature.!>!® To the best of our knowledge, there is no
study on flavonoids of S. subnuda. However, these com-
pounds have been previously isolated from Stachys recta.'”
In previous studies, it has been reported that different
acetylated flavonoids have been isolated from other Stachys
species.36917-19

Seven phenolic compounds including quinic acid
(SS3), 5-caffeoylquinic acid (SS4), isoscutellarein 7-O-allo-
syl(1-2)glucoside (SS5), isoscutellarein 7-O-[6""-O-acetyl]
allosyl(1>2)glucoside  (SS2), 4'-O-methylisoscutellarein
7-O-allosyl(1->2)glucoside (SS6), 4'-O-methylisoscutellare-
in 7-O-allosyl(152)-[6""-O-acetyl]-glucoside (SS1),
4'-O-methylisoscutellarein 7-O-[6""-O-acetyl]-allosyl(1-2)-
[6"-O-acetyl]-glucoside (SS7)”, were detected by LC/MS-MS
(Figure 2) (Table 1).

Figure 2. LC-MS/MS chromatogram of ethyl acetate extract of S. subnuda

The results of this analysis showed that the main phe-
nolic compounds of the S. subnuda ethyl acetate extract are
SS1 and SS2. Also, these two compounds were isolated
from the ethyl acetate extract of S. subnuda in the present
study. SS3 showed a pseudo molecular ion peak at m/z 191
that fragmented to several ions at m/z 173 and m/z 127.
This fragmentation pattern is characteristic for quinic
acid.?® SS4 presented the molecular ion peak at m/z 353
[M-H]~ which fragmented to m/z 191 (base peak) m/z 179,
m/z 161 and m/z 135. According to Clifford and colleagues,
this compound must be caffeoylquinic acids. Moreover, less
amount of ion at m/z 179 indicates that the caffeic acid and
quinic acid are linked at 3 positions. So, SS4 was identified
as 3-caffeoylquinic acid.?? SS5 and SS2 presented pseudo
molecular ion peaks at m/z 609 and m/z 651, respectively.
Both compounds showed the same aglycon ion at m/z 285.
Luteolin, kaempferol, isoscutellarein etc. show the same
molecular ion peak at m/z 285 [M-H]". Several studies
published previously about Stachys species, indicate that
isoscutellarein is dominant flavonoid aglycon for Stachys

Table 1. Characterization of phenolic compounds in the ethyl acetate extract of S. subnuda

No Rt min [M-H] m/z MS? Identified as References
SS3 33 191 173, 127 Quinic acid [20]
SS4 6.7 353 191, 179, 161, 135 5-Caffeoylquinic acid [21]
SS5 10.7 609 429, 285 Isoscutellarein 7-O-allosyl(1-2)glucoside [21]
SS2 12.9 651 609, 591, 447, 429, 285 Isoscutellarein 7-O-[6""-O-acetyl]allosyl(1->2)glucoside

(Main compound) [20]
SS6 14.5 623 461, 299, 284 4'-O-methylisoscutellarein 7-O-allosyl(1->2)glucoside [20]
SS1 17.0 665 299,284 4’-O-methylisoscutellarein 7-O-allosyl(1>2)-[6""-O-acetyl]

-glucoside [20,22]
SS7 21.2 707 665, 647, 503, 485, 4'-O-Methylisoscutellarein 7-O-[6""-O-acetyl]-allosyl

443,351, 299, 284 (1-2)-[67-O-acetyl]-glucoside [20]
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genus.?*?> Therefore, isoscutellarein was determined as the
aglycon of SS5 and SS2. (NMR spectra also supported that
the isoscutellarein is an aglycon of this plant material). 324
amu difference between molecular ion peak and aglycon
was indicated that isoscutellareain are linked with two-sug-
ar unit. Moreover, the ion at m/z 429 ([M-H]"-180) indi-
cates that glycosylation position of the sugars is 1-52.2%%3 So,
according to literature data and MS spectrums, these com-
pounds were identified as Isoscutellarein 7-O-allosyl (1-2)
glucoside (SS5) and Isoscutellarein 7-O-[6"'-O-acetyl] al-
losyl (152) glucoside (§S2). According to Petreska et al.,
there are two substances with the same molecular weight
with SS2 which presents similar fragmentation characteris-
tics. The difference between these two compounds is that
the acetylation positions of the sugar are different from
each other?? NMR spectrum showed that sugar united
acetylated at 6’ position for SS2 which was also isolated
from the plant material. SS6, SS1 and SS7 showed a molec-
ular ion peak at m/z 623 [M-H]", 665 [M-H]™ and 707 [M-
H]~, respectively. These compounds presented the same
base peak. Ion at m/z 299 that fragmented at mm/z 284 is due
to the loss of a methyl unit. Methylisoscutellerain is a flavo-
noid, which is found in many Stachys species.?* Loss of 324
amu between SS6 and its aglycone indicates that SS6 is di-
hexoside of methylisoscutellerain. Loss of 366 amu (di-
hexose+acetyl) from molecular ion peak indicates that SS1
is acetyldihexose of methyl isoscutellerain. The difference
408 amu between SS7 and its aglycon indicates that SS7 is
diacetyldihexose of methyl isoscutellerain. According to
this findings and literature data survey, SS6, SS1 and SS7
identified as 4’-O-methylisoscutellarein 7-O-allosyl (1->2)
glucoside, 4'-O-methylisoscutellarein 7-O-allosyl
(1>2)-[6""-O-acetyl]-glucoside and 4’-O-Methylisoscutel-
larein 7-O-[6"" -O-acetyl]-allosyl (1-2)-[6"-O-acetyl]-glu-
coside, respectively.

All of the extracts except for the SSH extract were
found to have a significant antioxidant activity. SSEA ex-
tract showed the highest antioxidant activity in DPPH and
ABTS assays with ICs values of 3.7 and 5.3 pg/mL, respec-
tively. Also, the highest total phenol and total flavonoid

content were found in the SSEA (219.4 and 78.3 mg/g, re-
spectively) (Table 2). There are no reports on antioxidant
activity of extracts and isolated flavonoids from Stachys
subnuda but a large number of studies are available on dif-
ferent Stachys species in the literature. In these studies,
Stachys species have been reported to exhibit a significant
antioxidant activity. In one of these studies, Erdemoglu et
al.2® reported that water extract of Stachys byzantine was
active against the DPPH radical with an ICs, value of 640
pg/mL. In another study, the radical scavenging activity of
Stachys glutinosa ethanol extract was found to be 280 pg/
mL and 320 pg/mL of ICs; values in DPPH and ABTS ex-
periments, respectively.® Ghasemi et al.?” reported that
methanol extract of Stachys lavandulifolia against DPPH
and ABTS radicals had antioxidant activity with the ICs
values of 2320 and 3770 pg/mL, respectively. In the same
study, it had been suggested that total phenolic and flavo-
noid contents of this species were 99 mg/g and 9.05 mg/g,
respectively. Also, Sliumpaité et al.?® reported that total
phenol content of methanol extracts of Stachys officinalis
was 61.2 mg/g, expressed as gallic acid equivalent. When
compared these results with our current study, it can be
seen that Stachys subnuda has a better antioxidant activity
and a higher total phenolic and flavonoid content. Pheno-
lic compounds present in plants are known to be powerful
antioxidants.?’ Therefore, these compounds may be re-
sponsible for the antioxidant activity of the plant.

Isolated two acylated flavone glycosides were tested
for their DPPH and ABTS radical scavenging activity. SS1
showed the highest antioxidant activity in DPPH and
ABTS assays with IC5, values of 2.35 and 1.98 pg/mL, fol-
lowed by SS2 (13.94 and 12.76 pg/mL), respectively. Also,
SS1 showed better antioxidant activity compared to stan-
dards (Table 3). Delazar et al.!® investigated antioxidant
activity of two flavonoid glycosides, chrysoeriol
7-0-[6-0-acetyl-B-D-allopyranosyl]-(1'2)-f-D-glucopy-
ranoside and apigenin 7-O-f3-D-(6-p-coumaroyl)-gluco-
pyranoside, isolated from Stachys bombycina and these
compounds have been demonstrated to possess strong an-
tioxidant activity with of ICs, values of 12.5 and 0.77 pg/

Table 2. Antioxidant activities, total phenolic and flavonoid contents of various extracts from aerial parts S. subnuda

Extracts* DPPH activity ABTS activity TPC** TECH**

ICsy (ugmL-1)** ICso (ugmL1) mM TE/g extract** (mg GAE/g extract)® (mg CE/g extract)!
SSH 180.1 + 0.26° 97.0 £ 1.37¢ 5.1 +0.79° 33.6 + 1.54° 10.0 + 0.82?
SSC 13.4 + 0.00° 8.2 +0.35° 62.4 +0.924 112.3 +3.29¢ 41.5+1.92b
SSEA 3.7 + 1.00* 5.3 +0.20* 99.2 +2.02¢ 219.4 +2.184 78.3 + 3.134
SSM 24.4 +0.45° 16.0 £ 0.46° 31.2+0.19¢ 112.6 + 1.69¢ 57.4 + 1.63¢
SSAM 39.5 + 1.034 21.8+1.21° 20.9 + 1.65° 90.36 + 2.83b 63.5 + 1.42¢

*The methanol, n-hexane, chloroform, ethyl acetate and aqueous methanol extracts were coded as SSM, SSH, SSC, SSEA and SSAM, respectively.
**Values corresponding to the amount of extract required to scavenge 50% of radicals present in the reaction mixture.

*** ABTS radical scavenging activity were expressed as trolox equivalent (TE)

****Total phenolic content (TPC) was expressed as gallic acid equivalent (GAE).

*****Total flavonoid content (TFC) was expressed as catechin equivalent (CE). Each value in the table is represented as mean + SD (n = 3). Different
letter superscripts in the same column indicate significant differences (p < 0.05).
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Table 3. Antioxidant and anti-inflammatory activities of compounds isolated from Stachys subnuda and standards

Compounds/ Anti-inflammatory
Standards DPPH activity ABTS activity activity

ICsp (ugmL™")
SS1 2.35+ 0,00 1.98 + 0,012 47.23 + 1.95P
S$S2 13.94 + 1,65P 12.76 + 0,00 41.60 + 2.09°
Ascorbic acid 17.60 + 0.37° 14.50 + 0.32°
Trolox 14.54 +0.18° 13.00 + 0.21°
Butylated hydroxyanisole 57.15 £ 0.09° 17.06 + 0.58°
Indomethacin 22.39 + 0.262

Each value in the table is represented as mean + SD (n = 3). Different letter superscripts in the same column indi-

cate significant differences (p < 0.05).

mL, respectively. Similarly, two active acylated flavone gly-
cosides isolated in present study, especially SS1, showed
strong antioxidant activity. It has also been found that the
SS1 has very good antioxidant activity when compared to
the standards. When the results of the antioxidant activity
of the ethyl acetate extract are compared with the isolated
compounds, it might be considered that these compounds
are responsible for the activity of the ethyl acetate extract.
Also, flavonoids are generally known to be compounds
with antioxidant activity.>? For this reason, it can be as-
sumed that these groups of compounds are responsible for
the activity of the extract.

Each value in the table is represented as mean + SD
(n = 3). Different letter superscripts in the same column
indicate significant differences (p < 0.05).

SS1 and SS2 displayed 5-lipoxygenase (5-LOX) in-
hibitory activity with ICs, values of 47.23 and 41.60 pg/mL
(Table 3). As far as we know, there is no report on anti-in-
flammatory activity of these compounds. However, in a
previous study, Alcaraz et al.*! reported that isoscutellare-
in, a flavonoid aglycone, inhibited 15-lipoxygenase
(15-LOX) activity. Also, Yoshimoto et al.>> have shown that
flavonoids are potent inhibitors of 5-lipoxygenase. Simi-
larly, SS1 and SS2, the flavonoids isolated from ethyl ace-
tate extract of S. subnuda aerial part in our current study,
showed good anti-lipoxygenase activity and these results
are compatible with previous findings.

4. Conclusion

These results indicate that SS1 and SS2 with other
compounds present in ethyl acetate extract of Stachys sub-
nuda may be responsible for the anti-inflammatory and
antioxidant activity of the extract. Also, these results show
that SS1 and SS2 isolated from Stachys subnuda have
strong antioxidant and good anti-inflammatory activity.
These isolated compounds can be used as a natural antiox-
idant source in food, pharmaceutical and cosmetic indus-
tries. However, further studies, such as in vivo tests, are
needed to clarify the antioxidant and anti-inflammatory
effects of these compounds.
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HPLC: High Performance Liquid Chromatography
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MARE: Herbarium of the Faculty of Pharmacy, Marmara
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SS1: 4-O-methylisoscutellarein-7-O-2"-O-(6""-O-acetyl-
B-D-allopyranosyl)-f3-D glucopyranoside
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S$S2: Isoscutellarein-7-0-2"-O-(6'""-O-acetyl-B-D-
allopyranosyl)-S-D-glucopyranoside

SS3: Quinic acid

SS4: 5-Caffeoylquinic acid

SS5: Isoscutellarein 7-O-allosyl(1 -2)glucoside

§§6: 4-O-methylisoscutellarein 7-O-allosyl(1->2)
glucoside

SS7: 4-O-Methylisoscutellarein 7-O-[6""'-O-acetyl]-
allosyl(1-2)-[6"-O-acetyl]-glucoside

SSM: Methanol extract of Stachys subnuda

SSH: Hexane fraction of methanol extract of Stachys
subnuda

SSC: Chloroform fraction of methanol extract of Stachys
subnuda

SSEA: Ethyl acetate fraction of methanol extract of
Stachys subnuda

SSAM: Aqueous methanol fraction of methanol extract of
Stachys subnuda

TE: Trolox equivalent

TFC: Total flavonoid content
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Povzetek

V tej $tudiji, smo porocali o protivnetni in antioksidativni dejavnosti dveh aciliranih izoscutelarinskih glukozidov, izoli-
ranih iz etil acetatnega ekstrakta Stachys subnuda it dela zraka. 4 "-o-metilisoscutelaren-7-O-2 " ,-O-(6 """-O-acetil-B-D-al-
opiranosil)-B-D-glucopiranosid (1) in izooscutelaren-7-O-2"-O-(6 ""’-O-acetil-B-D-alopiranosl)-p-D-gluopiranoside
(2) so bile izolirane kot glavne spojine iz etil acetatnega izvle¢ek (EAE). Tudi 2 derivata hidroksicini¢ne kisline, in 5
isoscutelaren glukozidni derivati v EAE so bili najdeni z uporabo LC-MS/MS. Spojina 1 z IC50 vrednostjo 2,35 ve 1,98
pg/mL in spojina 2, z IC50 vrednosti 13,94 ve 12,76 pg/mL, je pokazala dokaj mo¢no antioksidantno aktivnost proti
radikalom DPPH in ABTS. Spojini 1 in 2 sta inhibirali 5-lipooksigenazno (5-LOX) aktivnost z IC50 vrednostmi prib-
lizno 47,23 in 41,60 pg/mL. Rezultati so pokazali, da imajo izolirane spojine pomembno protivnetno in antioksidativno
zmoznost. Acetilirane flavonoidni glikozidi so bili prvi¢ poro¢ani za Stachys subnuda. Tudi njihove dejavnosti so bile
prvié preiskane v tej Studiji.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
Creative Commons Attribution 4.0 International License
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Abstract

A rapid, simple, selective and highly sensitive simultaneous determination of Cu(II) and Pb(II) via newly fashioned
5,11,17,23-tetra-tert-butyl-25,27-dihydrazinamidecarbonylmethoxy-26,28-dihydroxycalix[4]arene-grafted multi-wall-
ed carbon nanotubes-modified carbon paste electrode (CNT-Calix/CPE) by differential pulse anodic stripping voltam-
metry (DPASV) has been introduced. It was observed that CNT-Calix/CPE exhibits higher selectivity and stability for
Cu(II) and Pb(II). Different operational parameters such as pH, deposition potential/time, pulse amplitude (5, =1.0 V vs.
Ag/AgCl, 300, 2 s, 0.05 V) were also optimized for calculation and statistical evaluation of linear range, detection limit
and limit of quantification. Interference study shows that the electrode is highly selective for the simultaneous determi-
nation of Cu(II) and Pb(II). Standard addition method was used to apply CNT-Calix/CPE in waste water, plant leaves
and soft drinks and it was found that the concentration of Cu(II) and Pb(II) were corresponding to standardized values.

Keywords: Calixarene; MWCNT; modified carbon paste electrode; sensor

1. Introduction

In recent years, attention has been paid by scientists
to the heavy metal ion discharge into the environment be-
cause of their highly toxic effects for the living organisms
even at trace concentrations.>> Exposure to the lead, which
is known as one of the most toxic elements, may result in
bioaccumulation processes in the hematopoietic, hepatic,
renal, and gastrointestinal systems of humans; therefore, it
can cause serious toxic effects on human health.®> Anthro-
pogenic activities are the main source of lead along with
industrial emissions. Particularly water and food samples
are highly affected by lead contamination near sources.*
Copper is an essential element in the nutrition of plants
and animals, but higher concentrations of copper can
cause symptoms of gastroenteritis with nausea, hypercu-
premia, vomiting, myalgia, and hemolysis.>

Because heavy metal ions are toxic even at trace con-
centrations, they should be present in limited values in

environmental and biological materials. Therefore, rapid,
simple, and accurate analytical methods with low detec-
tion limits are necessary for the determination of trace
level of Pb(II) and Cu(Il) in the environment, food, and
drinks. A number of qualitative and quantitative methods
have been utilized such as atomic absorption spectrome-
try (AAS), inductively coupled plasma mass spectrometry
(ICP MS), inductively coupled plasma optical emission
spectrometry (ICP OES) and UV-Vis spectrometry.®” But
these methods require some time-consuming manipula-
tion steps, expensive instruments and special training.®?
Calixarenes comprising of phenol and formalde-
hyde via the poly-condensation reaction display immense
fundamental role as receptors of a large variety of molec-
ular and ionic guest systems and have the fascinating
framework.!9-!2 In the past few years, various calixarene
derivatives, which were functionalized with cationic, an-
ionic, and organic/bimolecular-binding groups, have
shown outstanding vehicle properties for the extraction
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or recognition of cations, anions, and organic/biomole-
cules.!3-15

Electrochemical methods, especially anodic strip-
ping voltammetry, provide great advantages compared to
other techniques due to their high sensitivity and selectiv-
ity, good response with saline matrices, high-speed analy-
sis, multi-elemental analysis, and low-cost.!® During the
simultaneous voltammetric determination of heavy met-
als, the hanging mercury drop electrode (HDME) and
mercury film electrode (MFE) were used as traditional
working electrodes. However, the toxicity of mercury leads
to the development of alternative working electrodes.
Therefore, mercury-free electrodes such as bismuth film
electrode, gold microwire electrode, carbon paste elec-
trodes, carbon nanotube electrodes, and silver electrodes
have been developed to determine metal ions.!”18

To improve the electrochemical performance of elec-
trodes, chemical or physical modification is carried out by
altering their surfaces. Because carbon paste electrodes
(CPEs) can be easily modified, renewed, and prepared,
they have been widely used as matrices for the preparation
of the modified electrodes. Moreover, CPEs provide broad
potential usages compared to other modified electrodes, '
and also show relative residual currents 10 times lower
than the solid graphite electrode.?’ Functionalization of
CNTs with molecules having an affinity toward heavy met-
als is a good strategy to accumulate higher amounts of
metal ions on the surface and to achieve lower detection
limits while using lower accumulation times.*! Nowadays,
carbon nanotubes (CNTs) have also been used in carbon
paste electrodes.?>?*> CNTs have very interesting physico-
chemical properties, such as ordered structure with high
aspect ratio, ultra-light weight, high mechanical strength,
high electrical conductivity, high thermal conductivity,
metallic or semi-metallic behavior, and high surface area.?*

In this work, a new chemically modified carbon paste
electrode with calixarene-grafted multi walled carbon nano-
tubes (MWCNT) has been prepared for the simultaneous
determination of trace amounts of Cu(II) and Pb(II) by dif-
ferential pulse anodic stripping voltammetry (DPASV).
Such properties caused observing low detection limits in the
voltammetric determinations with modified CPEs as a
working electrode. It was successfully applied as a selective
agent for the voltammetric determination of copper and lead
at a carbon paste electrode. The created selectivity in this
method makes the electrode very suitable for the detection
of trace amounts of these metal ions in various real samples.

2. Materials and Methods
2. 1. General

All starting materials and reagents used were of stan-
dard analytical grade from Merck or Aldrich and used with-
out further purification. All commercial grade solvents were
distilled, and then stored over molecular sieves. Dry THF

was distilled from the ketyl prepared from sodium and ben-
zophenone. CH,Cl, was distilled from CaCl,, while MeOH
was distilled over Mg and stored over molecular sieves. All
reactions, unless otherwise noted, were conducted under a
nitrogen atmosphere. TLC was performed on DC Alufolien-
Kieselgel 60 F,s, (Merck). 'H NMR was recorded on a Vari-
an 400 MHz spectrometer. IR spectra were acquired on a
Perkin-Elmer 1605 FTIR spectrometer through KBr pellets.
All aqueous solutions were prepared with deionized water
that was obtained via a Millipore Milli-Q Plus water purifi-
cation system and 100/ATR Sampling Accessory. Thermal
gravimetric analysis (TGA) was carried out with Seteram
thermogravimetric analyzer. The sample mass was 15-17
mg. Analysis was performed from room temperature to 900
°C at a heating rate of 10 °C/min under argon atmosphere
with a gas flow rate of 20 mL/min. Elemental analyses were
performed using a Leco CHNS-932 analyzer. Melting points
were determined on a Gallenkamp apparatus in a sealed
capillary glass tube and are uncorrected. Scanning electron
microscopy (SEM-JSM 5600) coupled with Energy disper-
sive analysis of X-ray (EDX) were used for surface morphol-
ogy and identification of elemental composition of samples.

Differential pulse anodic stripping voltammeter (DP-
ASV) by CHI 600 D was used with conventional three-elec-
trode measuring cells: carbon paste electrode (BAS MF
2010) as working electrode, an Ag/AgCI (3 M NaClI) elec-
trode (BAS MF 2052), and a platinum wire (BAS MW 1034)
as reference and auxiliary electrode, respectively, for the si-
multaneous determination of Pb(II) and Cu(II). 0.2 M PBS
(Na,HPO,-NaH,PO,) electrolyte showed best voltammet-
ric signals for these metals using carbon paste working elec-
trode. To avoid accidental contamination, voltammetric cell
was rinsed every day before the measurements with supra
pure concentrated HNO;. All measurements were made at
room temperature in solutions deoxygenated with N, for
300 s and kept under a nitrogen atmosphere during the
measurement. Teflon-coated magnetic stirring bar was
used for stirring the sample solutions in electrolysis step.
pH was measured by Orion 410A + pH meter. CEM-MDS
2000 closed vessel microwave system was used in this study
to prepare real and certified samples.

2. 2. Synthesis

The syntheses of compounds 1-3 were carried out
according to the procedures in literature.?>?” Carbon
nanotubes (CNTs) were oxidized to afford carboxylic acid
functionalized CNTs (CNT-COOH) according to the liter-
ature procedure.?® Calixarene-adorned CNT (CNT-Calix)
is herein reported for the first time.

2. 2. 1. Synthesis of p-tert-butylcalix[4]
arene-diester (2)

Yield: 14 g (63.4 %); mp: 202-207 °C. FTIR (KBr):
1750 cm~! (C=0). '"H-NMR (CDCl,): § 0.97 (s, 18H, Bu'),
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1.24 (s, 18H, Bu'), 3.35 (d, 4H, J = 12.6 Hz, Ar-CH,-Ar),
3.85 (s, 6H, -OCH3), 4.45 (d, 4H, ] = 12.6, Ar-CH,-Ar),
4.78 (s, 4H, -OCH,CO), 6.85 (s, 4H, ArH), 7.05 (s, 4H,
ArH), 7.10 (s, 2H, OH).

2. 2. 2. Synthesis of 5,11,17,23-tetra-tert-butyl-
25,27-dihydrazinamidecarbonylmethoxy-
26,28-dihydroxy-calix[4]arene (3)

Yield: 1.6 g (53.3 %); mp: 330-333 °C. FTIR (KBr):
1687 cm™! (N-C=0). 'H-NMR (400 MHz, CDCl,): § 1.02
(s, 18H, Bu'), 1.26 (s, 18H, Bu'), 2.15 (d, 4H, ] = 1.6 Hz,
NH,), 3.42 (d, 4H, ] = 13.3 Hz, Ar-CH,-Ar), 4.11 (d, 4H, J
= 13.2 Hz, Ar-CH,-Ar), 4.63 (s, 4H, -OCH,), 6.92 (s, 4H,
ArH), 7.10 (s, 4H, ArH), 7.70 (s, 2H, -OH), 9.61 (brs, 2H,
NH).

2. 2. 3. Preparation of CNT-Calix

A mixture of CNT-COOH (0.4 g), DCC (0.25 g,
1.21 mmol) and HOBt (0.16 g, 1.21 mmol) in 15 mL of
DMF was stirred at room temparature for 15 min. Then,
dihydrazine amide derivative of calix[4]arene 3 (0.4 g,
0.50 mmol) was added to the mixture and allowed to stir
for further 3 days. The mixture was filtered and washed
with CH,CIl, to remove unbound calixarene derivative 3,
and washed with water to adjust pH 7.0, and the residual
solid was then vacuum-dried to yield 0.51 g of CNT-Ca-
lix.

2. 2. 2. Preparation of Unmodified Carbon
Paste Electrode (CPE) and Carbon Paste
Modified by CNT-Calix/CPE

The unmodified CPE was prepared by mixing fine
graphite powder with appropriate amount of paraffin oil
and thorough hand mixing in a mortar and pestle (79:21,
w/w). The modified CNT-Calix/CPE was prepared by
hand-mixing graphite powder 72.5% (w/w) with the
CNT-Calix 5.0% (w/w) and then paraffin oil 22.5% (w/w)
was mixed thoroughly for approximately 20 min to form
the homogeneous modified carbon paste electrodes. Af-
terwards, the paste was positioned into the bottom of the
working electrode body (BAS MP 5023) and the electrode
surface was polished with a weight paper to have a smooth
surface. Calibration curves were plotted for each electrode
and the optimum composition was obtained by comparing
their sensitivities and working ranges. The electrodes were
washed with distillated water and working buffer between
measurements. Electrodes were stored in refrigerator at
+4 °C when not in use.

2. 3. Analytical Procedure

A certain amount of standard or sample solution
and 6.0 mL of PBS (pH 5.0) were transferred into the

electrochemical cell and degassed with highly pure nitro-
gen gas for at least 5 min. The electrochemical behavior
of CNT-Calix was investigated by cyclic voltammetry
(CV) in K3Fe(CN)4/K, Fe(CN)g solution. The analysis of
Cu(II) and Pb(II) using DPASV was carried out in the
following steps: (a) deposition step: electrode was held at
starting potential of 1.5 V vs. Ag/AgCl in stirred solution
for 60 s by applying chronoamperometric method before
each measurement to confirm dissolution of the residual
deposits on the surface of the modified electrode; (b) the
deposition step proceeded at —1.0 V vs. Ag/AgCl in
stirred solution for 300 s; at the end of the deposition
time, stirring was stopped and a 2 s resting time was al-
lowed for the solution to become quiescent; (c) the differ-
ential pulse anodic stripping voltammograms were re-
corded when swept from —0.8 V to 0.3 V vs. Ag/AgCl.
The peak currents at about 0.11 and —0.42 V vs. Ag/AgCl
for Cu(Il) and Pb(II) were measured, respectively. All
measurements were carried out at room temperature.
Calibration curve was obtained between net anodic peak
currents vs. Cu(II) and Pb(II) concentrations. % recovery
was calculated by carrying out the recovery studies with
a synthetic sample solution with a wide range of concen-
tration. Synthetic binary mixtures sample solutions were
prepared from standard solutions and obtained by add-
ing varying amounts of Pb(II) in a linear concentration
range to Cu(II).Various known amounts of Cu(II) and
Pb(II) were subsequently analyzed by the proposed elec-
trode.

2. 4. Preparation of Real Samples

For the validation, applicability, and reliability of the
method, several real samples, including waste water, dried
horse chestnut leaf, apple juice, and turnip juice were pre-
pared and analyzed by the proposed method. Waste water
samples were taken from KOSKI (Konya Water and Sew-
erage Administration) without pretreatment before deter-
mination. Apple juice, turnip juice were purchased from a
local market in Konya, Turkey. The pH of the samples was
adjusted before Cu(II) and Pb(II) content determination
as described in Section 3.4.

For the determination of Cu(II) and Pb(II) in horse
chestnut leaves samples, dried leaf samples were homoge-
nized in a blender and one gram of homogenate was di-
gested by microwave digestion system. CEM-MDS 2000
closed vessel microwave system (maximum pressure 800
psi, maximum temperature 220 °C) was used. Digestion
conditions for microwave system for the samples were ap-
plied as 2 min for 250 W, 2 min for 0 W, 6 min for 250 W,
5 min for 400 W, 8 min for 550 W and ventilation for 8
min. After digestion, the residues were diluted to 25 mL
with deionized water.

The measurements were evaluated according to Ap-
ple Leaves standards 1515 which were provided by the
High-Purity Standards, NIST.
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3. Results and Discussion

3. 1. Preparation of Calixarene-Grafted

MWCNT

In this study, p-tert-butylcalix[4]arene 1 has been
used as the starting compound, which was synthesized
according to the literature.?* p-tert-Butylcalix[4]arene 1
was functionalized with methylbromoacetate in the pres-
ence of K,COj; to afford di-ester derivative 2.2° Di-ester
derivative 2 was then treated with hydrazine under suit-
able reaction conditions following the literature to obtain
dihydrazine amide derivative of calix[4]arene 3 with free
primary amine groups.?” Synthesized dihydrazine amide
derivative 3 was grafted onto carbon nanotubes contain-
ing COOH groups, which oxidized with HNOs/H,SO,
according to the literature?® in order to investigate bind-
ing efficiencies of CNT-Calix towards Cu(II) and Pb(II),
which is reported for the first time in this article (Scheme
1). Characterization of CNT-Calix was assessed by a
combination of FTIR, SEM, TGA and elemental analysis
techniques.

FTIR spectroscopy was used to elaborate on the
structure of CNT-Calix. Carbon nanotubes with COOH
(CNT-COOH) have a characteristic peak at 1700 cm™ as-

sociated with the carboxylic groups and also provide the
absorbance at around 1100 cm™! corresponding to the oth-
er side-groups. On the CNT-Calix curve, the introduction
of dihydrazine amide derivative of calix[4]arene 3 is as-
signed to three different carbonyl peaks which appeared at
1718 cm™! indicating unbinding COOH unit with calix[4]
arene derivative 3, 1628 and 1592 cm™! associated with the
transformation of the carboxylic group to an amide group.
In addition, the peaks at 1456 and 1382 cm™! are attributed
to the bending vibration of the aromatic C-C bonds of the
calix[4]arene derivative (Fig. 1).

The thermogravimetric analysis (TGA) was used to
estimate the amount of dihydrazine amide derivative of
calix[4]arene 3 onto CNT-COOH. As depicted in Fig. 2,
the TGA curve of CNT-Calix reveals that the weight loss of
28.4% mass was due to decomposition of dihydrazine am-
ide derivative of calix[4]arene 3 and unbound CNT-
COOH][27] at the range of 200-750 °C.

To obtain more direct information about the
amount of loaded dihydrazine amide derivative of ca-
lix[4]arene 3 on CNT-COOH, the elemental analysis was
evaluated. The results show that CNT-Calix contains
3.59% nitrogen corresponding to 10.27 mmol of Calix/g
of CNT (Table 1).

Scheme 1. The synthetic route for the calixarene-functionalized carbon nanotubes (CNT-Calix). Reaction conditions: (i) Methyl bromoacetate,
K,CO;, CH;CN (i) Hydrazine, CH,Cl,/CH;OH; (iii) HNO;, H,S0,; (iv) DCC, HOBt, DMF,
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Fig. 1. FTIR spectra of CNT-Calix

Table 1. Elemental analysis results of CNT-Calix

C(%) H(%) N(%) Bound amount
(mmol/g)?

CNT-Calix 75.18 3.84 3.59 10.27

2 Calculated according to the nitrogen content.

3. 2. Characterization of Carbon Paste
Electrode

SEM
Scanning electron microscopy (SEM) was used to
characterize the morphology of the bare carbon paste elec-
trode and carbon paste electrode modified with CNT-Calix.
Fig. 3A represents the SEM morphology of the prepared
Fig. 2. TGA curve of CNT-Calix electrode. Fig. 3A shows the SEM images of the bare carbon

Fig. 3. SEM images of bare carbon paste (A) and modified carbon paste (B) with CNT-Calix
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paste electrode and carbon paste electrode modified with
CNT-Calix. The SEM image of the bare carbon paste elec-
trode displayed a microstructure with a discontinuous grain
growth with a large unclear crystal structure and graphite
particles covered by a very thin film of paraffin wax, while at
the surface of CPE, the layer of irregular flakes of graphite
powder was present and isolated with each other.

Fig. 3B shows that the surface of the carbon paste
electrode was modified with CNT-Calix. By addition of
CNT-Calix to the carbon paste, most of the MWCNTs
were in the form of small bundles or single tubes. It can be
seen that MWCNTs were distributed on the surface of the
electrode with special three-dimensional structures.?’

Cyclic Voltammetry

0.20 mol L7! PBS solution containing 0.05 M
K;Fe(CN)g+ 0.05 M K, Fe(CN)4 was selected as a probe to
evaluate the performance of the bare CPE and CNT-Ca-
lix/CPE electrodes. Fig.4 shows cyclic voltammetry ob-
tained with the bare CPE (dotted line) and Calix-
arene-grafted Multi-Walled Carbon Nanotubes CPE
(solid line) electrodes. The CNT-Calix-CPE electrode
exhibits the highest activity towards K,[Fe(CN)¢ /
K;[Fe(CN)g] redox reactions as promising electrocatalyt-
ic materials. It was observed that the peak current of
CNT-Calix/CPE greatly increased together with an obvi-
ous decrease of AEp, behaving as a quasi-reversible elec-
tron transfer process. With the CNT-Calix/CPE elec-
trode, the peak currents are significantly increased
compared to the bare carbon paste systems. So we can say

Fig. 4. Cyclic voltammograms of CPE and CNT-Calix at 100 mV
s, in 0.20 mol L~! PBS solution containing 0.05 M K;Fe(CN)4/
K, Fe(CN); (1:1, pH = 5.0) solution.

that the CNT-Calix/CPE electrode can accelerate elec-
tron transfer for 0.05 M K;[Fe(CN)4] redox probe as
compared to CPE electrode. In other words, the prepared
electrode has the advantages of high electrical conductiv-
ity and high resistance to interferences compared to un-
modified CPE.

3. 3. Electrochemical Behaviors of Pb(II)
and Cu(II) on the Modified Electrode

The performance of the newly modified carbon paste
electrode is based on the deposition of Cu(II) and Pb(II)
from aqueous solution onto the surface of the modified
electrode by forming complexes with the modifier. The
electrochemical performance of the metal ion on the car-
bon paste electrode modified with CNT-Calix was ex-
plored with respect to the effect on the stripping parame-
ter. Lastly, a calibration curve was plotted and under
optimized parameters the recovery of lead and copper ions
using the modified carbon paste electrode evaluated.

The possible steps are expained below with the opti-
mized experimental values, the likely phases are clarified
(“aqueous” or “surface” subscript means the compound is in
aqueous solution or on the electrode surface, respectively):

Deposition of M(II)*°
M2+(aqueous) + (CNT'CahX) (surface)9
[M2+_ (CNT'CahX) ] (surface)

Reduction of accumulated M(II) in PBS
[M2+— (CNT—Calix)](Surface) +2e™>
[MO— (CNT_CahX)](surface)( at -1,0 V)

Stripping of reduced M(II) in PBS
[MO_(CNT'CaliX)] (surface)™ M2+(aqueous)
+ (CNT-Calix) gyyface) + 2€~ (scan from —1.0 to +0.0 V)

3. 4. Effect of Parameters

Different parameters such as supporting electrolyte,
pH, deposition potential, deposition time, stirring rate,
and the amount of modifier for a 1.0 x 107¢ mol L~! Cu(II)
and 5.0 x 107° mol L~! Pb(II) solution were studied in or-
der to obtain the optimum experimental conditions. Trials
to set up the optimum conditions for the simultaneous de-
termination of the two elements were as follows.

3. 4. 1. Effect of Supporting Electrolyte and pH

The influences of different types of supporting elec-
trolytes including phosphate bufter (PBS), Britton-Robin-
son (BR) buffer, KNO3, HCI, and acetate buffer were inves-
tigated. Higher anodic peak currents, better defined peak
shapes and the best sensitivity were observed utilizing 0.20
mol L~! PBS. The lowest background current, the highest
and well-shaped voltammetric peaks were obtained in PBS
during the recording of voltammetric peaks in different
electrolytes Fig. 5 shows the voltammetric behavior of
modified carbon paste electrode at different pH values.
Higher current values were obtained at pH 5.0 for both
Pb(II) and Cu(II) ions. It is obvious that the two peaks are
distinct and far enough to serve as the basis for quantita-
tive analysis of Pb(II) and Cu(II). When the pH value was
below 5.0, the ligand can strictly be protonated, and slowly
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dissolve in acidic solution because of the free amine group
of calixarene 3 with CNT-COOH, and lose its complex-
ability towards Pb(II) and Cu(II) ions. At pH higher than
5.0, the decrease in the anodic peak current may be due to
the hydrolysis of cations.’!

3. 4. 2. Effect of Electrode Composition

The use of CNT-Calix as a modifier can greatly im-
prove the sensitivity and selectivity of determinations. The
effect of the amount of CNT-Calix within carbon paste
electrode on the DPASV in PBS of pH 5.0 and deposition
time of 300 s was investigated. As Fig. 6 showed that the

Fig. 5. Effect of pH on the stripping peak current for a solution con-
taining 0.20 mol L~! PBS, 1.0 x 107 mol L~! Cu(II) and 5.0 x 107¢
mol L™ Pb(II); deposition potential: ~1.0 V vs. Ag/AgCl, deposi-
tion time: 300 s, resting time: 2 s, stirring rate: 300 rpm, scan rate:
0.10 Vsl

Fig. 6. Effect of amount of modifier on the stripping peak current
for a solution containing 0.20 mol L~! PBS (pH = 5), 1.0 x 107 mol
L~! Cu(II) and 1.0 x 10~° mol L~! Pb(II); deposition potential: —1.0
V vs. Ag/AgCl, deposition time: 300 s, resting time: 2 s, stirring rate:
300 rpm, scan rate: 0.1 V s71.

stripping peak current intensities of the two metal ions
were increased by increasing the amount of modifier. At
5.0% (w/w) of the modifier, the largest peak current was
obtained and decreased at higher amounts. When the
amount of CNT-Calix was more than 5.0% (w/w), the peak
currents decreased dramatically since excessive modifier
may result in a decrease in the conductivity of the elec-
trode. Therefore the best carbon paste composition of
5.0% (w/w) CNT-Calix, 72.5% (w/w) graphite powder and
22.5% (w/w) parafhin oil was used for all experiments.

3. 4. 3. Effect of Deposition Potential, Deposition
Time and Stirring Rate

The effects of deposition potential and time on the
peak currents were examined to optimize the sensitivity
and selectivity. Fig. 7 shows variation of peak current with
the deposition potential between -1.3 to —0.50 V with an
increment of 0.10 V, recorded as DPASV voltammogram.
In the range of -1.30 to -1.20 V the peak currents for
Pb(II) and Cu(II) are low and sudden increase in range of
-1.20 V to -1.00 V and -1.00 V deposition potential was
selected as optimum deposition potential.

Pb(II) and Cu(II) determination can be actually af-
fected by deposition time. An increase in deposition time
in the range of 0-15 min resulted in an increase in strip-
ping peak current with an increase in the amount of re-
duced Pb(II) and Cu(II) on the surface of the modified
electrode. With further increases in deposition time, the
peak current flattened out, as the active points on the sur-
face of the modified electrode were completely covered by
reduced Pb(II) and Cu(II). Taking into account both sen-
sitivity and efficiency, deposition time was set at 5 min in
the following experiments.

3. 5.Analytical Characteristics

The differential pulse anodic stripping voltammo-
grams at different concentrations of Pb(II) and Cu(II) un-
der optimum conditions are shown in Fig. 8. The peak
currents increase linearly with Pb(II) and Cu(II) concen-
tration over the range of 0.1-1.6 pg L-!.'The characteristics
of the calibration graphs are given in Table 2. The limits of
detection (LOD) and quantification (LOQ) under the
present optimized conditions were calculated by Equation
(A.1) and Equation. (A.2), respectively, where § is the stan-
dard deviation (8 replicate determinations of the blank
signals) of blank and s is the slope of calibration curve.?!

(1)

)

The lowest qualitative and quantitative concentra-
tions (LOD and LOQ) of the tested range of linearity were
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Fig. 7. Effect of deposition potential, deposition time, and stirring rate on the stripping peak current for a solution containing 0.20 mol L~! PBS (pH
=5), 1.0 x 107 mol L~! Cu(II) and 1.0 x 10~% mol L~! Pb(II); scan rate: 0.1 V s,

calculated for Pb(II): 0.061 and 0.18 pg L}, and for Cu(11):
0.096 and 0.29 pg L1, respectively.

Fig. 8. DPSAV curves of different concentrations of Pb(II) and
Cu(Tl) (a1, 0.1,0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6 pg 1) at CNT-Ca-
lix/CPE in 0.20 M PBS pH 5.0 buffer solution. deposition potential:
-1.0 V; deposition time: 300 s; pulse amplitude: 0.05 V; pulse width:
0.2 s; scan rate: 0.1 V s7%.

Table 2. Analytical parameters for calibration curves of Cu(II) and
Pb(II) obtained with DPASV method. The values of the slopes and
intercepts were calculated with a confidence interval of 95%. Num-
ber of points in the calibration curves was 9.

Parameter Cu(II) Pb(II)
Linear range (ug L!) 0.1-1.6 0.1-1.6
Equation y=a+bx y=a+bx
Slope (uA L pg™) 7.41+0.22 4.00 + 0.08
Intercept point (HA) -1.05£0.21 -0.11 £ 0.07
Regression coefficient (R?) 0.99265 0.99697
LOD (pg L) 0.096 0.061
LOQ (ugL™) 0.29 0.18
Repeatibility (t*sV2) 0,17 0,28

*t shows the experimental student t values (tq o5 = 2.45)

3. 6. Accuracy and Precision

Accuracy and precision of the described DPASV
method for simultaneous determination of Pb(II) and
Cu(II) at the modified carbon paste electrode (CNT-Calix/
CPE) were calculated as recoveries (R%) and standard de-
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viation (SD%) by analyzing laboratory-made mixtures
prepared with reference standard solutions of each of the
investigated metal ions for four replicate times. Syntheti-
cally prepared mixtures were prepared as follows: Two dif-
ferent series of stock solutions were prepared from stan-
dard solutions. In one of the prepared series, Cu(Il) is
added in a constant amount of Pb(II) in a linear concen-
tration range. In the other series prepared, synthetic bina-
ry mixtures were obtained by adding Pb(II) in a linear
concentration range in varying amounts to Cu(II). Mean
percentage recoveries of lead and copper from different
synthetic samples and standard deviations were obtained
by applying standard addition methods and are given in
Table 3 and Table 4. Recoveries (%) are constantly in-
creased for Pb concentration in Table 3 and Cu concentra-
tion, in Table 4. This is the consequence of added (in-
creased concentration of) Cu and Pb, respectively. These
increases are acceptable in the confidence limit of 95%.

Table 3. Results of Pb recoveries obtained with DPASV method in
laboratory-made synthetic samples

Pb Cu
Sampl Taken Found Recovery Added
ample  (ng/L) (ng/L) (%) (ng/L)

1 600 586 97,6 150

2 600 587 97,8 300

3 600 592 98,7 450

4 600 602 100,5 600

MEAN: 98,6
SD: 1.2

Table 4. Results of Cu recoveries obtained with DPASV method in
laboratory-made synthetic samples

Cu Pb
Sampl Taken Found Recovery Added
AMPE (ng/L) (ng/L) (%) (ng/L)

1 600 598 99.7 150

2 600 602 100.3 300

3 600 604 100.7 450

4 600 610 101.7 600

MEAN: 100.6
SD: 0.8

3. 7. Application to Real Samples

The applicability efficiency of the DPASV method
combined with CNT-Calix/CPE for the analysis of real
samples with different matrices was assessed by its applica-
tion to the simultaneous determination of Pb(II) and
Cu(II) ions in various real samples including wastewater,
dried horse chestnut leaves, apple juice, and turnip juice
samples. The standard addition method was used for the

analysis of prepared samples. An example voltammogram
for chestnut leaves sample are shown in Fig. 9. The results
listed in Table 5 indicate that no matrix effect was ob-
served.

Fig. 9. DPSAV curves of blank solution (a), real sample without addi-
tion of Pb(IT) and Cu(II) (b) and after additition of different concen-
trations of Pb(II) and Cu(II) (c-f) at CNT-Calix/CPE in 0.20 M PBS
pH 5.0 buffer solution. Deposition potential: -1.0 V; deposition time:
300 s; pulse amplitude: 0.05 V; pulse width: 0.2 s; scan rate: 0.1 V s\,

Table 5. Simultaneous determination of metal ions in several real
samples by the proposed method (n = 5).

Sample Analyte Found (ug/L) + SD*
Apple juice Cu?* 0.37 + 0.04
Pb?* 0.24 £ 0.04
Turnip juice Cu? 0.66 + 0.07
Pb?* 0.32+0.03
Sample Analyte Found (ug/g) + SD*
dried horse chestnut Cu?* 19.82 +0.40
leaves Pb2+ 2.10 £ 0.06

2 Average of 5 determinations

3. 8. Applications to the SRM

The accuracy of the proposed method was verified
with the analysis of the NIST SRM Apple Leaves standards
1515 after microwave digestion. The reference leave sam-
ple was analyzed according to the recommended proce-
dure after the appropriate dilution. The Pb(II) and Cu(II)
concentrations in this leave sample were 0.469+0.022 ug
g 'and 5.85+0.20 pg g~! with the developed method, re-
spectively. F test was applied for comparison in which cal-
culated F values were compared with F critic value. F val-
ues for Pb and Cu (0.012 and 1.2) are less than the critical
F value (6.39) where n; = 4 and n, = 4 at 95% confidence
level. Furthermore, t-test was carried out and the t values
found were smaller than the theoretical t value (2.78) in
the confidence limit of 95%. A good agreement with the
certified values was achieved (Table 6).
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Table 6. Analytical results of Pb(II) anb Cu(II) determination in
Certified Reference Material of Spiked Natural Leave Samples with
the proposed method (n = 4)

NIST SRM 1515 Apple leaves (g g™!)

Leave Sample Certified value Our Value® tepr
Cu(ugg™) 5.64+0.24 5.85+0.20 0.42
Pb(ugg™!) 0.47+0.02 0.47+0.02 0.01

2 Average of 4 determinations.
b texp Shows the experimental student t values (t 95 = 2.78).

4. Conclusion

In the present study, we synthesized p-tert-butylca-
lix[4]arene dihydrazine amide derivative and grafted onto
COOH groups-modified carbon nanotube. The structure of
all synthesized compounds was characterized using FTIR,
NMR, TGA, and elemental analysis techniques. The calix-
arene-grafted carbon nanotube was used as a new material
in the preparation of carbon paste-modified electrode. The
surface morphology of the modified electrode was assessed
by the Scanning Electron Microscopy (SEM) technique.
The novel carbon paste modified electrode was employed as
an efficient vehicle to determine selectively Pb(II) and
Cu(II) ions in both synthetic and real samples. It was found
that the modified electrode showed an excellent selectivity
and stability for these metals determinations and for accel-
erated electron transfer between the electrode and the ana-
lyte. Regarding high sensitivity and selectivity, and very low
detection limits together with the ease of preparation and
surface regeneration of the modified electrode makes the

proposed modified electrode a good alternative method.

The results reveal that the selectivity and sensitivity
of the modified carbon paste electrode with calix-
arene-grafted MWCNT towards Cu(II) and Pb(II) were
high. These findings clearly address that the calixarene,
which is grafted on CNT by means of chemical bonding, is
capable of the selectivity and sensitivity in the determina-
tion of these metal ions due to well-known complexability
of calixarenes including host-guest, self-assembly, and co-
ordination-complementary properties, which depends
upon the modified unit over the calixarene such as free
amine, carboxylic acid, amide, etc. The obtained results
agree well with those of SRM. These made the system

promising to be used in routine analytical applications.
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Predstavljamo hitro, preprosto, selektivno in visoko obcutljivo hkratno dolo¢itev Cu(II) in Pb(II) z novo narejeno ele-
ktrodo iz ogljikove paste, modificirane z 5,11,17,23-tetra-terc-butil-25,27-dihidrazinamidkarbonilmetoksi-26,28-dihi-
droksikaliks[4]arenom na ve¢stenskih ogljikovih nanocevkah (CNT-Calix/CPE) ob uporabi diferencialne pulzne anodne
inverzne voltametrije (DPASV). CNT-Calix/CPE kaze vecjo selektivnost in stabilnost za Cu(II) in Pb(II). Optimizirali
smo razli¢ne delovne pogoje, kot so pH, potencial in ¢as depozicije, amplituda pulza (5, -1,0 V vs. Ag/AgCl, 300's, 2 s,
0,05 V) ter izrac¢unali in statisti¢cno ovrednotili linearno obmocje, meje zaznave in kvantifikacije. Interferencna $tudija
kaze, da je elektroda visoko selektivna za hkratno dolocitev Cu(II) in Pb(II). S pomo¢jo metode standardnega dodatka
smo CNT-Calix/CPE uporabili za odpadno vodo, rastlinske liste in brezalkoholne pijace ter dolo¢ili koncentracije Cu(II)

in Pb(II), ki se skladajo s standardnimi vrednostmi.
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Abstract

The capacity of commercial natural activated plant-based carbon (CNAC) to remove different dyes such as methylene
blue (MB), eosin yellow (EY) and rhodamine B (RB) was studied. Also, the germination index (GI) was calculated in
order to examine the dyes toxicity on various plant seeds by recording and measuring the number of germinated seeds
and root length, respectively. Generally, the results showed that high concentrations of dyes inhibit the seed germination
by changing their colors and affecting their growth. The inhibition of corn seeds germination in RB was very low in the
studied range of concentration. The adsorption behavior of dyes onto CNAC surface was investigated through isotherm
and kinetics modeling. The parameters predicted from the Langmuir and Freundlich isotherms suggested a favorable
adsorption of the considered dyes onto CNAC surface. The kinetic studies showed that the adsorption followed pseu-
do-second-order kinetic model for MB and RB removal, but was not adequate for EY removal.

Keywords: Activated carbon; dyes removal; isotherm models; kinetic models

1. Introduction

The water pollution caused by textile industries dis-
charges has a negative impact on environment and human
health due to their synthetic origin and complex molecular
structure, which makes them more stable and difficult to
be biodegraded.!

Dyes, such as methylene blue (MB), eosin yellow
(EY) and rhodamine B (RB) are used in various areas, in-
cluding textile, plastics, rubber, leather, cosmetics, food
and paper industries, chemistry, biology and medical sci-
ence.l”?-6 Thus, a suitable treatment method of industrial
wastewaters before being released into the water is desira-
ble.! Moreover, the phytotoxicity effect of the textile dyes
on environment can be evaluated using simple, rapid, reli-
able and reproducible techniques such as seed germina-
tion and root shoot ratio tests.’”

Many cheap, easily available low cost adsorbents,
such as rice hull ash, sawdust, pine needle and cone pow-
der, soya bean waste, prawn and coconut shell activated
carbon, mango seed kernel powder, Ficus carica bast acti-
vated carbon and walnut carbon have been used as feed-
stock for the production of activated carbon for textile dye
effluents treatment.»68-11

Numerous techniques including physical, chemical
and biological treatments have been undertaken for dyes
removal from wastewater.”> Among other methods, ad-
sorption has gained attention due to its efficiency, low en-
ergy consumption and cost, high selectivity, and easy op-
eration.3

In a previous work, we have successfully identified
the optimum adsorption conditions for MB removal on
commercial natural activated plant-based carbon
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(CNAC) using Taguchi experimental design, a simple
and fast method." In this work, an important progress
was achieved through the application of several models in
order to obtain more information related to the adsorp-
tion process involved in dyes removal such as MB, EY
and RB.

The objectives of this study were: (1) to investigate
the capacity of CNAC for MB, EY and RB removal from
synthetic aqueous solution; (2) to evaluate the potential
application of CNAC for dyes removal; (3) to obtain more
information related to the adsorption process through
equilibrium and kinetic studies, and (4) to determine the
phytotoxic effect of MB, EY and RB on different seeds
growth (mustard, chickpea and corn).

2. Materials and Methods
2. 1. Materials

The CNAC was purchased from Romanian market
and ground using a mortar and pestle and then sieved
through a 0.5 mm sieve. Its physical characteristics, in-
cluding determination of pH, point zero charge (pHp,),
apparent density, volatile matter, moisture and ash con-
tent, were presented in a previous study.!

2. 2. Chemicals

All used chemicals (Merck, Germany) were of ana-
lytical purity and used as received, without any further pu-
rification. MB, EY and RB were purchased in powder
form. The chemical structures of the considered dyes are
presented in Fig. 1.1>6° The stock solutions were prepared
by dissolving 1.00 g dye in 1 L of double distilled water.
The calibration standards (2-10 mg/L) and a series of solu-
tions (100-300 mg/L) were prepared by appropriate dilu-
tion of stock dye solutions of MB, EY and RB.

a) b)

Fig. 1. Chemical structures of dyes: (a) MB; (b) RB; (c) EY.

2. 3. Adsorption

The experiments were performed in batch condi-
tions, contacting different quantities of CNAC (0.5-1.5 g)
with 50 mL dye aqueous solutions at different initial con-
centrations (100-300 mg/L), room temperature (25 + 2
°C) and 75 rpm for 300 min.

After 300 min, the dye solutions were separated from
the CNAC by centrifugation at 4500 rpm for 5 min. The
concentration of MB, EY and RB in solution was deter-
mined at previously established time intervals using a
Lambda 25 Perkin-Elmer UV/VIS spectrophotometer at
665 nm, 515 nm and 554 nm, respectively.

The amount retained of MB, EY and RB in the adsor-
bent phase was calculated using equation (1), while dyes
removal efficiency was calculated by equation (2):

(1)

(2)

where g, is the amount of dye adsorbed per gram of adsor-
bent, at equilibrium (mg/g), V is the volume (mL), m is the
weight of the adsorbent (g), E is the removal efficiency
(%), C, and C, are the initial and equilibrium concentra-
tions of MB, EY and RB solutions (mg/L).!

2. 4. Phytotoxicity Study

The phytotoxicity effect of MB, EY and RB dyes was
studied on corn, chickpea and mustard seeds. 10 seeds
were placed in Petri-dishes and 5 mL dye solution of dif-
ferent initial concentrations (100, 200 and 300 mg/L) were
added. The samples were kept in a dark chamber for 5 days
at 25 °C. The number of seeds and root growth were re-
corded every day, up to 5 days. The germination index (GI)
was calculated using the equations 3, 4 and 5:7

(3)

(4)

o)

(5)

where RSG is the relative seed germination (%), RG is the
root growth (%), N, is the number of seeds germinated in
dye solution, N, is the number of seeds germinated in con-
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trol sample, M, is the mean root length in dye solution
(cm), M. is the mean root length in control sample cm).”

3. Experimental Data Modeling

3. 1. Equilibrium Modeling

In order to investigate the MB, EY and RB removal,
the experimental results were analyzed by the Langmuir,
Freundlich and Dubinin-Radushkevich isotherms.

The Langmuir isotherm can be used to describe a
monolayer adsorption onto a surface!” and its linear form
is as follow:

(6)

where K is the Langmuir adsorption constant (L/mg) and
Gmax 18 the maximum amount of dye adsorbed per gram of
adsorbent (mg/g).1'8

The Langmuir parameters, g,,,, and Kj, are calculat-
ed from the slope and intercept of the plot 1/g, vs. 1/C,.
The Langmuir isotherm can be expressed by a dimension-
less constant known as the separation factor or equilibri-
um parameter (R;):"’

™)

where Cj) is the initial dye concentration (mg/L).

The R; value indicates the adsorption nature and
may be unfavorable (R; > 1), linear (R; = 1), favorable (0 <
R; < 1) or irreversible (R} = 0).20

The Freundlich isotherm is applicable to describe
heterogeneous systems.?! Its linear form is given as fol-
lows:

(8)

where Kpis the adsorption capacity (L/g) and 1/n is the
adsorption intensity.!"?

The Freundlich parameters, K and n, are obtained
from the logg, vs. logC, linear plot. The n value between 1
< n < 10 indicates a favorable adsorption.??

The Dubinin-Radushkevich model is applied to ex-
press the nature of adsorption process (physical or chemi-
cal)?>?* and the related equations are given below:

)

(10)

(11)

where f3 is the Dubinin-Radushkevich constant (mol?/k]?),
R is the gas constant (8.314 J/mol K), T is the absolute
temperature (K), ¢ is the Polanyi potential and E; is the
mean adsorption energy (kJ/mol).2

Dubinin-Radushkevich parameters, ¢,,,, and f,
are obtained by plotting Ing, vs. €. If E; < 8 kJ/mol, the
adsorption process is physisorption, while if E; ranges
between 8 and 16 kJ/mol, the process is chemisorp-
tion.?*

3. 2. Kinetics Modeling

Four kinetics models (pseudo-first-order, pseu-
do-second-order, intraparticle diffusion and external dif-
fusion) were applied for the considered dyes removal in
order to fit the experimental data.

The linearized form of pseudo-first-order equation is
expressed as follows:?

(12)

where g; is the amount of adsorbed at time ¢ (mg/g), k,
first-order rate constant (1/min).?

The pseudo-first-order parameters g, and k; are cal-
culated from the slope and intercept of the plot In (g.~g;)
vs. L2

The linearized form of pseudo-second-order equa-
tion is expressed as:2°

(13)

where k; is the pseudo-second-order rate constant (g/mg -
min).?¢

The pseudo-second-order parameters g, and k, are
obtained from the slope and intercept of the plot of /g, vs.
£26

The intraparticle diffusion model is applied to inves-
tigate if the diffusion of the solute molecules into the pores
is the rate determining step?” and is given as:

(14)

where k;, is the intraparticle diffusion rate constant (mg/
g:min'?), b is the intraparticle diffusion constant (mg/g)
and ¢ is time (min).

The b value provides information about the thick-
ness of boundary layer and external mass transfer resist-
ance.!!

If a plot of g, vs. t'/2 give a straight line, the adsorp-
tion process is controlled only by intraparticle diffusion
and the rate constant k;, is determined from the slope of
the regression line. !!

The linearized form of Elovich model is used to de-
scribe the chemisorption kinetics and its equation is given
below:?
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(15)

where « is the initial rate (mg/g-min) and C is the activa-
tion energy for chemisorption (g /mg).?

The Elovich parameters (a, 3) are obtained from the
slope and intercept of the plot g, vs. In .3

Bangham model is used to identify if the intraparti-
cle diffusion is the rate-controlling step and is given as fol-
lows:?

(16)

where p and K, are the Bangham constants.?
The kinetic parameters are obtained from the slope
and the intercept of the plot log (log C,/(C,~q, m) vs. log t.3
Dumwald-Wagner model, which is an intraparticle
diffusion model, is applied to determine the rate-con-
trolling step and is given below:?3

17)

where k is the rate constant of adsorption.?8
The kinetic parameters are obtained from the slope
and the intercept of the plot log [1- (¢/q.)?] vs. t.2

<)

4. Results and Discussion
4.1 Effect of Adsorbent Dose

The effect of adsorbent dose for MB, EY and RB ad-
sorption onto CNAC, was studied by taking different
quantities of CNAC (0.5-1.5 g) with 50 mL dye solutions
of 100 mg/L at room temperature (25 + 2 °C) for 300 min.

The results obtained for MB, EY and RB adsorption
onto CNAC surface are presented in Fig. 2. The removal
efficiency slowly increased as the adsorbent dosage in-
crease. An increasing trend was observed for MB (46-78
%), EY (51-70 %) and RB (52-60 %) removal by varying
the adsorbent doses due to the availability of a larger num-
ber of active sites for dyes species in solution.?

After a certain dosage, the increase in removal efhi-
ciency is insignificant due to the fast superficial adsorption
onto the adsorbent surface.® Consequently, with increas-
ing the adsorbent dose, the amount of dye adsorbed per
unit mass of adsorbent at equilibrium is reduced*, thus
smaller g, values were obtained by increasing the adsor-
bent dose of CNAC. The maximum amounts of adsorbed
MB, EY and RB on the surface of 0.5 g CNAC were 4.64,
5.65 and 4.37 mg/g, respectively.

Huang et al. 2011 studied the removal of anionic dye
EY from aqueous solution using ethylenediamine modi-
fied chitosan. They reported that larger particle size lead to
lower amount of dye adsorbed, due to the higher surface

b)

Fig. 2. Removal efficiency of MB (a), EY (b) and RB (c) adsorption onto CNAC surface at different adsorbent doses (C, = 100 mg/L, m=0.5-1.5g,

particle size = <0.5 mm, stirring rate = 75 rpm, V = 50 mL; time = 300 min)
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area of smaller particles compared to larger particles of the
same mass.>!

4. 2. Effect of Initial Dye Concentration

The experiments were carried out using a fixed ad-
sorbent dose (1.5 g) and stirring rate (75 rpm), but varying
the initial dyes concentration (100-300 mg/L) (Fig. 3).

The dyes adsorption was rapid in the initial stages
(100 min), increases gradually and finally becomes almost
constant after reaching equilibrium. The rapid uptake of
Astrazone Blue adsorption onto dried biomass of Baker’s
yeast suggested that the removal process could be ionic in
nature due to the fact that the negatively charged organic

a)

functional groups from the adsorbent surface may speed
up the adsorption of dyes molecule.??

The removal efficiency of MB, EY and RB decreases
with the increase of initial dye concentration. By increasing
the initial dye concentration from 100 to 300 mg/L, the dye
amount in the adsorbent phase at equilibrium (g,) increased
from 2.59 to 4.68 mg/g for MB, from 2.56 to 3.36 mg/g for
EY, and from 1.65 to 4.34 mg/g for RB removal, respectively
and the higher mass transfer is driving force of the process.*

4. 3. Isotherm Modeling

The equilibrium data for RB, MB and EY remo-
val onto CNAC surface were modeled using the Lan-

<)

Fig. 3. Removal efficiency of MB (a), EY (b) and RB (c) adsorption on CNAC surface at different initial concentrations in time (C, = 100-300 mg/L,
m = 1.5 g, particle size = <0.5 mm, stirring rate = 75 rpm, V = 50 mL, time = 300 min)

Table 1. Langmuir, Freundlich and Dubinin-Radushkevich isotherm parameters for dyes

removal on CNAC surface.

Isotherm model Parameters MB EY RB

Langmuir max/(Mg/g) 4.54 3.09 9.45
K/ (L/mg) 0.06 0.13 0.006
R? 0.860 0.407 0.999

Freundlich n 3.64 8.43 1.41
Ky/(L/mg) 1.08 1.63 7.14
R? 0.901 0.569 0.999

Dubinin-Radushkevich  B/(mol?/k]?) 3x107° 1x107° 7 x 107°
E,/(KkJ/mol) 12.91 22.36 8.45
R? 0.887 0.545 1
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gmuir, Freundlich and Dubinin-Radushkevich isot-
herms.

The Langmuir parameters, g,,,, and K for the con-
sidered dyes are presented in Table 1. The calculated R}
values for the removal of MB (0.05), EY (0.02) and RB
(0.4) indicated a favorable adsorption. Similar results were
reported by Hameed et al., 2017 for the adsorption of
chromotrope dye onto activated carbons obtained from
the seeds of various plants.'?

The Freundlich parameters, Kr and # are given in
Table 1. The n values obtained for MB, EY and RB removal
were found to be greater than 1, indicating a favorable ad-
sorption of dyes onto CNAC.

The correlation coefficient (R?) indicated that
Freundlich model fitted better the experimental results for
MB and RB removal suggesting a heterogeneous coverage
of dye molecules on the CNAC surface. In contrast, for EY
removal, the R? values were low, suggesting that the mon-
olayer and the heterogeneous coverage of dye molecules
on the CNAC surface didn't take place.

The Dubinin-Radushkevich parameters, g, and j3,
are given in Table 1. The mean free energy value indicated
a chemically process involved for MB and RB removal.

4. 4. Kinetics Modeling

In order to describe the adsorption kinetics the pseu-
do-first-, pseudo-second-order, intraparticle, Elovich, Bang-
ham and Dumwald-Wagner kinetics models were used.

The pseudo-first-order equation parameters are pre-
sented in Table 2. The calculated g, values are different
from the experimental values for the considered dyes.
Also, the obtained R? values are low for MB and RB re-
moval suggesting that pseudo-first-order equation cannot
be used to describe the kinetics of MB, EY and RB.

The pseudo-second-order parameters are listed in
Table 2. Based on the obtained results, some differences

are observed between the calculated and experimental g,
values for EY removal. On the contrary, the values of these
parameters for MB and RB removal are similar.

The values of R? are higher than those obtained from
the pseudo-first-order model suggesting that the pseu-
do-second-order kinetics model is adequate to describe
the MB and RB removal as chemisorption process.
However, the process involved in EY removal cannot be
described by the pseudo-second-order kinetic model.
Similar results were reported for the adsorption kinetics of
RB and MB onto waste of seeds of Aleurites Moluccanav, a
low cost adsorbent.!

Elovich kinetics model was employed to confirm the
results obtained from Dubinin-Radushkevich isotherm
and pseudo-second-order kinetic model. The R? values in-
dicated that experimental data fitted well on Elovich equa-
tion (Table 2). The obtained results are in agreement with
the results obtained from Dubinin-Radushkevich iso-
therm and pseudo-second-order kinetic model in case of
MB and RB.

The intraparticle diffusion model was used to inves-
tigate the mechanism of mass transport and to determine
the rate controlling step during dyes adsorption on the
surface of adsorbent.? The obtained values (Table 3) indi-
cated that intraparticle diffusion is not the only rate deter-
mining step for the considered dyes because the intercept
values are higher than 0 and another model is required to
follow the experimental data.

Further, Bangham and Dumwald-Wagner kinetic
models were taken into consideration. The kinetic pa-
rameters obtained for Bangham and Dumwald-Wagner
models are presented in Table 3. The experimental data
do not give a good fit to the Bangham and Dumwald-
Wagner model (low R? obtained) for the considered
dyes. The results obtained using these kinetic models
confirmed that intraparticle diffusion is not the rate-con-
trolling step.

Table 2. Pseudo-first-order, pseudo-second-order reaction and Elovich kinetics constants for dyes removal on CNAC surface at different initial

concentrations.

Kinetics Model Parameters MB EY RB

Pseudo-first-order C,/(mg/L) 100 200 300 100 200 300 100 200 300
k;- 1072/ (1/min) 2.3 1.2 1.3 1.4 1.2 1.7 1.3 0.8 14
ge (mk)/(mg/g) 1.98 1.13 1.96 1.64 1.73 2.83 2.15 1.24 1.28
R? 0.888 0.868 0.939 0.915 0.926 0.991 0.860 0.735 0.813

Pseudo-second- C,/(mg/L) 100 200 300 100 200 300 100 200 300

order k;-107%/(g/mg min) 3.1 3.9 2.2 1.2 1.0 0.7 9.4 5.1 7.7
ge (mk)/(mg/g) 2.69 3.45 4.78 2.82 2.85 3.81 1.67 3.01 4.36
R? 0.998 0.999 0.999 0.991 0.992 0.997 0.998 0.998 0.999
g (exp)/(mg/g) 2.59 3.42 4.68 2.56 2.60 3.36 1.65 3.03 4.34

Elovich C,/(mg/L) 100 200 300 100 200 300 100 200 300
o 0.65 1.65 1.22 1.15 0.59 0.04 2.66 2.30 3.20
6 0.30 0.28 0.48 0.56 0.58 0.80 0.07 0.17 0.13
R? 0.981 0.910 0.967 0.912 0.925 0.968 0.907 0.947 0.966
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Table 3. Intraparticle diffusion, Bangham and Dumwald-Wagner rate coefficients for dyes removal on CNAC surface at different initial concentra-

tions

Kinetics Model Parameters MB EY RB
Intraparticle C,/(mg/L) 100 200 300 100 200 300 100 200 300
diffusion kip (mg/g min'?)  0.067 0.061 0.106 0.119 0.125 0.175 0.017 0.038 0.030
b 1.565 2.438 3.039 0.762 0.643 0.704 1.354 2.349  3.852
R? 0.926 0.800 0.868 0.753 0.808 0.879 0.941 0911 0913
Bangham C,/(mg/L) 100 200 300 100 200 300 100 200 300
Ky 0.63 0.64 0.65 0.69 0.71 0.72 0.631 0.639 0.632
p/(dm/g) 0.14 0.10 0.12 0.41 0.40 0.40 0.05 0.06 0.03
R? 0.981 0.883 0.943 0.786 0.859 0.936 0.859 0.946 0.963
Dumwald-Wagner C,/(mg/L) 100 200 300 100 200 300 100 200 300
k/(1/min) 0.023 0.010 0.012 0.012 0.009 0.015 0.011 0.004 0.011
C 1.024 0.820 0.617 0.076 0.063 0.059 0.433 0.47 0.06
R? 0.858 0.945 0.984 0.919 0.943 0.994 0.935 0.937 0.944

4. 5. The Effect of Dyes on Seeds Growth

The effect of MB, EY and RB on germination of
chickpea, mustard and corn seeds was studied. Different
initial dye concentrations in the range of 100-300 mg/L
were used along with control samples. After 5 days, the
number of seeds and root growth were recorded. The GI
decreases with an increase of dyes concentration from 100
to 300 mg/L (Fig. 4).

At 300 mg/L initial concentration, in case of MB for
corn and chickpea seeds, the GI was around 63 and 65%,
respectively while for mustard seed only 53% suggesting
that the inhibition increases with an increase of MB con-
centration. The same pattern was observed for EY where
the GI was lower than in case of MB for mustard and corn
seeds.

Fig. 4. Germination indices for chickpea, mustard and corn plant
seeds after 5 days.

In case of RB, the GI for corn seeds were very high in
the studied range of concentration (92-95%), suggesting
that the inhibition didn’t take place. For mustard seed, the
GI values were much lower (44% at 300 mg/L RB), indicat-
ing that inhibition was high.

Generally, the seed roots were long in the control
sample (chickpea 3.1 cm, mustard 3.2 cm and corn 3.8

cm), while in the dye solution were smaller and became
colorful. Rapo6 et al. also reported that the inhibition in-
creases with an increase of dye concentration for seedling
growth for lettuce and mustard seeds.*?

5. Conclusions

The adsorption behaviour of MB, YE and RB remov-
al onto CNAC surface was examined by studying the effect
of adsorbent dosage and initial dyes concentration. The
adsorption process of MB, YE and RB molecules onto
CNAC surface was described by Freundlich model as sug-
gested by regresion analysis. The Dubinin-Radushkevich
isotherm indicated a chemisorption process involved in
the MB and RB removal process. These results were con-
firmed by pseudo-second-order reaction model and
Elovich kinetics model. Elovich model suggested that the
exchange of electrons between adsorbent and adsorbate
takes place also for EY removal but pseudo-second-order
kinetic model did not confirm this result. The low correla-
tion coefficients values obtained from Bangham and
Dumwald-Wagner kinetics models confirmed that intra-
particle diffusion was not the only rate-controlling step.
Further studies are therefore necessary to determine the
rate controlling step for MB, YE and RB removal onto
CNAC surface. The effect of dyes on chickpea, mustard
and corn seeds through seed GI was carried out. The re-
sults showed that the percentage of seed germination de-
creased as the dyes concentration increased, affecting their
germination and growth.
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Povzetek

Preucevali smo sposobnost trinega naravno aktiviranega rastlinskega oglja (ang. kratica CNAC) za odstranjevanje ra-
zli¢nih barvil kot so metilensko modro (MB), eosin rumeno (EY) in rodamin B (RB). Na razli¢nih rastlinah smo preko
indeksa kaljenja (GI) dolo¢ili toksi¢nost barvila, tako da smo merili $tevilo vzklitih semen in dolzino korenin. V splos-
nem se je izkazalo, da visoke koncentracije barvila zavirajo kaljenje, povzrocijo spremembo barve in vplivajo na rast. RB
paje imel pri vseh dolo¢anih koncentracijah le minimalen vpliv na kaljenje koruznih semen. Adsorpcijo barvil na CNAC
smo preucevali preko adsorpcijskih izoterm in modeliranja kinetike. Ugodno adsorpcijo sta pokazala tako Langmuirjev
kot tudi Freundlich-ov model. Kineti¢ne $tudije so pokazale, da lahko hitrost adsorpcije MB in RB opiSemo s kinetiko
pseudo-drugega-reda, ne pa tudi hitrost adsorpcije EY.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
Creative Commons Attribution 4.0 International License
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Abstract

We optimized and validated an isocratic high-performance liquid chromatography (HPLC) assay for quantification of
ceftiofur hydrochloride in bubaline plasma. Ceftiofur, its metabolic products and protein-bound residues were cleaved,
derivatized into desfuroylceftiofur acetamide and injected into HPLC system. The mobile phase comprising of sodium di-
hydrogen phosphate (0.025 M, pH 7) and acetonitrile (34:66, v/v), was driven at a flow rate of 1 mL/min, and separation was
achieved using C18 column. Isocratic elution was performed with an injection volume of 45 uL and analyte was scanned at
310 nm. The linearity range, limit of detection and limit of quantification were 0.1-10 pg/mL, 0.03 ug/mL and 0.11 pug/mL
respectively. Moreover, the accuracy, precision and recovery remained within the acceptable limits. The assay was effective-
ly applied for determining the concentration of ceftiofur in plasma samples collected from ceftiofur-treated buffalo calves.

Keywords: Ceftiofur hydrochloride; bubaline plasma; isocratic; HPLC

1. Introduction

Ceftiofur represents a broad-spectrum, bactericidal,
third generation cephalosporin antibiotic specifically de-
veloped for use in veterinary medicine.! It is available as
ceftiofur hydrochloride, ceftiofur sodium and ceftiofur
crystalline-free acid suspension. The chemical formula of
ceftiofur hydrochloride is C,gH,,N;0,S; - HCI with a mo-
lecular weight of 560.2 grams. The chemical structure of
ceftiofur hydrochloride has been illustrated in Figure 1.2
Many gram-positive, gram negative and anaerobic bacteri-
al pathogens of domestic animals are susceptible to ceftio-
fur.? The ready-to-use, parenteral formulation of ceftiofur
hydrochloride is predominantly used against the bacterial
respiratory disease affecting cattle and pigs.* Additionally,
it is also approved for the treatment of acute foot rot and
postpartum metritis in cattle.’> Desfuroylceftiofur consti-

tutes the primary metabolite of ceftiofur with proven anti-
microbial activity.® The most primitive analytical assay for
estimation of ceftiofur in biological fluids involved the
derivatization of parent drug and resultant metabolites fol-
lowed by a time-consuming, solid-phase extraction pro-
cess.”® Furthermore, the suggested alternative method was
only applicable for quantification of parent drug without
determining the concentration of microbiologically active
metabolic compounds.” Subsequent modification of the
conventional analytical method led to simplified assays in-
volving the direct HPLC injection of derivatized sample
without solid-phase extraction clean-up.!®!! Nevertheless,
there is scarcity of literature regarding the isocratic, HPLC-
based analysis of ceftiofur in water buftalo plasma. Conse-
quently, an isocratic, HPLC assay was optimized and vali-
dated for the quantitative assessment of -ceftiofur
hydrochloride in bubaline plasma.
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Figure 1. Chemical structure of ceftiofur hydrochloride (modified
from Palur et al-?)

2. Experimental
2. 1. Reference Standard and Chemicals

The analytical reference standard and injectable for-
mulation of ceftiofur hydrochloride were generously pro-
vided by M/S International Pharma Labs, Lahore, Pakistan
and M/S Nawan Laboratories (PVT) LTD., Karachi, Paki-
stan respectively. Dithioerythritol and iodoacetamide
were supplied by Sigma-Aldrich (St. Louis, MO, USA).
Acetonitrile, disodium tetraborate, sodium dihydrogen
phosphate and sodium phosphate dibasic heptahydrate
were procured from Merck Millipore, Germany.

2. 2. Preparation of Standard Solutions,
Buffers and Reagents

The stock solution of ceftiofur hydrochloride (1 mg/
mL) was prepared in distilled water and diluted further to
obtain the quality control (QC) samples and calibration
standards. The QC samples of low, medium and high con-
centrations were prepared in distilled water at concentra-
tions of 0.75, 2.5 and 12.5 pg/mL respectively. Whereas,
the calibration standards of ceftiofur hydrochloride were
prepared at concentrations of 0.1, 0.15, 0.2, 0.25, 0.5, 1, 5
and 10 pg/mL in buffalo plasma. Borate buffer (0.05 M, pH
7) was prepared by dissolving 1.9 grams of disodium tetra-
borate in 100 mL of distilled water. Moreover, 0.14 grams
of sodium dihydrogen phosphate and 0.38 grams of sodi-
um phosphate dibasic heptahydrate were dissolved in 100
mL of distilled water for the preparation of phosphate buf-
fer (0.025 M, pH 7). The working solutions of iodoacet-
amide (0.54 M) and dithioerythritol (0.66 M) were ob-
tained by separately dissolving 1 gram each of
iodoacetamide and dithioerythritol in 10 mL of phosphate
buffer and borate buffer respectively.

2. 3. Synthesis and Derivatization of
Desfuroylceftiofur

All plasma samples, calibration standards and QC
samples were processed for the synthesis of desfuroylceft-

iofur and subsequent derivatization into desfuroylceftio-
fur acetamide. In brief, each sample was transferred into a
2 mL microcentrifuge tube and 200 pL of methanol was
added. The samples were vortexed for 30 seconds and cen-
trifuged at 13000 rpm for 10 min. The supernatants were
collected in separate 2 mL microcentrifuge tubes, mixed
with 100 pL of dithioerythritol solution (0.66 M) and kept
in water bath at 50 °C for 15 min. Subsequently the tubes
were allowed to attain room temperature and covered with
aluminum foil after adding 100 pL of iodoacetamide solu-
tion (0.54 M). The contents of each tube were centrifuged
at 350 rpm for 45 min and mixed with 25 pL of formic
acid. Stirring was carried out at 22 °C and the tubes were
placed in vortex mixer for 30 seconds. Final centrifugation
was performed at 13000 rpm for 10 min and 45 pL of each
supernatant was injected into the HPLC system.

2. 4. HPLC System and Chromatographic
Conditions

The HPLC system comprised of an auto-sampler
(SIL-10AC), system control module (CBM-20A), pump
(Schimadzu LC-20AT), column oven (CTO-20AC), de-
gasser (DGU-20A), ultraviolet-visible (UV-VIS) detector
(SPD-M20A) and low pressure-gradient flow control valve
(FCV-10AL). The chromatograms of QC and calibration
samples obtained through C18 and PLRP-S columns were
compared for the selection of appropriate analytical col-
umn. Several types of mobile phase having varying combi-
nations of 0.1% trifluoroacetic acid and sodium dihydro-
gen phosphate (0.025 M, pH 7) with acetonitrile were
tested after filtration through 0.45 pm nylon filter (Sartori-
us, Gottingen, Germany) and sonication for 30 min. As-
sessment of various flow rates (0.5-1.5 mL/min) and wave
lengths (254, 265, 266 and 310 nm) was also performed.
Isocratic elution was carried out with an injection volume
of 45 uL and the column oven was set at 37 °C. Liquid
Chromatography (LC) Solutions’ software (SSI, Kyoto, Ja-
pan) was employed for instrument control and analysis of
data.

2. 5. Validation of HPLC Method

The proposed assay was validated for linearity, sensi-
tivity, precision, accuracy, recovery and freeze-thaw stabil-
ity, in compliance with the recommendations of Interna-
tional Conference on Harmonization (ICH).!?

2. 6. Linearity

The representative concentrations of ceftiofur (0.1
to 10 pg/mL) were plotted against corresponding peak
areas and resultant calibration curve was used to evalu-
ate the linearity of HPLC method.!* The correlation
co-efficient, slope and intercept of standard curve were
calculated.
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2. 7. Sensitivity

The sensitivity of HPLC method was established as
the limit of detection (LOD) and limit of quantification
(LOQ). The standard deviation of y-intercept of regression
line and slope of calibration curve were used to calculate
the LOD and LOQ by means of equations 1 and 2 respec-
tively.!4

LOD = 3.3 (¢/S) (1
LOQ =10 (0/S) (2)

where “0” represents the standard deviation of y-intercept
of regression line and “S” denotes the slope of regression
line.

2. 8. Accuracy and Precision

The intra-day and interday precision, and accuracy
were estimated in terms of percent relative standard devi-
ation (RSD %) and percent bias (bias %) respectively.!®

2.9. Absolute Recovery (Extraction
Efficiency)

Peak areas of extracted ceftiofur-containing plasma
samples and un-extracted samples of equal concentrations
prepared in mobile phase were compared for the calcula-
tion of absolute recovery.!

2. 10. Freeze-Thaw Stability

Six replicates of each low and high QC samples were
analyzed over two freeze-thaw cycles within three days for
freeze-thaw stability assessment. The samples frozen at
-20 °C for 24 h were subjected to unassisted thawing at
room temperature. Three replicates of each QC sample
were evaluated, while the remaining samples underwent
refreezing at —20 °C for 24 h. Freeze-thaw stability was es-
timated by comparing the relative concentrations of fresh-
ly prepared samples and QC samples following the 1% and
204 freeze-thaw cycles.!”

2. 11. Application of Assay for Quantification
of Ceftiofur Hydrochloride in Buffalo
Plasma

The analytical method was applied for estimation of
ceftiofur in plasma samples, collected at 10 min after the
intramuscular and subcutaneous administration of ceftio-
fur hydrochloride (Cefur® RTU injection; Nawan Labora-
tories (PVT) LTD., Karachi, Pakistan) in buffalo calves
following a dose rate of 2.2 mg/Kg body weight.'® The pro-
cedures for care and handling of experimental animals
were approved by the Institutional Ethical Committee,

University of Veterinary and Animal Sciences, Lahore, Pa-
kistan (Letter No. DR/214, dated 30-03-2017).

3. Results and Discussion

3. 1. Derivatization and Extraction
of Desfuroylceftiofur

Desfuroylceftiofur was cleaved and stabilized to
yield desfuroylceftiofur acetamide by mixing 0.2 mL of
each sample with 0.1 mL each of dithioerythritol and io-
doacetamide respectively. Hence, the cleavage and derivat-
ization were carried out following the previously docu-
mented procedure!®!! with slight modification. Moreover,
the final clean-up was successfully accomplished without
solid-phase extraction, as described by earlier studies.!®!!
Whereas, typical analytical assays suggested either single,
double or triple steps of solid-phase extraction for final
clean-up.”%1

3. 2. Chromatographic Conditions

The p-Bondapack C18 column (250mm x 4.6 mm;
internal diameter, 5 um; Supelco, Bellefonte, PA, USA)
was chosen for analytical assay on the basis of retention
time and peak symmetry. Beckoni-Barkar et al.!® and Ja-
cobson et al.!% also employed C18 column, whereas, De
Baere et al.® and Altan et al.'! used PLRP-S column. In
current study, the combination of sodium dihydrogen
phosphate (0.025 M, pH 7) and acetonitrile (34:66, v/v)
provided most suitable results, while, earlier studies pri-
marily used the mobile phase consisting of 0.1% trifluo-
roacetic acid and acetonitrile or water.1% Under the
prescribed HPLC conditions of isocratic elution, the re-
tention time was 6.8 min with a total run time of 10 min.
In contrast, virtually all the previous methods were based
on gradient elution, characterized by relatively longer re-
tention times.”!®11:1° The selected flow rate of 1 mL/min
provided optimum resolution thus reinforcing the find-
ings of earlier studies.”!*!” Whereas, De Baere et al.® and
Altan et al.!! reported comparatively lower flow rates of
0.4 mL/min and 0.3 mL/min respectively. The UV-VIS
detector and column oven were set at 310 nm and 37 °C
respectively. Conversely, relatively shorter wave lengths
i.e., 254 nm’, 265 nm'? and 266 nm®!:! were previously
used for peak detection.

3. 3. Validation of HPLC Assay

The calibration curve of ceftiofur was linear over the
range of 0.1 to 10 pg/mL with r* = 0.999 (Table 1). The
LOD and LOQ of current analytical method were 0.03 pg/
mL and 0.11 ug/mL respectively. Former studies have re-
ported either comparable!!® or relatively lower®1? sensi-
tivities.
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Table 1. Linearity data of analytical assay

Regression parameter Value

r? 0.999

Slope 55886
Intercept 6245.2
Concentration range 0.1-10 pg/mL

Table 2 indicates the estimated accuracy and preci-
sion of HPLC assay. The within-day and between-day ac-
curacy ranged from -0.08 to —4.00% and -0.24 to -1.33%
respectively. The precision levels of proposed assay were
0.08 to 4.05% and 0.16 to 1.35% on intra-day and interday
basis respectively. In all conditions, the accuracy and pre-
cision remained within the acceptable ranges of +15% and

Table 2. Within-day and between-day accuracy and precision of analytical assay

Spiked
concentration  Parameter Within-day (n = 6) Between-day
(ug/mL) Day 1 Day 2 Day 3 (n=18)
Mean nominal concentration
(ng/mL)
0.75 0.74 0.72 0.73 0.74
2.5 2.46 2.48 2.49 2.48
12.5 12.48 12.46 12.49 12.47
Standard deviation
0.75 0.03 0.02 0.02 0.01
25 0.02 0.02 0.01 0.01
12.5 0.01 0.03 0.01 0.02
Accuracy (% Bias)
0.75 -1.33 -4.00 -2.66 -1.33
2.5 -1.60 -0.80 -0.40 -0.80
12.5 -0.16 -0.32 -0.08 -0.24
Precision (**RSD %)
0.75 4.05 2.77 2.73 1.35
2.5 0.81 0.80 0.40 0.40
12.5 0.08 0.24 0.08 0.16
Table 3. Absolute recovery of HPLC method
Spiked Mean peak area Mean peak area
concentration of plasma samples of QC samples % Recovery Star.nde}rd RSD %
. . . deviation
(ug/mL) after extraction without extraction
0.75 49018 53397 92.1 0.25 0.28
2.5 147221 157237 93.2 0.29 0.31
12.5 696076 731958 94.9 0.31 0.33
Table 4. Freeze-thaw stability of quality control samples
Storage condition Quality control level Parameters
Spiked concentration Mean 1‘10minal Star}da}rd % Stability
(ug/mL) concentration (ug/mL) deviation
Fresh samples
Low concentration 0.75 0.75 0.003 100
High concentration 12.5 12.5 0.126 100
Freeze thaw cycle 1
Low concentration 0.75 0.73 0.012 97.3
High concentration 12.5 12.25 0.130 98.0
Freeze thaw cycle 2
Low concentration 0.75 0.71 0.016 94.6
High concentration 12.5 11.92 0.096 95.3
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< 15% respectively.?’ These values are in agreement with
the findings of Jacobson et al.!?

The values of extraction recovery were calculated as
92.1%, 93.2% and 94.9% for low, medium and high QC
samples respectively (Table 3). Hence the recovery of ana-
lyte was rather equivalent to that documented by Jacobson
et al.1® but higher than the findings of Jaglan et al.” and De
Baere et al.8

Furthermore, the proposed assay exhibited efficient
quantification of ceftiofur in QC samples exposed to
freeze-thaw cycles. The stability of low QC samples follow-
ing the 1** and 2™ post-thaw cycles were estimated as
97.3% and 94.6% respectively. Likewise, the high QC sam-
ples remained 98% and 95.3% stable after the 1% and 2"
post-thaw cycles respectively (Table 4).

3. 3. Analysis of Buffalo Plasma Samples

Representative chromatograms of blank plasma
sample, plasma spiked with 10 pug/mL of ceftiofur, and
samples collected at 10 min after the intramuscular and
subcutaneous injections of ceftiofur hydrochloride in buf-
falo calves at 2.2 mg/kg body weight have been presented
in Figure 2.

4. Conclusion

Ceftiofur, its metabolic derivatives and pro-
tein-bound residues were converted into desfuroylceftio-

fur, derivatized and directly estimated as desfuroylceftio-
fur acetamide using an isocratic HPLC assay. Under the
recommended chromatographic conditions, the linearity,
accuracy, precision, sensitivity and recovery of proposed
method remained within the acceptable limits. The sug-
gested assay can be effectively used in pharmacokinetic
studies for quantitative determination of ceftiofur hydro-
chloride in buffalo plasma.
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Abstract

Kombucha Scoby is a colony consisted from bacteria, yeast and cellulosic pellicle which has unique outcomes and perfor-
mances in variety of fields. Along with antimicrobial and anti-toxicity of kombucha, it can be adapted to develop reactors
for removal of heavy metals from waste water. The main objective of this study is to investigate the removal of Ni (II) ions
from wastewater by Kombucha as a microorganism by considering the pH, time, temperature, the electrolyte solution,
the buffer volume and type. The adsorption experiments indicated that the maximum adsorption capacity of Ni (II) oc-
curred at the pH of 7, contact time of 15 min and temperature of 25 °C. In the optimal conditions, 94.5% of Ni (II) ions
was removed from the solution, which clarify the significant effectiveness of Kombucha Scoby in matter of heavy metal
removal. Besides, equilibrium experiments fitted well with the Langmuir isotherm model and the maximum Kombucha
Scoby adsorption capacity at 25 °C was determined to be a very high adsorption capacity of 454.54 mg/g. Additionall, ad-
sorption kinetic behaviour of Ni (II) on to the Kombucha Scoby can be described using the pseudo-second order model.

Keywords: Separation; kombucha; bacteria; adsorption kinetics; Ni (II)

1. Introduction aquatic ecosystem has become a matter of concern over

the last decades. Among these serious pollutants, some

Heavy metal contamination of water is a common contamination such as lead, chromium, mercury, urani-
phenomenon which can cause variety of problems in dif- um, selenium, zinc, arsenic, cadmium, gold, copper and
ferent applications. The discharge of heavy metals into an nickel have significant impacts on the ecosystem.! The
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presence of heavy metals in the environment is a major
concern due to their extreme toxicity and tendency for
bioaccumulation in the food chain even in relatively low
concentrations.? Researchers have put a great effort to
overcome the toxicity of materials within the environ-
ment,>* but removal of heavy metals along with deteriora-
tion of their toxicity remains a big concern. Moreover,
Nickel is a toxic heavy metal that widely used in silver re-
fineries, electroplating, zinc base casting and storage bat-
tery industries.>® Furthermore, the chronic toxicity of
nickel to humans and the environment have been well
documented, for example, high concentration of nickel
(II) within the environment can cause lung, nose and bone
cancers. Therefore, it is essential to remove Ni (II) from
industrial wastewater before being discharged. For this
matter, it is generally used as the advanced treatment pro-
cesses such as chemical reduction, ion exchange, reverse
osmosis, electro-dialysis and activated carbon adsorption.
In addition, usage of agricultural residues and their bio-
logical activities have received a considerable attention.”
In recent years, a number of agricultural materials such as
moss peat,™ coconut husk,!%!! chitosan,!? coir pith,’ egg-
shell,'>!* and almond husk’ were examined in order to re-
move heavy metal contaminants.'*On the other hand, ad-
sorption technique is an attractive approach for water
treatment, especially if the adsorbent being costly efficient,
convenient to separate and easy to regenerate.!® If the
amount of heavy elements in different environments goes
beyond a certain dosage, then they would be considered as
contaminant sources. Moreover, great deals of heavy met-
als enter the environments by atmospheric subsidence,
mining and agriculture.!” Besides, one of the most import-
ant sources for an increase in the concentration of heavy
metals in aqueous environments is the discharge of waste-
water.!8 Furthermore, materials that have been widely
used for removal of adsorption, not only have a high level
of adsorption but also they are not soluble in water.!” Up to
now, some materials such as banana peels,'>?” oranges,!
paddy rice,?? groundnuts,? activated charcoal?* and other
unimportant agricultural wastes have been used to remove
heavy metals. In case of removing metals, usage of the ad-
sorption method, extraction of metals ions with solids like
bio-solid, modified silica, aluminum, activated charcoal
and resin can be mentioned.?>-2

Kombucha is a fermentation of sweetened tea, which
provide symbiosis of acetic acid bacteria and yeast species.
Kombucha Scoby (floating solid part in the liquid media)
which so called “tea fungus” (i.e. symbiotic colony of bac-
teria and yeast)?’ is consisted from symbiosis of acetic acid
bacteria, various kinds of yeasts and cellulosic pellicle.>*3!
Kombucha Scoby can generate acetic acid, small quantities
of ethanol and CO,. In the primary stages of fermentation,
acetic acid bacteria of kombucha cannot use sucrose di-
rectly. In this matter, the yeast will degrade sucrose into
the fructose and glucose which can furtherly lead to pro-
duction of ethanol.3? Acetic acid bacteria and osmophilic

yeasts are the dominant species during the kombucha fer-
mentation. These species developing a cellulosic pellicle (a
biofilm) floating on the fermented liquid, which can be
thence transferred to another chamber for further use.
Kombucha as a beneficial sweetened tea and has some
therapeutic benefits (e.g. carcinogenic, anti-diabetic and
detoxifying potentials and defined to be highly effective
for weight loss and treatment of Cancer, AIDS, gastric ul-
cers and high blood cholesterol)**-3> and provide strong
antimicrobial activity against wide range of bacteria.>>~%’

Additionally, the yeast, ferment the added sugar in
the tea medium to ethanol, which will be oxidized by the
acetic acid bacteria to generate acetic acid. The outcome of
this process lead to low pH, while the presence of antimi-
crobial metabolites reduces the total composition of other
bacteria, filamentous fungi and yeast. Moreover, analyses
of fermented liquid media revealed the presence of glu-
conic, acetic and lactic acids as main chemical compounds
in the resulting media.>**® In fact, gluconic acid is the
main therapeutic source in the kombucha and its function
in the liver as a detoxification agent.>**° Furthermore, the
presence of usinic acid in the cultured kombucha can act
as another source of antibacterial agent,*® while some oth-
er researcher suggested that acetic acid is the major anti-
bacterial agent within the Kombucha culture.?®

Symbiosis of bacteria and yeasts within the kombu-
cha lead to its remarkable benefits and outcomes. Different
kombucha Scoby provided from diverse sources present
different outcomes, bacteria and yeast. Among frequently
bacteria within the kombucha we can refer to strains of
Acetobacteria (xylinum (cellulose-producing), aceti and
pasteurianus), Lactobacillus and Gluconobacter. On other
hand, various kinds of yeast were identified within the
kombucha among we can refer to the Brettanomyces, Bret-
tanomyces bruxellensis, Brettanomyces intermedius/Dek-
kera, Candida, Candida famata, Mycoderma, Mycotorula,
Pichia, Pichia membranaefaciens, Saccharomyces, Saccha-
romyces cerevisiae, Schizosaccharomyces, Torula, Zygo-
saccharomyce, Zygosaccharomyces bailii and Zygosaccha-
romyces rouzii, Torulospora and Kloeckera.343541-43

The aim of this research is to evaluate the separation
of Ni (II) from aqueous solution using Kombucha Scoby in
a batch reactor. The effect of various parameters such as
namely contact time, adsorbent dose, pH, and the initial
concentration on the removal of Ni (II) was also investi-
gated. Usage of this kind of materials has several advantag-
es such as high treated water quality, low sludge produc-
tion, small footprint, robustness and flexibility for future
expansion. They are particularly attractive for treatment of
recalcitrant wastewater, where long sludge retention times
(SRT), applied for facilitating the efficient removal of slow-
ly biodegradable pollutants. The fungus known as Kombu-
cha is a waste produced during black fermentation. The
objective of this study was to examine the main aspect of a
possible strategy for the removal of arsenates by tea fungal
bio reactor.
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2. Materials and Method

Kombucha Scoby was procured from the Caucasus
Mountains. The spectrophotometric measurements were
carried out with a UV-Vis spectrophotometer model Cin-
tra 101 (GBC Scientific Equipment, Australia) at a wave-
length of 546 nm. Besides, for different stages of this study,
some instruments such as pH-meter (632Metrohm, Heri-
sau, Switzerland), digital optical microscope (Rohs, model
U1000X) and super magnet (1.2 T, 10 cm x 5 cm x 2 cm)
were used.

2. 1. Cultivation of Kombucha Scoby

The Kombucha tea medium was prepared via a
multi-stage process. Firstly, 1 L distilled water boiled and
thence 100 g white sugar along with 5.4 g black tea leaves
added to the suspension, stirred for 5 min and thence the
suspension was allowed to steep for 15 min. Tea leaves
were removed from sweetened tea and the resulting sus-
pension was transferred to a sterile glass vessel. Once the
suspension cooled to the room temperature (25 °C), it was
inoculated with a small piece of kombucha Scoby. The sus-
pension was then fed with 40% wt sugar each week till the
completion of Kombucha Scoby and creation of a baby
Scoby after 21 days. Thereafter, four generated Scobies
were cut and transferred to the aerobic reactor to start the
experimental evaluation.

2. 2. Experimental Setup and Reactor
Operation

The schematic of experimental setup shown in Fig-
ure 1. The aerobic reactor made of polypropylene (PP) (38
cm in diameter, 63 cm in height, with an operating level of
58 cm) was coupled to a sub-merged cross-flow ultrafiltra-
tion (UF) flat sheet membrane module (Microdyn-Nadir
GmbH, Germany) with a total effective filtration area of
0.39 m. This reactor consisted from 3 main parts, in the
first part, the unfiltered suspension was poured into a
chamber. In the second part, the suspension was passed
from 4 layers of Kombucha Scoby and after that entered
the third chamber. In the third chamber, suspension
pumped and returned to the first chamber and this step
was continued continuously for a specific period of time, a
view of this bioreactor can be seen in Figure 1. Moreover,
not only the biological degradation of organic pollutants is
carried out in the bioreactor by adapted microorganisms,
but also the separation Ni (II) from the treated wastewater
is performed by a membrane module. In addition, the
Kombucha Scoby constitute a physical barrier for all sus-
pended solids and therefore enable not only recycling of
the activated sludge to the bioreactor but also the produc-
tion of permeate free of suspended matter, bacteria and
viruses. Besides, usage of Kombucha Scoby to separate Ni
(II) ions from the treated wastewater is the main difference

Figure 1. Schematic of experimental setup for reactor operation.

between Kombucha Scoby and traditional treatment
plants for which the efficiency of the final clarification step
depends mainly on the settling properties of the activated
sludge.

In addition, the final ingredients vary with the bac-
teria and yeast in the mat, as well as the extent to which
fermentation has taken place. Analyses have identified
small amounts of alcohol (usually pf about 2.5%), sub-
stantial acetic acid (vinegar), ethyl acetate, glucuronic
acid and lactic acid. Besides, there is some residual sugar,
depending on how long it has been fermenting. Caffeine
is still present and may be responsible for some of the en-
ergy claims. Moreover, it has claimed to contain B vita-
mins too. Besides, the results show that usage of this kind
of bacteria can lead to the removal rate of 90% after 4 pu-
rification cycles in a certain period of time. Moreover, in
Figure 2, microscope images of Kombucha Scoby layer
can be seen.
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Figure 2. Optical microscopic images of Kombucha Scoby layer in
different scales.

2. 3. Experimental Evaluation of Kombucha
Adsorption Properties

The adsorption experiments were performed by the
batch method. Besides, pH value of the solutions was ad-
justed by using diluted solutions of NaOH and HCI. Fur-
thermore, completion of the reactor process, the resulting
suspension was stirred for a defined time (5 min). Then,
the suspension was allowed to settle by a magnet and the
supernatant was analyzed for measuring the remaining
Ni. Moreover, adsorption percent of Nj, i.e. the Ni remov-
al efficiency, was determined using the following expres-
sions:

(1)

The amount of Ni ions adsorbed by the adsorbent
was given by Eq. (2):

)

Where where g, is the amount of equilibrium ad-
sorbed Ni* ion adsorbed by the adsorbent (mg g™!), C; and
Cy represent the initial and final ion concentrations, re-
spectively. Besides, specimens containing Ni solution were
analyzed using a UV-Vis spectrophotometer at A,,,,, = 577
nm and all of measurements were conducted triplicate. In
Figure 3, the adsorption rate of Ni nanoparticles can be
seen.

2. 4. Adsorption Isotherms

Batch adsorption applications were analyzed using
Freundlich and Langmuir isotherm models. Freundlich
model assumes that the uptake of adsorbate occurs on a
heterogeneous surface of the adsorbent (see Figure 3). The

Figure 3. Ni (II) nanoparticles adsorption range.

Langmuir model describes the monolayer sorption pro-
cess onto the adsorbent surface with specific binding sites.
The linearized form the model equation is given as Freun-
dlich model (Eq. 3) and linear plot of the Freundlich mod-
el is shown in Figure 4 [44].

(3)
In addition, Langmuir model is as follow [45]:
Ce /qe = 1/KLqm +Ce/qm (4)

In Eq. (3), K¢ (Log™!) and n (dimensionless) are Fre-
undlich isotherm constants and indicative of extended ad-
sorbent and the degree of nonlinearity between solution
concentration (C) and adsorption (q), respectively. More-
over, the plot of In g, versus In C, for the adsorption was
employed to generate Ky and n from the intercept and the
slope values, respectively. Furthermore, in Eq. (4), q,, is
the monolayer adsorption capacity of the adsorption (mol
- g1; and K| is the Langmuir constant (L mol™'), and is
related to the free energy of adsorption. Besides, the plot of
1/q. versus 1/C, for the adsorption of Ni onto modified
biomass shows a straight line of slope, 1/q,,, Ky, and inter-
cept, 1/qy,. In order to determine the variability of adsorp-
tion, a dimensionless constant called as separation param-
eter (R;) was used that is defined as follow:

(5)

Where C, is the highest initial Ni concentration
(mol.LY). The value of separation parameter indicates the
shape of isotherm to be either favorable (0 < Ry < 1), unfa-
vorable (R; > 1), linear (R} = 1) or irreversible (R; = 0)
[46]. Furthermore, the linear plot of the Freundlich model
can be seen in Figure 4.
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2. 5. Adsorption Kinetics

Batch adsorption kinetics of Ni (II) uptake was ex-
amined by using the pseudo-first-order kinetic model of
Lagergren and the pseudo-second-order kinetic model in-
tra-particle diffusion model at different temperatures. The
adsorption capacity (q,, mg/g) at any time using was calcu-
lated based on the following equation

(6)

where Cy and Ct (mg L) are the concentrations of Ni ion
at initial and any time t, respectively. V (L) is the solution
volume and m (g) represents the mass of adsorbent.

The equation (7) shows Lagergren pseudo-first-or-
der kinetic model and linearized pseudo-first order plots
of Langmuir are illustrated in Figure 5.3

(7)

In addition, the equation (8) shows Lagergren pseu-
do-second-order kinetic model and linearized pseu-
do-second order plots of Langmuir, an illustration of this
plot can be seen in Figure 3.3

(8)

In Eq. (7), q. and q; are the adsorption capacities of
adsorbent material at equilibrium, and time t (mg g™!), re-
spectively. Besides, k; is the rate constant for pseu-
do-first-order adsorption (min!). In Eq. (8), (mg g™!) and
k, (g mg™! min™!) are the maximum adsorption capacity
and the equilibrium rate constant for the pseudo-sec-
ond-order adsorption, respectively.

Figure 6. FT-IR study of kombucha.

Figure 5. Linear plot of the Langmuir model.

3. Results and Discussion
3. 1. FTIR Investigation

The FTIR spectra of kombucha achieved in the
range of 400-4000 cm™' which providing information
about its molecular structure and respective physi-
cal-chemical properties. As shown in Figure 6, the broad
adsorption band in the wavelengths interval 3000-3500
cm™! is characteristic to ~OH stretching vibration in-
volved in inter and intramolecular hydrogen bonds, while
peaks at N-H group appear at around 3400 cm™'. The ad-
sorption bands between 1636 cm™! corresponds to C = O
stretch bands. A significant increase of the absorption
band at around 1400 cm™! assigned to the C-N stretching
and the absorption band at 1362 cm™! specific for C-H
deformation.
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3. 2. The Effect Solution pH

pH is an important parameter in the adsorption of
metal ions from aqueous solutions. The effect of pH was
conducted by mixing bio reactor of the adsorbent with 50
ml Ni (IT) solution (20 mg/L). HCI or NaOH was utilized
in order to keep the pH in the range of 3-9 throughout the
experiments. At lower pH values, Ni (II) ion removal was
inhibited, because at lower pH’s, the medium contains a
high concentration of hydrogen ions, therefore competi-
tion between H* and Ni?* ions for the available adsorp-
tion sites could be possible. The effect of pH on the re-
moval rate of Ni?* from aqueous solution that calculated
by equation 1, is presented in the Figure 7. As can be seen,
the removal of nickel (II) ion increased with increase in
the pH and reached a maximum at pH equals 7. Besides
the percentage of Ni removal rate was observed to be
changed sharply between pH 3 and pH 9 (from the per-
centage removal of 93.6 % to 66.38 %). Furthermore, at
pH’s greater than 7, the adsorption of Ni (II) ions decreas-
es due to the precipitation of nickel hydroxide, resulting
from Ni (II) ions reacting with hydroxide ions. Moreover,
the suspension was shaken for 5 min at the temperature of
25 °C and the optimum condition was found to be at the
pH equals 7. In further works, the pH of the solutions was
adjusted by using citrate buffer volume (ml). In addition,
effect solution pH on Ni (II) ions removal rate can be seen
in Figure 7.

In fact, there is a competition between nickel ions
and hydrogen cation in order to occupy active sites within
the absorbent. If these sites become occupied with hydro-
gen cation, there would be no active sites for nickel ions
which can reduce the recovery of adsorption. At high pH
values (pH > 7), hydrogen cation content is low, while the
hydroxyl (-OH) content inside the solution is high. In this
matter, there would be no competition between hydrogen
cations and nickel ions, thereby the active sites become oc-
cupy with nickel ions which can improve the removal rate.

Figure 7. Effect of initial solution pH of Ni (II) ions on removal ef-
ficiency.

Moreover, at higher pH values, a majority of hydroxide an-
ions create a complex with nickel ions and thence these
ions deposit and accumulate in the solution.

3. 3. The Effect of Contact Time

The effect of contact time on the performance of
Kombucha Scobies in matter of Ni (II) adsorption was in-
vestigated separately. The solution pH and Kombucha Sco-
by dosage were fixed at their obtained optimum values.
Figure 8 shows removal efficiencies for Ni (II) as a func-
tion of bioreactor time (in the range of 1 and 20 min). Ac-
cording to these results, the optimum stirring time for re-
moval by Kombucha Scoby is 15 min. The contact time
between adsorbent and adsorbent is the most important
design parameter that affects the performance of adsorp-
tion processes. These data indicate that adsorption started
immediately upon adding the Kombucha Scoby to the dye
solution. The removal efficiency of Ni (II) was rapidly in-
creased from 56.81 % in the first minute of contact to 93.88
%, when the stirring time was increased to 15 min and the
equilibrium condition reached.

Figure 8. The effect of contact time on the bioreactor performance.

3. 4. The Effect of Electrolyte on Removal Rate

The effect of electrolyte concentration (adjusted by
KCI) on the adsorption rate of Ni (II) was studied. As can
be seen in Figure 9, the adsorption efficiency of Ni (II) de-
creased within the concentration range of 0.0-1 mol - L™!
of NaCl in the test solution. At higher concentration, nick-
el removal efficiency was decreased. Besides, concentra-
tion rate of 0.0 mol.L™! (91.98 % removal) was used for
further evaluations.

3. 5. The Effect of Solution Temperature on
Removal Rate

The effect of temperature on the adsorption rate of
Ni (II) was examined within the temperature range of (5 to
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Figure 9. The effect of electrolyte on the bioreactor performance.

60) °C. Achieved results indicated that the adsorption rate
of Ni (II) in a 50 ml solution by usage of Kombucha at the
pH of 7 is constant versus variation of temperature. Be-
sides, at higher temperatures, the dye removal efficiency
was decreased. Furthermore, the temperature value of
25 °C (94.5% removal) was used for further works. In ad-
dition, the effect of contact time on the nickel (II) remov-
al rate and final adsorbent on Kombucha Scoby can be
seen in Figure 10.

Figure 10. The effect of solution temperature on the bioreactor per-
formance.

3. 6. Isothermal Adsorption Modeling

The capacities of Kombucha Scoby for adsorption of
Ni (II) ions were examined by measuring the initial and
final concentration of Ni (II) at the pH and temperature
values of 7 and 25 °C in a batch bioreactor system, respec-
tively. Both Langmuir and Freundlich adsorption iso-
therms were used to normalize the adsorption data. The
correlation of ion adsorption data with the Langmuir iso-
therm model was higher (with R? values of 0.9992) than
the Freundlich model (R? = 0.9522). This implies mono-

layer absorption of nickel ions onto active sites of biosor-
bent.

Besides, the maximum predictable adsorption ca-
pacity of Ni (II) ions is defined to be 454.54, a view of iso-
thermal adsorption modelling results can be seen in Fig-
ure 11.

Figure 11. Isothermal adsorption modeling results.

3. 7. Kinetic Modelling of Adsorption

To describe the adsorption rate and performance
of Kombucha Scoby, the data obtained from adsorption
kinetic experiments were evaluated using pseudo first
and second-order reaction rate models that give a sum-
mary of these models and constants along with the de-
termination coeflicients for the linear regression plot of
the testing ion. As shown in Figure 12 and 13, higher
values of R? were obtained for pseudo second-order ad-
sorption rate model, indicating that the adsorption rate
of Ni (II) on to the Kombucha Scoby can be described
better, by using of the pseudo-second order than the first
order. This indicates the mechanism of chemical adsorp-
tion.

Figure 12. Results of the pseudo first-order reaction rate model.
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Figure 13. Results of the pseudo second-order rate rather than the
first-order model.

3. 8. Adsorption Mechanism

Based on the results of isotherm and kinetic models
analysis, the mechanism of adsorption for the removal of
Ni ions can be suggested. The Freundlich isotherm model
shows a deviation from straight line indicating that in-
tra-particle diffusion is not the rate-limiting step of the
adsorption mechanism. Meanwhile, the kinetic modelling
results suggest the chemical sorption mechanism is domi-
nated in the adsorption process.

Since kombucha is a complex biological material, it
operates variety of mechanisms under given conditions.
The presence of materials with diverse structures in kam-
bucha presented many functional groups (carboxyl, hy-
droxyl, amino, etc.) embedded on the surface which be
able to interact with nickel ions and responsible for bind-
ing metal ions onto kambucha. In this regard, different
mechanisms may be involved including ion-exchange,
surface complexation, electrostatic interactions, etc. how-
ever, many parameters including pH and temperature can
alter the adsorption mechanism of ions onto the surface.

4. Conclusions

In this study, Kombucha Scoby was used as an appli-
catory adsorbent for the removal of Nickel (II) particles.
The effects of pH, adsorbent dosage, temperature and
time on the adsorption rate were studied. Besides, high
adsorption capacity was obtained at low pH values. Fur-
thermore, the adsorption kinetics and equilibrium data fit
well with the pseudo second-order model and Langmuir
model respectively. Moreover, usage of Kombucha Scoby
in a bioreactor with 4 adsorption cycles and at pH = 7,
indicated that this bacteria is very effective for removal of
Ni (II) ions from aqueous solution. By comparison of this
method with the conventional activated sludge system,
the Kombucha Scoby system requires smaller bacteria
area and produces a better quality treated water reusable

in the industry. With the obvious advantages of the biore-
actor technology, it shall gradually replace the conven-
tional activated sludge system in large industrial plants.
Besides, by usage of this bacteria, not only the Ni particles
can be removed from the suspension but also some prod-
ucts such as alcohol (usually under 2.5%), substantial ace-
tic acid (vinegar), ethyl acetate, glucuronic acid and lactic
acid can be added to the suspension. In fact, further eval-
uations showed that low cost Kombucha system can re-
move the Nickel (II) of about 94.5%, while along with an-
timicrobial performance of kombucha system, this
proposed method can be adapted for waste water purifica-
tion and restoration of polluted environment via cost af-
fordable method.
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Kombuc¢a (ang. Kombucha Scoby) imenujemo zdruzbo sestavljeno iz bakterij in kvasovk na nosilcu iz celuloznih vlaken,
ki ima edinstvene lastnosti uporabne na mnogih podro¢jih. Poleg antimikrobnih in antitoksi¢nih lastnosti kombuce, jo
lahko uporabimo v reaktorjih za odstranjevanje tezkih kovin iz onesnazenih voda. Cilj $tudije je bil preuciti moZznost
odstranjevanja Ni (II) ionov iz odpadnih vod s pomo¢jo kombuce pri razli¢nih pH vrednostih, ¢asu, temperature, razto-
pni elektrolitov, volumnu pufra in vrsti. Eksperimenti adsorpcije so pokazali, da je maksimalna kapaciteta vezave Ni (II)
ionov dosezena pri pH vrednosti 7, kontaktnem ¢asu 15 min in temperaturi 25 °C. Pod optimalnimi pogoji se adsorbira
94.5 % Ni (II) ionov, kar kaZe na znaten potencial kombuce pri odstranjevanju tezkih kovin. Ravnotezne rezultate lahko
ucinkovito opisemo z Langmuirjevo izotermo na osnovi ¢esar je bila dolo¢ena maksimalna kapaciteta vezave, ki znasa
454.54 mg/g pri 25 °C. Kinetiko adsorpcije Ni (II) ionov na kombuco smo uspe$no opisali z modelom pseudo-drugega

reda.
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able interest in recent years because of their unique struc-
ture and wide range of applications.! Heterocyclic com- ry,® antitubercular,’ anticancer,'? antineoplastic,
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Abstract

A facile and simple protocol for the [3+2] cycloaddition

of alkyl nitriles (RCN) with sodium azide (NaN3) in the

presence of copper bis(diacetylcurcumin) 1,2-diamin-

obenzene Schiff base complex, SiO,-[Cu-BDACDABSBC]

as a heterogeneous catalyst in the presence of ascorbic

acid and a solution of water/i-PrOH (50:50, V/V) media

at reflux condition is described. The supported catalyst

was prepared by immobilization of a copper bis(diace-

tylcurcumin) 1,2-diaminobenzene Schiff base complex

[Cu-BDACDABSBC] on silica gel. The complex has high

selectivity, catalytic activity, and recyclability. The signifi-

cant features of this procedure are high yields, broad sub-

strate scope and simple and efficient work-up procedure.

According to this synthetic methodology, excellent yields

of 5-substituted 1H-tetrazoles having bioactive N-het-

erocyclic cores were synthesized. The in vitro antifungal

activities of title compounds were screened against var-

ious pathogenic fungal strains, such as Candida species

involving C. albicans, C. glabrata, C. krusei, C. parapsilosis as well as filamentous fungi like Aspergillus species consisting
of A. fumigatus and A. flavus. The molecular docking analysis is discussed for one most potent compound against fungi.
The docking study determined a remarkable interaction between the most potent compounds and the active site of My-
cobacterium P450DM.

Keywords: ‘Click’ cycloaddition; tetrazoles; heterogeneous catalyst; antifungal activity; docking studies.

1. Introduction

pounds exhibiting tetrazole structures are known as bioac-

tive compounds, encompassing a broad spectrum of bio-

Tetrazole and its derivatives have attracted consider- logical activities such as antihypertensive,? antibacteria
antifungal,® anticonvulsant,® analgesics,” anti-inflammato-
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Figure 1. Structure of some of known tetrazol derivatives

lergic,'? antiviral,’®> and especially anti-HIV activities.!*

They play important roles in coordination chemistry as li-
gands,’® in medicinal chemistry as lipophilic spacers and
metabolically stable surrogates for the carboxylic acid
group and cis-amide bond,'¢ also in the photographic in-
dustry,!” in agriculture as plant growth regulators.'® This
synthetic heterocyclic nitrogen-rich compounds are also
useful synthons in synthetic organic chemistry.!® In addi-
tion, the syntheses of tetrazole moieties are very essential
in modern medicinal chemistry, since they can behave as
bioisosters for carboxylate moieties. Angiotensin (II)
blockers often contain tetrazole cores, as losartan and can-
desartan.?®  3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromid (MTT) is a well-known tetrazole useful
for evaluating cell metabolic activity (Figure 1).21:22

The different preparative methods for synthesis of
tetrazoles are well documented. The traditional synthesis
of 5-substituted 1H-tetrazoles is conducted via [3+2] cyc-
loaddition of azides to the corresponding nitriles, as devel-
oped by Sharpless and coworkers.?> However, several syn-
thetic approaches have been determined so far that mostly
proceed through the non-concerted types of mecha-
nisms.?* Many homogeneous and heterogeneous catalysts
were developed for the synthesis of tetrazoles such as
Cu, 0,2 AlCl3,% BF;-OFEt,,”” Pd(PPhs)y,?® Yb(OTY)s,%
Zn(OTf);,3° CuSO,4>! and boron azides,?? also several het-
erogeneous catalyst systems, such as silica-supported
FeCl;,3* ZnS nanospheres,* zinc hydroxyapatite,®> Cu-Zn
alloy nanopowder,*® Zn/Al hydrotalcite,?” Sb,03,%® metal
tungstates,*® CdCl,,*? y-Fe,05,% and natural natrolite zeo-
lite*? were reported.

The copper-based complexes have undeniable roles
in ‘Click’ chemistry; so far various solid compounds were
used to support the copper species containing alumina,
charcoal, silica gel and zeolites. Recently, the improvement
of complexes supported on silica gel has received a great
attention,*? because silica gel as an inorganic support has a
high surface area (5-800 m? kg~!) compared with other
inorganic supports and silica gel consequently ranks at the
top of the list of solids with high-surface areas.**-4¢ The

development of complexes supported on silica gel has re-
ceived considerable attention, because industry seeks
more eco-friendly chemical manufacturing processes.’~4°

Immobilization of organometallic complexes or ho-
mogenous catalysts on inorganic supports seems to be an
appropriate approach to improve their stability, reactivity
and selectivity. This method obtained the remarkable at-
tention due to the ability of both, to facilitate the catalyst
separation and its recycling.’%->¢

The chemical structure of curcumin was discovered
by Milobedzka and coworkers. Curcumin as a tautomeric
form is diarylheptanoic compound, which represents nat-
ural phenols responsible for turmeric’s yellow color.”” The
presence of the aromatic ring systems, which are phenols,
and connected by two a,p-unsaturated carbonyl groups
allows the possibility of grafting with many biomolecules,
organic and inorganic materials. Curcumin possesses very
interesting pharmacological and biological properties ex-
hibiting a variety of biological activities.”®~>° The heterocy-
clic N,O-donor Schiff base ligands display a great role in
the development of coordination chemistry because they
easily form complexes with most of the transition metal
ions.50-61

The incidence of opportunistic fungal infections has
remarkably increased in recent years by normal flora fungi
or acquired from the environment, especially Candida and
Aspergillus species in immunocompromised or immuno-
suppressed patients.®?%* Increasing of opportunistic
pathogenic fungal infections in these patients has become
one of the most essential challenges for medicine. To date,
it was observed that some of these fungi have become re-
sistant to the established drugs, despite the introduction of
new antifungal agents.®>~%¢ Numerous antifungal drugs are
available, such as: azoles (fluconazole, voriconazole and
itraconazole) which are considered as the first-line therapy
in current clinical use.5’-%° However, the discovery of new
antifungal drugs particularly for the treatment of opportu-
nistic pathogenic fungal infections is critically essential.

Since the considerable therapeutic activities of
N-heterocyclic compounds’ were demonstrated and also
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in continuation of our interest in discovering copper(II)
Schiff base complexes’! 72 and the new N-heterocyclic bio-
active compounds,’>~7® herein we report the application of
a suitable and reusable Cu(II)-curcumin complex support-
ed on silica gel and ascorbic acid as the reducing agent.
This heterogeneous catalyst system exhibits a potent cata-
Iytic activity for the synthesis of some 5-substituat-
ed-1H-tetrazole derivatives tethered to bioactive N-het-
erocyclic cores.

2. Experimental
2. 1. General

All preliminary chemicals and solvents were pur-
chased from Fluka or Merck. The catalyst was prepared
according to the reported procedure®® Reactions were
monitored by TLC using SILG/UV 254 silica-gel plates.
Column chromatography was performed on silica gel 60
(0.063-0.200 mm, 70-230 mesh; ASTM). IR spectra were
measured using a Shimadzu FT-IR-8300 spectrophotome-
ter. 'H and *C NMR spectra were obtained on Bruker
Avance-DPX-250/400 spectrometer operating at 250/62.5
and/or 400/100 MHz, respectively. Chemical shifts are giv-
en in § relative to tetramethylsilane (TMS) as the internal
standard, coupling constants J are given in Hz. Abbrevia-
tions used for 'H NMR signals are: s = singlet, d = doublet,
t = triplet, q = quartet, m = multiplet, br = broad. Elemen-
tal analyses were performed on a Perkin-Elmer 240-B mi-
cro-analyzer.

2. 2. General Procedure for Immobilization
of [Cu-BDACDABSBC] on Silica Gel

To a solution of [Cu-BDACDABSBC] (1.28 g, 1
mmol) in anhydrous dimethyl sulfoxide (55 mL), it was
added a fresh and active silica gel (0.6 g, 10 mmol) in
0.063-0.200 mm or 70-230 mesh size, then the mixture
was sonicated for 1 h and stirred at room temperature for
48 h. Afterward, the resulting precipitate was filtered off
and the solid residue (catalyst) was washed with dimethyl
sulfoxide (2 x 50 mL), methanol (3 x 50 mL) and ether (2
x 50 mL), dried in vacuum oven at 60 °C for 4 h and stored
in a refrigerator.

2. 3. General Procedure for the Preparation
of Alkyl Nitriles 1a-o

To a round bottom flask (100 mL), equipped with a
condenser, was added N-heterocyclic compound (0.01
mol), 3-chloroacetonitrile or 2-chloropropanenitrile
(0.013 mol), K,CO; (0.01 mol), Et;N (0.01 mol), and a cat-
alytic amount of TBAI (0.1 g) in anhydrous MeCN (40
mL). The reaction mixture was refluxed until TLC moni-
toring indicated no further progress in the conversion. The
solvent was evaporated in vacuo to remove the solvent. To

continue, the remaining foam was dissolved in CHCl; (100
mL) and subsequently washed with water (2 x 100 mL).
The organic layer was dried (Na,SO,) and evaporated. The
crude product was purified by column chromatography on
silica gel. The catalyst was filtered off, washed with THF/
H,O (5 x 10 mL) and the filtrate was evaporated under
vacuum to remove the solvent. The remaining foam was
dissolved in CHCI; (100 mL) and subsequently washed
with water (2 x 100 mL). The organic layer was dried (Na-
,S0,) and evaporated. The crude product was purified by
column chromatography on silica gel and eluted with
proper solvents.

2. 4. General Procedure for the Catalytic Test

In a double-necked round bottom flask (100 mL)
equipped with a condenser was added a mixture consist-
ing of alkyl nitrile (0.01 mol), NaNj3 (0.015 mol), and SiO,-
[Cu-BDACDABSBC] (0.05 mol %) in H,O/i-PrOH (1:1
V/V, 50 mL). The mixture was heated at reflux until TLC
monitoring indicated no further improvement in the con-
version (Table 4). The reaction mixture was then cooled to
room temperature, vacuum-filtered and the residue was
washed with ethyl acetate (2 x 20 mL). To achieve pH 3,
the filtrate was treated with 5 N HCI and stirred at room
temperature for 30 minutes. Subsequently, the organic lay-
er was separated, dried over anhydrous Na,SO, and evap-
orated in vacuo. The crude product was purified by col-
umn chromatography on silica gel eluted with proper sol-
vents and/or recrystallization was applied. Characteriza-
tion data of all synthesized compounds are described be-
low.

((LH-Tetrazol-5-yl)methyl)-2-methyl-1H-benzo[d]imi-
dazole (2a)

Recrystallization (EtOAc) afforded a creamy solid;
yield: 1.71 g (80%); mp >300 °C (dec.); Ry= 0.25 (EtOAc-
MeOH, 1:1); IR (KBr): 3384, 3100, 2982, 1619, 1580, 1480
cm™'; 'TH NMR (250 MHz, DMSO-d,): 8 7.57-7.46 (m, 2H,
aryl), 7.16-7.08 (m, 2H, aryl), 5.46 (s, 2H, NCH,), 4.55 (s,
1H, exchangeable with D,0O, NH, tetrazole), 2.67 (s, 3H,
CH;); 3C NMR (250 MHz, DMSO-dg): 8 17.90, 49.18,
115.53, 116.64, 121.56, 123.05, 134.72, 140.35, 151.27,
158.41; MS (EI): m/z (%) 214 (11.4) [M*]. Anal. Calcd for
CyoH,oNg: C, 56.07; H, 4.71; N, 39.23. Found: C, 56.19; H,
4.62; N, 39.35.

((1H-Tetrazol-5-yl)methyl)-1H-benzo[d]imidazole (2b)

Recrystallization (EtOAc) afforded a yellow solid;
yield: 1.80 g (90%); mp 235-240 °C (dec.); Ry= 0.25 (EtO-
Ac-MeOH, 1:1); IR (KBr): 3385, 3100, 2968, 2800, 1616,
1462, 1410 cm™'; '"H NMR (250 MHz, DMSO-dy): § 8.28
(s, 1H, C(2)-H, benzimidazole), 7.64-7.61 (m, 2H, aryl),
7.22-7.13 (m, 2H, aryl), 5.55 (s, 2H, NCH,), 2.51 (s, 1H,
exchangeable with D,0, NH, tetrazole); '*C NMR (250
MHz, DMSO-dy): 6 51.70, 116.65, 117.85, 122.22, 123.25,
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133.61, 137.50, 145.60, 155.69; MS (EI): m/z (%) 200 (14.5)
[M*]. Anal. Calcd for CgHgNg: C, 53.99; H, 4.03; N, 41.98.
Found: C, 54.06; H, 4.15; N, 41.92.

((2-Methyl-4-nitro-1H-imidazol-1-yl)methyl)-1H-tet-
razole (2¢)

Column chromatography (silica gel, EtOAc-MeOH,
1:1) afforded a brown solid; yield: 1.56 g (75%); mp 208-
212 °C (dec.); Ry = 0.31 (EtOAc-MeOH, 1:1); IR (KBr):
3350, 3128, 2900, 1645, 1500, 1456, 1300 cm™}; 'H NMR
(250 MHz, DMSO-dg): 8§ 8.30 (s, 1H, C(5)-H, imidazole),
5.40 (s, 2H, NCH,), 4.40 (s, 1H, exchangeable with D,0,
NH, tetrazole), 2.43 (s, 3H, CH;); '*C NMR (250 MHz,
DMSO-dy): § 15.74, 48.22, 121.10, 147.82, 153.09, 160.97;
MS (EI): m/z (%) 209 (8.1) [M?]. Anal. Calcd for
C¢H,N,0,: C, 34.45; H, 3.37; N, 46.88. Found: C, 34.38; H,
3.42; N, 46.94.

((2-Phenyl-1H-imidazol-1-yl)methyl)-1H-tetrazole (2d)

Recrystallization (EtOAc) afforded a bright brown
solid; yield: 1.92 g (85%); mp 216-220 °C (dec.); Rr=0.33
(EtOAc-MeOH, 1:1); IR (KBr): 3280, 3150, 2937, 2850,
1653, 1476 cm™!; 'H NMR (250 MHz, DMSO-dq): 8 7.94-
7.91 (m, 2H, aryl), 7.58-7.46 (m, 3H, aryl), 7.20 (s, 1H,
C(4)-H, imidazole), 6.95 (s, 1H, C(5)-H, imidazole), 5.28
(s, 2H, NCH,), 2.50 (s, 1H, exchangeable with D,0, NH,
tetrazole); 3C NMR (250 MHz, DMSO-d;): § 49.07,
121.03, 125.54, 127.07, 127.46, 129.68, 131.07, 152.18,
160.14; MS (EI): m/z (%) 226 (17.3) [M*]. Anal. Calcd for
C,,H,oNg: C, 58.40; H, 4.46; N, 37.15. Found: C, 58.31; H,
4.58; N, 37.02.

((1H-Tetrazol-5-yl)methyl)-1,3-dimethyl-1H-purine-
2,6(3H,7H)-dione (2¢)

Recrystallization (EtOAc-MeOH) afforded a brown
solid; yield: 2.46 g (94%); mp >300 °C (dec.); Ry = 0.27
(EtOAc-MeOH, 1:1); IR (KBr): 3391, 2996, 1720, 1705,
1690, 1650, 1375 cm™'; 'H NMR (250 MHz, DMSO-dy): §
8.38 (s, 1H, exchangeable with D,0, NH, tetrazole), 7.39
(s, 1H, C(8)-H, theophylline), 5.04 (s, 2H, NCH,), 2.59 (s,
3H, N(1)-CH,), 2.31(s, 3H, N(3)-CH,); '*C NMR (250
MHz, DMSO-dy): 6 27.30, 31.18, 47.34, 104.91, 144.41,
149.32,151.57, 154.19, 159.10; MS (EI): m/z (%) 263 (10.7)
[M*]. Anal. Caled for CoH,(NgO,: C, 41.22; H, 3.84; N,
42.73. Found: C, 41.28; H, 3.80; N, 42.81.

((1H-Tetrazol-5-yl)methyl)pyrimidine-2,4(1H,3 H)-di-
one (2f)

Recrystallization (EtOAc) afforded a creamy solid;
yield: 1.55 g (80%); mp 285-290 °C; Ry = 0.09 (EtOAc-
MeOH, 1:1); IR (KBr): 3365, 3129, 2876, 1723, 1706,
1650, 1458 cm™'; 'H NMR (250 MHz, DMSO-d): § 11.37
(s, 1H, exchangeable with D,0, NH, uracil), 7.67 (d, 1H,
J=7.5Hz, C(6)-H, uracil), 5.70 (d, 1H, = 7.5 Hz, C(5)-H,
uracil), 5.07 (s, 2H, NCH,), 4.07 (s, 1H, exchangeable
with D,0, NH, tetrazole); *C NMR (250 MHz,

DMSO-dg): & 47.32, 103.40, 142.15, 151.57, 156.46,
161.72; MS (EI): m/z (%) 194 (10.8) [M*]. Anal. Calcd for
CeHgN4Oy: C, 37.12; H, 3.11; N, 43.29. Found: C, 37.24;
H, 3.26; N, 43.24.

((1H-Tetrazol-5-yl)methyl)-9H-purin-6-amine (2g)

Recrystallization (EtOAc) afforded a creamy solid;
yield: 1.71 g (79%); mp >300 °C (dec.); Ry= 0.25 (EtOAc-
MeOH, 1:1); IR (KBr): 3328, 3100, 2853, 1676, 1520, 1471
cm™'; 'TH NMR (250 MHz, DMSO-d,): 6 8.12 (s, 1H,
C(8)-H, adenine), 8.05 (s, 1H, C(2)-H, adenine), 7.17 (s,
2H, exchangeable with D,0, NH,), 5.42 (s, 2H, NCH,),
4.80 (s, 1H, exchangeable with D,0, NH, tetrazole); 13C
NMR (250 MHz, DMSO-d,): § 54.31, 118.43, 139.90,
147.78, 151.57, 155.69, 162.84; MS (EI): m/z (%) 217 (9.5)
[M*]. Anal. Calcd for C;H,Ny: C, 38.71; H, 3.25; N, 58.04.
Found: C, 38.63; H, 3.18; N, 58.12.

((1H-Tetrazol-5-yl)methyl)isoindoline-1,3-dione (2h)

Recrystallization (EtOAc) afforded a creamy solid;
yield: 2.08 g (91%); mp 245-249 °C; Rf = 0.47 (EtOAc-
MeOH, 1:1); IR (KBr): 3370, 3068, 2981, 1766, 1700, 1660,
1495 cm™!; 'H NMR (250 MHz, DMSO-dq): § 7.90-7.85
(m, 4H, aryl), 4.87 (s, 2H, NCH,), 4.04 (s, 1H, exchange-
able with D,0, NH, tetrazole); 3C NMR (250 MHz,
DMSO-d): 6 42.20, 127.27,131.49, 133.48, 157.10, 167.81;
MS (EI): m/z (%) 229 (15.9) [M*]. Anal. Calcd for
C,oH,N;0,: C, 52.40; H, 3.08; N, 30.56. Found: C, 52.48;
H, 3.01; N, 30.69.

((1H-Tetrazol-5-yl)methyl)benzo[d]isothiazol-3(2H)-
one 1,1-dioxide (2i)

Recrystallization (EtOAc) afforded a pale-yellow sol-
id; yield: 2.12 g (80%); mp 225-229 °C (dec.); Rf =0.18
(EtOAc-MeOH, 1:1); IR (KBr): 3324, 3050, 2976, 1715,
1600, 1460, 1321, 761 cm™; 'H NMR (250 MHz,
DMSO-dg): 6§ 7.84-7.45 (m, 4H, aryl), 4.44 (s, 2H, NCH,),
2.51 (s, 1H, exchangeable with D,0, NH, tetrazole); 13C
NMR (250 MHz, DMSO-dg): 6 39.52, 126.32, 126.88,
127.33, 131.63, 132.06, 139.30, 156.66, 169.10. MS (EI):
m/z (%) 265 (19.7) [M*]. Anal. Calcd for C,,HgN,O5S: C,
45.45; H, 3.05; N, 21.20; S, 12.13. Found: C, 45.56; H, 3.11;
N, 21.14; S, 12.25.

(2-(2-Methyl-4-nitro-1H-imidazol-1-yl)ethyl)-1H-tet-
razole (2j)

Column chromatography (silica gel, EEOAc-MeOH,
1:1) afforded a creamy solid; yield: 1.74 g (78%); mp 210-
215 °C; Ry = 0.23 (EtOAc-MeOH, 1:1); IR (KBr): 3358,
3100, 2965, 1653, 1525, 1460, 1345 cm™!; 'H NMR (250
MHz, DMSO-d): § 8.26 (s, 1H, C(5)-H, imidazole), 4.27
(t, 2H, ] = 7.2 Hz, NCH,), 3.61 (s, 1H, exchangeable with
D,0, NH, tetrazole), 3.12 (t, 2H, ] = 7.2 Hz, NCH,CH,),
2.21 (s, 3H, CH;); *C NMR (250 MHz, DMSO-dy): §
15.99, 27.43, 52.03, 121.49, 148.55, 153.83, 163.97;
MS (EI): m/z (%) 223 (10.6) [M']. Anal. Calcd for
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CyH,;N5O,: C, 48.86; H, 5.01; N, 31.66. Found: C, 48.94;
H, 5.13; N, 31.59.

5-(2-(2-Phenyl-1H-imidazol-1-yl)ethyl)-1H-tetrazole
(2k)

Recrystallization (EtOAc) afforded a creamy solid;
yield: 1.92 g (80%); mp 250-255°C (dec.); Ry = 0.38
(EtOAc-MeOH, 1:1); IR (KBr): 3300, 3050, 2960, 1650,
1485 cm™!; 'H NMR (250 MHz, DMSO-dy): 6 7.58-7.44
(m, 5H, aryl), 7.32 (s, 1H, C(4)-H), 6.95 (s, 1H, C(5)-H),
4.29 (t, 2H, J = 7.5 Hz, NCH,), 3.07 (t, 2H, ] = 7.5 Hz,
NCH,CH,), 1.98 (s, 1H, exchangeable with D,0, NH,
tetrazole); >*C NMR (250 MHz, DMSO-dg): § 30.01, 54.59,
120.83, 125.87, 126.30, 127.05, 127.27, 130.29, 149.77,
155.14; MS (EI): m/z (%) 240 (15.8) [M*]. Anal. Calcd for
C,H,,N¢: C, 59.99; H, 5.03; N, 34.98. Found: C, 60.07; H,
5.16; N, 34.87.

(2-(1H-Tetrazol-5-yl)ethyl)-1H-benzo[d]imidazole (21)

Recrystallization (EtOAc) afforded a brown solid;
yield: 1.79 g (84%); mp 300-304 °C (dec.); Ry = 0.70
(EtOAc-MeOH, 1:1); IR (KBr): 3326, 3100, 2926, 1653,
1501, 1470 cm™; '"H NMR (250 MHz, DMSO-dy): 6 8.10
(s, 1H, C(2)-H, benzimidazole), 7.62-7.55 (m, 2H, aryl),
7.24-7.14 (m, 2H, aryl), 4.55 (t, 2H, ] = 6.5 Hz, NCH,),
3.17 (t, 2H, ] = 6.5 Hz, NCH,CH,), 2.51 (s, 1H, exchange-
able with D,0O, NH, tetrazole); *C NMR (250 MHz,
DMSO-dy): 6 31.15, 60.59, 116.19, 117.33, 124.12, 125.22,
134.64, 138.76, 149.31, 161.72; MS (EI): m/z (%) 214 (12.7)
[M*]. Anal. Calcd for C;yH;(Ng: C, 55.94; H, 4.63; N,
39.14. Found: C, 55.83; H, 4.75; N, 39.28.

2-(2-(1H-Tetrazol-5-yl)ethyl)isoindoline-1,3-dione (2m)

Recrystallization (EtOAc) afforded a creamy solid;
yield: 2.11 g (87%); mp >300 °C (dec.); Ry=0.70 (EtOAc~
MeOH, 1:1); IR (KBr): 3374, 3063, 2950, 1772, 1620,
1510, 1458 cm™'; 'H NMR (250 MHz, DMSO-d,): § 7.28—
7.09 (m, 4H, aryl), 4.34 (t, 2H, ] = 7.2 Hz, NCH,), 3.46 (s,
1H, exchangeable with D,0O, NH, tetrazole), 3.08 (t, 2H, J
= 7.2 Hz, NCH,CH,); *C NMR (250 MHz, DMSO-d,): §
27.64, 42.69, 126.35, 131.64, 134.28, 159.48, 167.02; MS
(ED): m/z (%) 243 (13.9) [M*]. Anal. Calcd for C,;;H-
oNsO,: C, 54.32; H, 3.73; N, 28.79. Found: C, 54.43; H,
3.82; N, 28.86.

1-(2-(1H-Tetrazol-5-yl)ethyl)-4-phenylpiperazine (2n)
Column chromatography (silica gel, EtOAc-n-hex-
ane, 1:1) afforded a bright brown solid; yield: 2.35 g (91%);
mp >300 °C (dec.); R = 0.23 (EtOAc-MeOH, 1:1); IR
(KBr): 3340, 3100, 2992, 1659, 1653, 1476 cm~!; 'H NMR
(250 MHz, DMSO-dg): § 7.26-7.20 (m, 2H, aryl), 6.91-
6.81 (m, 3H, aryl), 4.96 (s, 1H, exchangeable with D,0,
NH, tetrazole), 3.83 (t, 2H, J = 6.5 Hz, CH,), 3.09 (t, 2H, |
= 7.2 Hz, CH,), 2.72-2.65 (m, 8H, 4 CH,); 13C NMR (250
MHz, DMSO-dy): § 28.22, 49.15, 52.27, 56.11, 114.32,
119.58, 130.51, 150.05, 160.23; MS (EI): m/z (%) 258 (19.7)

[M*]. Anal. Caled for C;3H gNg: C, 60.44; H, 7.02; N,
32.53. Found: C, 60.31; H, 7.08; N, 32.61.

7-(2-(1H-Tetrazol-5-yl)ethyl)-1,3-dimethyl-1H-purine-
2,6(3H,7H)-dione (20)

Column chromate-graphy (silica gel, MeOH) afford-
ed a brown foam; yield: 2.34 g (85%); Ry = 0.15 (EtOAc-
MeOH, 1:1); IR (KBr): 3300, 2985, 1716, 1702, 1693, 1658,
1379 cm~'; 'H NMR (250 MHz, DMSO-d,): § 7.86 (s, 1H,
C(8)-H, theophylline), 4.55 (t, 2H, ] = 5.7 Hz, NCH,), 3.41
(t,2H, J = 5.7 Hz, NCH,CH,), 3.27 (s, 3H, N(1)-CH,), 3.09
(s, 3H, N(3)-CHj;), 2.54 (s, 1H, exchangeable with D,0,
NH, tetrazole); '*C NMR (250 MHz, DMSO-dy): § 20.17,
31.08, 32.38, 34.54, 106.39, 136.89, 145.91, 147.79, 154.58,
159.86; MS (EI): m/z (%) 276 (20.7) [M+]. Anal. Calcd for
C,oH,,N5O,: C, 43.48; H, 4.38; N, 40.56. Found: C, 43.59;
H, 4.27; N, 40.61.

3. Results and Discussion
3. 1. Chemistry of Synthesized Compound

Initially, we prepared an active catalyst according to
the procedure reported in the literature®® as shown in
Scheme 1. First, curcumin (3) and acetic anhydride (4)
were stirred in dry pyridine, the yellow crude product
was collected and recrystallized from EtOAc/n-hexane
(60/40) to give diacetylcurcumin (DAC (5)) in 95% yield.
Then, DAC (452 mg, 1 mmol) and benzaldehyde (108
mg, 1 mmol) were dissolved in alcoholic media in the
presence of a catalytic amount of piperidine and which
readily afforded Ben-acetyl-curcumin ligand (6) in a
good yield (76%). Afterwards, for preparation of Cu(™
complex 7, in a conical flask, copper(Il) chloride (1
mmol) and orthophenylenediamine (109 mL, 1 mmol)
was refluxed in methanol for about 3 h. To the above
solution, benzilidene-acetyl curcumin (574 mg, 1 mmol)
(6) in methanol was added and the contents were stirred
for 24 hour. The microcrystalline product formed, after
filtering, the crude was washed with methanol and dried
in vacuo. After synthesis and supporting the catalyst on
silica gel, we applied this heterogeneous catalyst in syn-
thesis of some 1,2,3-triazolyl carbocyclic nucleoside de-
rivatives.

In this methodology, the diverse N-heterocycles in-
cluding imides, xanthines, azoles, purine and pyrimidine
nucleobases react with 3-chloropropanenitrile or 2-chlo-
roacetonitrile, in the presence of an equimolar mixture of
triethylamine and potassium carbonate (TEA)-K,COj; as
the base, and catalytic amount of tetrabutylammonium io-
dide (TBAI) in acetonitrile at reflux conditions to afford
nitriles 1. In continuation, these nitriles were able to per-
form the [3+2] cycloaddition reaction with sodium azide
using SiO,-[Cu-BDACDABSBC] as the catalyst, and
ascorbic acid as the reducing agent, in water-isopropanol
media at reflux condition to yield tetrazoles 2. In most cas-
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Scheme 1. Preparation of SiO,-[Cu-BDACDABSBC].

es, the N-alkylation reactions were completed after reflux-
ing for 48 h (Scheme 2).

The first step of this synthetic approach was repre-
sented by optimization of the reaction conditions. At first,
we carried out the cycloaddition reaction of 2-(2-meth-
yl-1H-benzo[d]imidazol-1-yl) acetonitrile (1a) and sodi-
um azide as the model reaction to afford the 1-((1H-tetra-
zol-5-yl)methyl)-2-methyl-1H-benzo[d]imidazole  (2a)
(Table 1). The 1,3-dipolar cycloaddition of the model reac-
tion was carried out in the presence of ascorbic acid (1

mmol) and SiO,-Cu-BDACDABSBC (0.05 mol %) in H,O
at different temperatures, which afforded 2a in 51% yield
(as the best result) after refluxing for 5 h (Table 1, entry 6).

To study the influence of temperature and H,O, the
model reaction was carried out at different temperatures
(Table 1, entries 2-6). Due to Table 1, an increase in the
temperature resulted in the promotion of cycloaddition
reaction. The best result was obtained when the cycloaddi-
tion reaction was conducted at 100 °C for 5 h (Table 1,
entry 6).
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Scheme 2. Synthesis of 5-substituated-1H-tetrazole derivatives tethered to bioactive N-heterocyclic cores using SiO,-[Cu-BDACDABSBC] and

ascorbic acid.

Table 1. Effect of H,O and temperature on [3+2] cycloaddition re-
action of azide-nitrile using Cu-BDACDABSBC and ascorbic acid
to afford 2a?.

Table 2. Effect of solvent type and temperature on [3+2] cycloaddi-
tion reaction of azide-nitrile using Cu-BDACDABSBC and ascorbic
acid to afford 2a°.

Entry Solvent T°C Time (h) Yield b (%)
1 H,0 RT 24 10
2 H,0 50 10 20
3 H,0 60 8 39
4 H,0 70 8 38
5 H,0 80 6 49
6 H,0 Reflux 5 51

2 Reaction conditions: nitrile (0.01 mol), NaN; (0.015 mol), catalyst
(0.05 mol %), ascorbic acid (1 mmol), H,0(50 mL). ® Isolated yield.

To further optimize the reaction conditions, the in-
fluence of various organic solvents/H,O (V/V) was exam-
ined in the presence of Si0,-Cu-BDACDABSBC (0.05 mol
%) and ascorbic acid at various temperature (Table 2).

From Table 2 it is well demonstrated that the sol-
vent has a significant role in the progress of the reaction.
Among the examined solvents, a mixture of i-PrOH and
water (Table 2, entry 1) afforded the best result, compared
to pure water (Table 1, entry 6), The best ratio of i-PrOH
to water for the progress of the reaction was observed to
be 1:1 (Table 2, entry 2); however other ratios also yield-
ed the product, albeit in lower amounts (Table 2, entries
3, 4). Employing the other mixtures of solvents afforded a
moderate yield of the product over longer periods of time

Entry Solvent T°C  Time (h) Yield® (%)
1 H,0/i-PrOH ¢ R.T. 24 60
2 H,0/i-PrOH ¢ Reflux 4 94
3 H,0/i-PrOH 4 Reflux 6 83
4 H,0/i-PrOH ¢ Reflux 4 65
5 H,0/Me,CO ¢ Reflux 4 36
6 H,0/DMEF ¢ Reflux 7 40
7 H,0/DMSO ¢ Reflux 8 42
8 H,0O/THF ¢ Reflux 8 60
9 H,O/HMPA ¢ Reflux 6 40

10 H,0/NMP © Reflux 5 52
11 H,O/TolueneS f Reflux 24 45
12 DMSO 120 24 56
13 DMF 120 24 58
14 THF Reflux 11 50
15 i-PrOH Reflux 7 52
16 EtOH Reflux 5 45

2 Reaction conditions: nitrile (0.01 mol), NaNj; (0.015 mol), SiO,-
Cu-BDACDABSBC (0.05 mol %), solvent (50 mL). ® Isolated yield.
€50:50 (V/V). 470:30 (V/V). ©30:70 (V/V). fIn the presence of a
catalytic amount (0.16 g, 0.0005 mol) of tetrabutylammonium bro-
mide (TBAB)

(Table 2, entries 5-11). Additionally, when pure aprotic
solvents such as DMSO, DMF, THF (Table 2, entries 12—
14) and i-PrOH and EtOH as protic solvents were used
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alone, moderate yields were obtained (Table 2, entries
15-16).

To investigate the catalytic potency of heterogeneous
SiO,-Cu-BDACDABSBC catalyst and other reported cop-
per catalysts in cycloaddition reactions of azide-nitrile, the
comparative results are summarized in Table 3. As shown
in Table 3, when the reaction was carried out in the ab-
sence of a catalyst, this resulted in only marginal yield as
indicated by GC analysis (<%?7), even if the reaction time
was prolonged (Table 3, entry 1).

Table 3. Comparing the catalytic potency of SiO,-Cu-
BDACDABSBC with various catalysts.?

Entry Catalyst Time (h) Yield ® (%) Ref.
1 - 72 <8 -
2 Cu,0 10 64 [25]
3 AlCl, 10 76 [26]
4 FeCl;-SiO, 24 75 [33]
5 This catalyst 4 94 -

2 Reaction conditions: nitrile (0.01 mol), NaNj; (0.015 mol), catalyst,
H,0/i-PrOH (50 mL). °Isolated yield. ©0.05 mol %.

The potency of different reported heterogeneous or
homogeneous catalysts in tetrazole synthesis was assessed
(Table 3, entries 2-4). As shown in Table 3, higher yield of
2a were obtained and shorter reaction times were neces-
sary when using heterogeneous SiO,-Cu-BDACDABSBC
catalyst (Table 3, entry 5).

To illustrate the scope of this method, we extended
the optimized reaction condition to the cycloaddition re-
action of nitrile 1a with sodium azide (Table 4). As the re-
sults in Table 4 indicate, heterogeneous SiO,-Cu-BDAC-
DABSBC catalyst proved to be useful catalyst for Huisgen
cycloaddition between the structurally diverse p-azido al-
cohols and alkynes. All synthesized compounds 2a-o were
tully characterized, and their structures were confirmed by
'H and *C NMR spectroscopy, elemental analysis, mass
spectrometry and IR spectroscopy methods.

The reusability and recoverability of the SiO,-Cu-
BDACDABSBC catalyst on the sample reaction was stud-
ied during the synthesis of 2a (Table 5). In this connec-
tion, prior to the use and also final testing of the catalyst
for indicating its activity in many subsequent runs, the
catalyst was recycled from the reaction mixture through a
sintered glass funnel (vacuum-filtering). The catalyst was
washed successively with THF or acetone (10 mL) and
dried in a vacuum oven at 80 °C for 30 min.

The catalyst was tested for five consecutive runs and
through each run, no fresh catalyst was added. Further-
more, the ICP analysis has confirmed the reusability of

Table 5. The reusability of SiO,-Cu-BDACDABSBC in successive
runs for the synthesis of 2a.?

Run no. ? Time (h) Yield € (%)
1 4 94
2 4 92
3 4.5 91
4 4.5 91
5 5 88

3 Reaction conditions: nitrile (0.01 mol), NaNj; (0.015 mol), recov-
ered SiO,-Cu-BDACDABSBC, H,0/i-PrOH (50 mL). " The entry
number corresponds to the trial number. ©Isolated yield.

the SiO,-Cu-BDACDABSBC without significant desorp-
tion of Cu species from the silica matrix. As it is well in-
dicated, the amount of leached Cu from SiO,-Cu-BDAC-
DABSBC is extremely negligible (0.06% after five consec-
utive runs).

As the results in Table 5 indicate, the catalyst can be
reused for many consecutive runs without considerable
decrease in its catalytic reactivity.

3. 2. Antifungal Studies

The antifungal activities of 5-substituted-1H-tetra-
zole derivatives against yeasts and filamentous fungi were
evaluated in vitro. The minimal inhibitory concentrations
(MIC:s) of the tested compounds were determined by the
micro broth dilution method in 96-well microplates ac-
cording to the CLSI-M27-A3 and M27-S4 methods for
yeasts®1-82 and CLSI-M38-A2 for filamentous fungi.3® An-
tifungal agents as quality controls including amphotericin
B (AMB) (Bristol-Myers-Squib, Woerden, The Nether-
lands), itraconazole (ITZ) (Janssen Research Foundation,
Beerse, Belgium), voriconazole (VRZ) (Sigma), posacon-
azole (PSZ) (Sigma) and fluconazole (FLZ) (Pfizer, Gro-
ton, CT, USA) were obtained as reagent-grade powders
from the respective manufacturers for the preparation of
CLSI microdilution trays. The standard isolates as quality
controls were obtained from collections of ATCC (Ameri-
can Type Culture Collection); its yeasts consist of: Candida
species [C. albicans (ATCC 10231), C. glabrata (ATCC
2001), C. krusei (ATCC 6258), C. parapsilosis (ATCC
22019)] and filamentous fungi consist of Aspergillus spe-
cies [A. fumigatus (ATCC MYA-2636), A. flavus (ATCC
204304)]. Some tetrazol compounds were dissolved in
DMSO and serially diluted in the standard RPMI-1640
medium (Sigma Chemical Co.) and buffered to pH 7.0
with 0.165 M-morpholinepropanesulfonic acid (MOPS)
buffer (Sigma) and L-glutamine without bicarbonate
(maximum concentration was considered 512 pg/mL for
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Table 4. The synthesized new 1H-tetrazoles using SiO,-Cu-BDACDABSBC?

Entry Nitrile Product® Time (h) Yield € (%)
1 4 94
2 6 90
3 6 75

4 3 80
5 4 95
6 3 82
7 6 80
8 4 91
9 3 79

10 8 79

11 7 82

12 6 85

13 5 85

14 6 93

15 5 90

2 Reaction conditions: nitrile (0.01 mol), NaN; (0.015 mol), SiO,-Cu-BDACDABSBC (0.05 mol %), water/i-PrOH
(50 mL). ® All products were characterized by 'H and '3C NMR, IR, CHN, and MS analysis. ©Isolated yield.
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all compounds). Briefly, the inoculum suspension was
added to each well and incubated at 35 °C. MIC was de-
fined as the minimum inhibitory concentration of the test-
ed compound which resulted in total inhibition of the fun-
gal growth. All susceptibility testing was performed in
duplicate.

Table 6 summarizes the MIC values of 6 standard
isolates of yeasts and filamentous fungi of five antifungal
drugs and 15 tetrazol compounds. The in vitro susceptibil-
ity results obtained for FLZ, ITZ, VRZ, PSZ and AMB
against the standard isolates were within the ranges that
are considered normal for these strains.34

The results of MIC of 15 tetrazol derivatives have
shown that the lowest MIC with 64 pg/mL was obtained
for five compounds (2g, 2k, 21, 2m and 2n) against Asper-
gillus fumigatus (ATCC MYA-2636), and the highest MIC
with 512 and >512 pg/mL was measured for all compounds
against Candida glabrata (ATCC 2001). In addition, the
lowest MIC values against all standard isolates were mea-
sured for three tetrazols (2g, 21, and 2n), and the highest
MIC values against all standard isolates for 2e. So, Table 6
shows MICs, and MICy, values expressed in pg/mL for all
tetrazole derivatives. The lowest MICs, (128 pg/mL) was
obtained for 2g, 2h, 2i, 2k, 21, 2m and 2n and the highest
MICs (512 pg/mL) for 2e, thus the lowest MICy, (128 pg/
mL) was measured for 2g, 21 and 2n and the highest MICy,
(>512 pg/mL) for 2e and MICy, (512 pg/mL) for 2j and 20
(Table 6).

3. 3. Molecular Docking Study

Molecular docking study is a procedure which pre-
dicts the interactions of the novel synthetic compound as a
drug candidate with the target enzyme and/or receptor
binding sites to form a stable complex.®> Since 2n was
specified as the most potent antifungal agent, thus the
binding mode of 2n in the active site of cytochrome
P450-dependent 14 a-lanosterol demethylase was investi-
gated carrying out a molecular docking study.

In the case of docking method, every ligand was op-
timized with different minimization structures, they were
thereafter converted to PDBQT using MGL tools 1.5.6.8
Co-crystal ligand molecules were excluded from the struc-
tures and the PDBs were corrected in terms of missing
atom types by modeler 9.12.%” A house application (MOD-
ELFACE) was used for the generation of python script and
running modeller software. Consequently, the enzymes
were transformed to PDBQT and Gasteiger partial charges
were added using MGLTOOLS1.5.6. The docking simula-
tions were achieved by means of an in-house batch script
(DOCK-FACE) for automatic running of Auto Dock 4.2,
in a parallel mode, using all system resources.

In all experiments genetic algorithm search tech-
nique was applied to find the best pose of each ligand in
the active site of the target enzyme. Random orientations
of the conformations were obtained after translating the
center of the ligand to a specified position within the re-

Table 6. In vitro susceptibility testing of 6 standard isolates of yeasts and filamentous fungi to four antifungal agents and 15 novel compounds, and
MICs; and MICy values expressed in pg/ml for 5-substituted-1H-tetrazole derivatives®

MIC® (ug/mL)

Compound Candida Candida Candida Candida Aspergillus Aspergillus

albicans glabrata krusei parapsilosis fumigatus flavus MICs, MIC,,
2a 256 512 256 512 128 256 256 256
2b 256 512 256 256 128 256 256 256
2c 256 512 256 256 128 >512 256 256
2d 256 512 256 256 128 >512 256 256
2e 512 >512 512 512 >512 >512 512 >512
2f 256 512 256 256 128 256 256 256
2¢g 128 256 128 128 64 128 128 128
2h 128 256 128 128 128 256 128 256
2i 256 512 128 256 128 256 128 256
2j 256 512 256 256 256 >512 256 512
2k 128 256 128 128 64 256 128 256
21 128 256 128 128 64 128 128 128
2m 128 512 256 128 64 256 128 256
2n 128 256 128 128 64 128 128 128
20 256 512 256 256 >512 256 256 512
Fluconazole ¢ 0.25 32 64 0.125 2 2 - -
Itraconazole ¢ 0.25 0.25 0.25 0.063 1 0.5 - -
Voriconazole ¢ 0.125 0.25 0.125 0.031 0.5 0.5 - -
Posaconazole © 0.125 0.25 0.125 0.031 0.5 0.25 - -
Amphotricin B € 0.5 0.5 0.5 0.063 1 1 - -

3 Examined fungi: Candida albicans (ATCC 10231), C. krusei (ATCC 6258), C. glabrata (ATCC 2001), C. parapsilosis (ATCC 22019), Aspergillus
fumigatus (ATCC MYA-2636) and A. flavus (ATCC 204304) ® Minimal inhibitory concentration ¢ Reference drugs for fungal species
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ceptor active site, and making a series of rotamers. This
process was recursively repeated until the desired number
of low energy orientations was obtained. Cluster analysis
was performed on the docked results using a root mean
square deviation (RMSD) tolerance of 1.8 A. For the inter-
nal validation phase, ligand inside the pdb file of aromatase
(leal) was extracted using a viewer and treated the same
as other ligands in this study.

It is well known that the azoles as antifungal agents
are able to inhibit CYP51 through the binding to N-atoms
in azoles with the iron core inside the haem. To accredit
the docking protocol, fluconazole was redocked in the ac-
tive site of Mycobacterium P450DM (Figure 2). As can be
seen, the substrate-binding pocket of Mycobacterium

Figure 2. Docking conformation of fluconazole at the active site of
Mycobacterium P450DM

Figure 3. Docking conformation of 2n at the active site of Mycobac-
terium P450DM

P450DM is above the porphyrin ring with the ceiling lipo-
philic amino acid residues (Phe78, Met79, Phe83, and
Phe255). Moreover, access to the pyrrole rings is restricted
by Thr260, Ala256, and Leu321, respectively.?’ Just as it
was found with fluconazole, compound 2n is accommo-
dated at the same binding site and showed a strong inter-
action with Mycobacterium P450DM enzyme (Figure 3).
Interestingly, similarly to fluconazole, 2n is incorpo-
rated in the same binding site and showed a strong interac-
tion with the enzyme active site. The calculated bonding
energy values for fluconazole and 2n are -8.10 and -9.22
kcal/mol, respectively, indicating there is an energy gap of
about 1.12 kcal/mol. To this energy gap the stronger bind-
ing of 2n at the active site of the enzyme can be attributed.
As can be seen in Figure 2, which clearly shows the hydro-
gen bondings of N'-H tetrazol with oxygen in Leu324, this
hydrogen bonding plays an important role in the higher
affinity of 2n to the active site of the Mycobacterium
P450DM enzyme. The aliphatic side chain tethered to the
tetrazol ring is bound in the hydrophobic pocket above the
haem group with residues including Ile323 and Ile 322.

4, Conclusions

In conclusion, we have explained a recyclable hetero-
geneous catalysts that was used in synthesis of some 5-sub-
stituted 1H-tetrazoles bearing bioactive N-heterocyclic
cores. The main advantages of this methodology are its
simplicity of the reaction procedure, mild reaction condi-
tion, and good to excellent yields. Furthermore, copper(II)
catalyst can be recovered and recycled by simple filtration
of the reaction mixture and reused for at least five consec-
utive trials without significant loss of its activity. The anti-
fungal tests have shown antifungal activity against all
groups of fungal for some compounds. The docking analy-
sis has demonstrated the appropriate fitting of 2n in active
site of Mycobacterium P450DM enzyme.
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Povzetek

V ¢lanku opisujemo enostavno sintezno pot, ki temelji na [3+2] cikloadiciji alkil nitrilov (RCN) z natrijevim azidom
(NaN3) v prisotnosti bakrovega kompleksa z bis(diacetilkurkumin) 1,2-diaminobenzensko Schiffovo bazo, ki je imobi-
liziran na silikagelu: SiO,-[Cu-BDACDABSBC], ter igra vlogo heterogenega katalizatorja, in askorbinske kisline v zmesi
topil vode in i-PrOH (50:50, V/V) pod pogoji refluksa. Katalizator na nosilcu smo pripravili z imobilizacijo bakrovega
kompleksa bis(diacetilkurkumin) 1,2-diaminobenzenske Schiffove baze [Cu-BDACDABSBC] na silikagel. Ta kompleks
se je izkazal kot visokoselektiven katalizator z veliko aktivnostjo in z dobro moznostjo recikliranja. Glavne odlike opisane
sinteze so visoki izkoristki, $iroka paleta moznih izhodnih spojin ter enostavna in uc¢inkovita izolacija, kar je omogo¢ilo
pripravo 5-substituiranih 1H-tetrazolov, ki so vklju¢evali N-heterocikli¢ne bioaktivne sisteme, z odli¢nimi izkoristki. Za
pripravljene spojine smo in vitro dolo¢ili protigliviéno u¢inkovanje na nekatere vrste patogenih gliv iz rodu Candida (C.
albicans, C. glabrata, C. krusei in C. parapsilosis) ter na nekatere filamentne glive iz rodu Aspergillus (A. fumigatus in A.
flavus). Studije molekulskega sidranja smo izvedli za najbolj u¢inkovito izmed pripravljenih spojin, kar nam je omogoci-
lo, da smo razvoljali izjemno interakcijo med to spojino in aktivnim mestom Mycobacterium P450DM.
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Abstract

In this paper, the adsorption potential of activated carbon prepared by Ziziphus spina-christi lotus leaf for the removal of
sulfate from aqueous solution was investigated. To this end, the effect of different parameters such as pH, contact time,
temperature, adsorbent concentration, and initial sulfate ion concentration was investigated. The results indicated that
the highest adsorption efficiency (84.5%) was obtained at pH 6, adsorbent concentration of 5 g/L, sulfate ion concentra-
tion of 20 ppm, 65 min and temperature of 45 °C. Also, the adsorption equilibrium study showed that the adsorption
process follows the Langmuir isotherm model with the maximum adsorption capacity of 9.3 mg/g. In addition, the ther-
modynamic study showed that the adsorption process on the activated carbon surface was spontaneous. Moreover, the
adsorption process was exothermic accompanied by a decrease in irregularity. Furthermore, the adsorption kinetic study
indicated that the adsorption process follows the pseudo-second-order kinetic model.

Keywords: Adsorption; lotus leaf; sulfate ion; water purification

1. Introduction

Industrial and urban effluents are one of the main
pollutants which can cause environmental pollution.!
Among the pollutants, sulfate is one of the significant in-
organic pollutants found in urban effluents and with dif-
ferent amounts in industrial wastewaters; its concentration
in lakes and seas is increasing quickly due to the urban and
industrial effluents drainage.

When too much sulfate gets into the human stom-
ach, it endangers health. Sulfate along other minerals
cause pipe corrosion. Also, it may cause undesirable taste
in water, diarrhea in human and young livestock. The taste
threshold varies between 250 mg/L sodium sulfate and
1000 mg/L calcium sulfate. The undesirable taste of water
usually gets reduced at values below 250 mg/L. Also, the
maximum desirable amount of sulfate in drinking water is
250 mg/L and its maximum permitted is 400 mg/L.}?

Several methods such as distillation, reverse osmo-
sis, ion exchange, and adsorption are available for sulfate
removal from water.* Physicochemical treatment systems
such as ion exchange, reverse osmosis and electrodialysis are

costly and produce sludge, which is difficult to dispose.> Ad-
sorbents are widely used among many technologies for the
removal of anions from water. Also, the adsorption method
is economically feasible, frequent, diverse, effective, simple
and eco-friendly.>” In recent years, many researchers have
been attracted to cheap adsorbents.®~!° The use of activated
carbon has been introduced as a widely used method for
sulfate removal due to its efficiency and easy usage.®

Any carbon material can be used to produce activated
carbon. Up to now, several studies have been conducted us-
ing activated carbon derived from agricultural wastes such
as peanut crust, nuts shell, tamarind shell, peanut shell,'®
rice bran, rice hulls, banana peel, orange peel, apple peel,
hazelnut, walnut shell, tree’s leaf and bark, oak essence,
cane bagasse, corn, wheat bran, sawdust, sunflower stem,
grape stem, modified algae, alfalfa and mustard!3-1>17-27
for the removal of pollutants from wastewater.

In this work, the activated carbon powder obtained
from lotus leaf was used to remove sulfate ion from aque-
ous solution and the effect of different parameters such as
temperature, contact time, pH, adsorbent concentration
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and sulfate ion concentration in aqueous solution were in-
vestigated and also, the optimum operational conditions for
getting maximum adsorption was obtained. Lotus or Cedar
is a plant from jujube family which grows wildly in Saudi
Arabia, North Africa and Southern Iran which is used in
this work.?® Therefore, this plant is economically preferred
a lot. Also, the adsorbent surface properties were studied
via different analyses such as SEM, EDAX, FTIR, BET, and
XRD. Eventually, the kinetic, equilibrium and thermody-
namic studies of adsorption process were carried out and
the adsorption process characteristics were investigated.

2. Materials and Method
2. 1. Chemical

In this work, sodium sulfate decahydrate with a pu-
rity of 99% was purchased from Merck Co., Germany. The
HCI and NaOH made by Merck Co. (Germany) were also
used to adjust the pH of the samples.

2. 2. Stock Solution

In order to prepare a stock solution containing sul-
fate ion, a certain amount of sodium sulfate decahydrate
was poured into a 250 ml Erlenmeyer and double-dis-
tilled water was added to it to reach a volume of 100 ml.
Standard solutions with low sulfate concentrations were
prepared through diluting a certain volume of this stock
solution using double-distilled water.

2. 3. Preparation of Lotus Leaf Powder

In order to prepare activated carbon adsorbent from
lotus leaf, first, the leaves were washed with a lot of distilled
water to remove dust. Then, they were placed in an oven at
100 °C for 60 minutes to completely dry. The dried leaves
were placed in a furnace under 700 °C for 2 hours until
they turned to charcoal. After carbonization, the leaves
turned to powder by milling and graded through sieve
No.25 then stored inside anti-moisture plastic bottles.

2. 4. Adsorbent Analysis

BET, SEM, FT-IR, EDAX, and XRD analyses were
used to determine structural and morphological proper-
ties of activated carbon produced from Lotus leaves. In
order to determine the functional groups in the adsor-
bent, the FT-IR Perkin device was used; surface structure
and adsorption morphology was determined by SEM
(Philips-x130), the XRD device made by GNR Npd3000
company was used to determine the adsorbent crystalline
phases, the EDAX device (Philips-x130) was used to de-
termine the adsorbent elements and the adsorbent specific
surface area was determined through BET device (Philips
model, USA).

2. 5. Adsorption Experiments

Adsorption experiments were conducted in a batch
manner. To do this, the effect of sulfate ion concentration
(20, 40, 60, 80, 100 and 120 mg/L), contact time (5 to 80
minutes), adsorbent dose (1-10 g/L), pH (4 to 10) and
temperature (25, 35, 45, 55, 65 and 75 °C) on the sulfate
ion adsorption from aqueous solution was investigated.
In all experiments, the mixing speed was considered 200
rpm. The residual sulfate ion in the solution was obtained
by spectrophotometer (DR 5000 Hach, USA). To this end,
10 mL sample volume containing sulfate ion was added
to the device to measure the remaining sulfate at a wave-
length of 450 nm.

First, in order to get the optimum pH, 7 samples of
100 ml aqueous solution containing 100 ppm sulfate ion
were prepared. Then, the pH of the solutions was adjusted
by NaOH (IM) and HCI (1 M) at the pH values from 4 to 10.
After that, 5 g/L of activated carbon adsorbent was added to
each sample containing sulfate ions and stirred by a mag-
netic stirrer with a mixing rate of 200 rpm at room tempera-
ture for 60 min. Then, the solution was filtered by Whatman
filter paper, the adsorbent was removed and the amount of
residual sulfate jon was obtained within the solution. The
sulfate adsorption percentage by the adsorbent (%A) is cal-
culated for each sample using equation (1), so the best pH
value for maximum removal efficiency was achieved.

(1

where C; and C, (mg/L) are the initial concentration and
the equilibrium concentration of the metal ion.

In order to investigate the adsorbent concentration
effect in aqueous solutions, the effect of different concen-
trations of 1 to 10 g/L were considered. After that, 5 g/L of
adsorbent was added to each aqueous solution with dif-
ferent concentrations at optimum pH; the solutions were
stirred by magnetic stirrer with a mixing rate of 200 rpm
at 25 °C for 60 min. After a specific time, the process was
stopped and the solution was filtered by Whatman filter
paper (No. 42) and the adsorbent was separated from the
solution. Then, the residual sulfate ion in the solution was
obtained and the best adsorbent concentration that is most
adsorbed was determined. In order to determine the effect
of other parameters, the same actions were performed. At
each stage, in order to examine each parameter, other pa-
rameters considered as constant and the optimum values
in the previous stage were used.

3. Results and Discussion

3. 1. Characteristics of the Adsorbent

BET analysis determines the specific surface area of
the adsorbent (cavities identification and surface rough-
ness). Working with this device is based on measuring the
amount of neutral gas adsorption, such as nitrogen, at a
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Figure 1. SEM analysis of adsorbent before (a) and after adsorption (b)

constant temperature on the adsorbent surface. The results
showed that the adsorbent surface area of the lotus leaf is
51.024 m?/g. Also, the average pore diameter (ADP) and
the total pore volume (TPV) of Lotus leaf adsorbent are
obtained 196.573 A and 0286800 cm?/g.

SEM device was used to identify the adsorbent struc-
ture and morphology before and after the sulfate ion ad-
sorption process. SEM images of the Lotus leaf adsorbent
before and after adsorption are shown in Fig.1. As known,
there are many roughness and cavities on the adsorbent
surface which leads to adsorbent surface area increase rep-
resenting different sites for sulfate ion adsorption. These
cavities are coated after sulfate ion adsorption process
which is clearly shown in the figure.

Fig. 2 shows the XRD pattern of the lotus leaf ad-
sorbent. The spectra in 2 29 and 40° are related to Calci-

um Carbonate and the spectra in 20 28 and 34° are relat-
ed to Potassium Chloride. According to Debye-Scherrer
equation, the average diameters of Lotus leaf adsorbent
crystals were determined 25.12 nm. Also, the spectra in
20 0.499 and 0.998 are related to empty cavities in the
adsorbent.

Also, in the XRD analysis after adsorption, spectra
in 20 29 and 40° are related to Calcium Carbonate and the
spectra in 20 28 and 34° are related to Potassium Chloride.
According to Debye-Scherrer equation, the average diam-
eters of Lotus leaf adsorbent were determined 29.88 nm.
Also, the spectra in 26 0.499 and 0.998 are related to empty
cavities in the adsorbent sample. By comparing the graphs
before and after adsorption, it can be seen that both graphs
have very similar peaks which shows that the adsorbent
structure has not changed much after adsorption.

Figure 2. XRD analysis of activated carbon adsorbent before (a) and after adsorption (b)
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Figure 3. EDAX analysis of activated carbon adsorbent

Also, the EDAX analysis on the Lotus leaves for the
adsorbent elements determination is shown in Fig. 3 and
Table 1. As is evident in the Fig, there are various elements
such as Fe, Ca, K, Cl, S, Si, AL, Mg, O, C, N in the Lotus
leaf sample which their weight percentage are 2.39, 11.96,
6.81, 1.15, 1.22%, 4.40, 2.11, 1.39, 38.89, 25.80 and 3.86%,
respectively. So, the most important components in its
structure were oxygen and carbon.

Table 1. Elemental analysis of the adsorbent by EDX apparatus

Elements Weight (%) Atomic (%)
C 25.80 37.47
N 3.86 4.81
O 38.89 42.40
Mg 1.39 1.00
Al 2.11 1.37
Si 4.40 2.73
S 1.22 0.66
Cl 1.15 0.57
K 6.81 3.04
Ca 11.96 5.20
Fe 2.39 0.75
Total 100.00 100.00

Also, the FTIR analysis results for functional groups de-
termination in the 400-4000 cm™ range are shown in Fig. 4.
The results show that the spectrum of 798.795 cm™is related
to the aromatic tensile bond of -C-H, 1016.45 cm™ frequency
shows the C-O group (carboxylic acid), 1315.19 cm™! frequen-
cy shows the C-F functional group, 2158.81 cm™! frequency
shows the functional group of C = C, 3101.21 cm™* frequency
shows the H-O (alcohol) functional group and the frequency
of 3451.37 cm™! shows the N-H functional group (amide).

3. 2. The pH Effect on Adsorption
The initial pH of the solution containing sulfate ions
affects the changes in surface charge of the adsorbent and

Figure 4. FT-IR analysis of activated carbon adsorbent

the adsorption mechanism of sulfate ions in the adsorption
process.?’ Also, the initial pH of the solution is considered
as one of the important parameters during the adsorption
process.®® Because the existing hydrogen ions (H*) in the
aqueous solution compete with other ions to sit on the ad-
sorbent surface. Also, the initial pH of the solution affects
the variations of adsorbent surface charge and ionization
degree of the adsorbed material (sulfate) during the ad-
sorption process. The pH effect on the SOZ~ ion adsorption
on the activated carbon surface derived from lotus leaf is
shown in Fig. 5.

Figure 5. The pH effect on the SO~ ion adsorption using the acti-
vated carbon derived from lotus leaf (Other conditions: T = 298 K,
m = 0.5 g, Tc = 60 min, SO, = 100 mg/1)

As shown in the figure, the sulfate ion adsorption
efficiency increases by raising pH from 4 to 6. Since the
ambient is acidic at low pH, so, the Hydrogen ions con-
centration in the aqueous solution is high and since the
hydrogen ion is placed on the adsorbent surface, the ad-
sorbent load gets positive; therefore, the electrostatic force
makes adsorption between the adsorbent positive load and
Sulfate anion negative load. The maximum percentage of
sulfate ion adsorption happens at pH = 6. Sulfate anion
is better adsorbed at low pHs. After that, sulfate adsorp-
tion decreases. The maximum adsorption of sulfate ion
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Figure 6. The adsorption mechanism of sulfate ions on the active
sites of the activated carbon

through Lotus leaf was obtained 70.5%. The adsorption
efficiency decreased after pH = 6 and by changing the pH
from 6 to 10, sulfate ion adsorption percentage decreased
from 70.5 to 60%. At this point, the hydroxide ion con-
centration increases inside the solution which leads to
SO,(OH") hydrolysis, complex formation and sulfate ion
sedimentation is as SO4(OH,) Due to the sediment and
complex formation, sulfate ions decreased in the aqueous
solution, subsequently reduced the adsorption efficiency.
Fig. 6 shows the adsorption mechanism of sulfate ions for
sitting on the active sites of the adsorbent.

3. 3. The Effect of Adsorbent Dose

Adsorption dose is one of the important parame-
ters on the adsorption process because it represents the
maximum adsorption rate.3! The effect of adsorption dose
on the sulfate ion adsorption efficiency is shown in Fig.
7. According to the graph, increasing the adsorbent con-
centration from 1 to 5 g/L caused significant changes in
adsorption. By increasing the adsorbent dose from 1 to 5
g/L, sulfate ion adsorption percentage increases from 45 to

Figure 7. The effect of the adsorbent dose on the adsorption of sul-
fate ion (T = 298 K, pH = 6, Tc = 60 min, SO, = 100 mg/L)

70.5%. Also, at concentration more than 5 g/L, no change
in adsorption was observed. The increase in slope at the
beginning of the graph is mainly due to the increase of ad-
sorbent surface area and a large number of active sites for
sulfate ion adsorption.

3. 4. The Contact Time Effect on the
Adsorption Amount

The effect of contact time on the adsorption of sul-
fate ion from aqueous media using activated carbon pre-
pared by lotus leaf is shown in Fig. 8.

Figure 8. The effect of contact time on the adsorption of sulfate ion
(T'=298K, m=0.5g, pH =6, sulfate ion concentration = 100 mg/L)

According to the figure, the optimum time for SOZ-
ion adsorption on the active carbon surface is 65 min-
utes. For sulfate ion adsorption as shown in the graph, the
graph’s slope gets sharper by increasing the contact time,
the slope steepness means that adsorption has occurred at
high rate, because many active sites on the adsorbent sur-
face are empty at the beginning of the sulfate ion adsorp-
tion process through Lotus leaf adsorbent and sulfate is
placed on the sites. Therefore, the removal percentage has
been increased by increasing the contact time; the graph’s
slope remained constant after 65 minutes and sulfate re-
moval percentage got balanced. After 65 min, the sulfate
removal efficiency remained constant due to the saturation
of adsorbent active sites. Therefore, the contact time of 65
min was considered as the optimum time for sulfate ion
adsorption.

3. 5. Temperature Effect

Another important parameter in the adsorption
process is temperature. This parameter indicates that the
adsorption process is exothermic or endothermic. The
temperature effect on SO3~ ion adsorption on the active
carbon surface is shown in Figure 9.

According to the figure, when temperature increases
from 298 to 348 K, the sulfate removal percentage by the
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Figure 9. Temperature effect over SO3~ ion adsorption on the acti-
vated carbon derived from lotus leaf (Other terms: Tc = 65 min, m
=0.5g, pH =6,SO, =100 mg/L)

adsorbent decreases. This percentage decrease is due to the
molecular movement reduction. The adsorption reaction
rate decreases by the molecular movement reduction. On
the other hand, according to le Chatelier principle, adsorp-
tion level decreases when the temperature rises. This is
somehow associated with irregularities reduction. The ad-
sorption capacity reduction by temperature increase rep-
resents an exothermic reaction. Therefore, the optimum
adsorption temperature for SO~ ion is 298 K.

3. 6. The Initial Concentration of SO~ Ion

In the adsorption process, the initial concentration
of metal ions in aqueous solution plays an important role
as the mass transfer force between the solution and solid
phase (adsorbent). The sulfate ion concentration effect on
the removal from aqueous solution is shown in Fig. 10. At
initial concentrations, the ratio of active sites to the initial
concentration of sulfate in aqueous solution raises, so, the

Figure 10. The investigation of SO~ ion’ initial concentration on
the adsorption over the carbon surface derived from Lotus leaf
(Other conditions: T =298 K, m = 0.5 g, pH = 6, Tc = 65 min)

interaction between adsorbent and sulfate ion increases
and anion gets removed from aqueous solution. The ad-
sorption efficiency of sulfate ion decreased by increasing
the initial sulfate ion concentration which is ascribed to
the competition of sulfate ion to sit on active sites of the
adsorbent. Also, the ions in the aqueous solution can be
able to be interacted with prepared adsorbent and be re-
moved from the aqueous solution.!” Therefore, the initial
ion concentration of 20 mg/L with an adsorption efficien-
cy of 84.5 was considered as an optimum value.

3. 7. Adsorption Isotherm Study

The adsorption isotherm study presents information
about the effective interaction between adsorbent and the
absorbed. In order to evaluate the equilibrium adsorption,
the Langmuir, Freundlich, Temkin and Dubinin-Radu-
shkevich isotherm models were studied. The Langmuir
adsorption isotherm is used for monolayer adsorption on
surfaces with limited identical adsorption positions. The
linear form of this model is described as follows:2%32

(2)

For determining the K; and g,,, the slope and inter-
cept of 1/g, based on 1/C, can be used. One of the based
uses of Langmuir’s constant is to determine the separation
factor (Ry) according to Equation (3). If R, > 1, R; =0 or
0 < R; < 1, the process will be undesirable, irreversible,
linear and desirable, respectively.3?

(3)

Also, the Freundlich isotherm describes the adsorp-
tion on inhomogeneous surfaces with uniform energy
sites. The linear form of Freundlich isotherm follows from
Equation 4.%3

(4)

In this equation, if 1/n is between zero and one, it
shows that the adsorption process intensity is non-uni-
form at all levels. If 1/n is less than one, it shows that the
adsorption process has been chemical and when 1/n value
is more than 1, the adsorption process will be physical.

In these equations, g, is the amount of adsorbed
pollutant (mg/g) at the equilibrium time, g, is the max-
imum adsorption capacity by adsorbent (mg/g), C, is the
equilibrium concentration of absorbed component (mg/L)
and K is the equilibrium constant (L/mg) which depends
on the degree of absorbed component tendency towards
adsorbent; Kr and n are Freundlich isotherm constants
which represent the capacity and intensity of adsorption,
respectively.

In the Langmuir model, K; and g,, are obtained from
the slope and intercept of 1/, based on 1/C,. Also, in the
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Freundlich model, K and n are calculated from the slope
and intercept of log g, versus log C,.

Temkin model is another isothermal model. In this
double-parameter model, it is assumed that the adsorption
is monolayer and heterogeneous. The linear form of this
model is as follows:

(5)

Aris the Temkin constant based on (L mg™!) and it is
compatible with adsorbent-absorbed adhesion.

The By constant is defined as . Kyis the Temkin
constant based on (J mol™!) which is proportionate with
adsorption heat. The Ay and By amounts are calculated
from the slope and intercept of g, based on In C,.

The Dubinin-Radushkevich (D-R) isotherm model
which is a semi-experimental relation. It assumes that the
adsorption process is monolayer, so, it can be both chem-
ical and physical. This model assumes that the surface is
uneven, it has a linear form as follows:

(6)

Here, g4is the D-R isotherm constant which is pro-
portionate with saturation capacity expressed by mg g
Kjp, is another constant based on (mol J!)? expressed by
E = -0.7 Kp %5, More negative free energy means the
adsorption is more chemical. Finally, &€ represents the
Polanyi potential (J/mol) defined by the equa-
tion. This is calculated by drawing Ln g, graph based on

€%, and g, and Kp are measured by its slope and inter-
cept.®*

The isothermal results are shown in Tables 2 and 3
and Figure 11. According to these results, the correlation
coefficient (R?) in Langmuir isotherm model is higher
than other models and also closer to 1; showing that Lang-
muir isotherm model has more capability for describing
the isothermal behavior of adsorption process which also
indicates the monolayer adsorption nature of sulfate ion

Table 2. The results of various isotherms of SO}~ ion adsorption on
the activated carbon surface derived from Lotus leaf (Other terms:
T=298K, m=0.5g, pH =6, Tc = 65min)

Isotherm Parameter value
Langmuir qm (mg/g) 9.3
K, (L/mg) 0.2
R? 0.9742
n 0.61
Freundlich Kp(mg)! ™ Lrg! 2.0
R? 0.8719
Ar(Lmg™) 1.1
Temkin By 10.576
R? 0.6071
qa (mg/g) 15.6
D-R Kp x 107 (mol/])? 6.0
E (kJ/mol) -903.7
R? 0.7801

Figure 11. Adsorption isotherms of SO ion on the activated carbon surface including Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich

isotherms
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Table 3. The amount of adsorption separation factor of various SO~ ion concentrations on the activated carbon

surface derived from Lotus leaf, regarding the Ry,

Initial ion concentration (mg/L) 20
R, 0.71

40 60 80 100 120
0.6 0.5 0.4 0.33 0.3

on the adsorbent’s heterogeneous surface. Also, Temkin
and D-R isotherm models are not suitable due to their data
dispersion and low correlation coefficient. Furthermore, in
the Freundlich model, the n value was determined 0.61 for
sulfate jon adsorption which indicates that sulfate ion ad-
sorption mechanism through Lotus leaf adsorbent is phys-
ical. The Ry values at sulfate ion concentrations between
20 and 120 mg/L were obtained between 0 and 1. The Ry,
values show that the adsorption process is desirable and
reversible.

3. 8. Thermodynamic Study

Thermodynamic parameters include enthalpy
changes (AH,;), entropy (AS,;) and Gibbs free energy
(AG,4); they have special importance for describing ad-
sorption process and achieving a reaction equilibrium.
Whenever there is an adsorption equilibrium constant,
then, the thermodynamic functions can be evaluated
through equations 7 to 9.32-3

™)

(8)

Also, (AH,4) and (AS, ) can be calculated through
equation 9 from the slope and interface of LnK against
1/T plot.

)

The equilibrium constant is calculated at any tem-
perature using equation 7.

The thermodynamic data graph of sulfate ion ad-
sorption process by activated carbon is shown in Fig. 12.
Also, the extracted data from this graph is presented in Ta-
ble 4. According to the data presented in Table 4, AH, 4,

AS,4; and AG,, values are negative. Therefore, sulfate ion
adsorption process by activated carbon is spontaneous.
Given being negative, its adsorption percentage decreas-
es with increasing temperature. Considering the enthalpy
changes in anion’s adsorption on the activated carbon sur-
face, it can be said that the adsorption process is physi-
cal; because AH < 40 Kj/mol. Since the adsorption pro-
cess is exothermal, according to le Chatelier principle, it
decreases with increasing temperature which is somehow
accompanied by irregularities reduction. Moreover, Gibbs
free energy for sulfate ions decreased by increasing tem-
perature which indicated that when temperature increases,
the amount of spontaneous adsorption process for anion
decreases.

Figure 12. The In K, diagram versus 1/T for thermodynamic pa-
rameters estimation of sulfate ion adsorption from aqueous solu-
tion by activated carbon

3. 9. Kinetic Study of the Adsorption Process

The adsorption kinetic study is highly important
because it provides valuable information on the reaction

Table 4. Thermodynamic functions of 100 mg/L SO~ ion on the activated carbon surface
derived from Lotus leaf (Other terms: m = 0.5 g, pH = 6, Tc = 65min)

T(K) K AG,4 (KJ/mol) AH_; (kJ/mol) AS,.4, (kJ/mol)
298 4.15 -3.44

308 2.6 -2.4

318 2.33 -2.31

328 2.03 -1.94 1512 ~40.09
338 1.87 -1.63

348 1.5 -1.16
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pathway and the control mechanism of the adsorption
process.?? In this study, first and second-order pseudo
kinetic models were used for kinetic evaluation of sulfate
ion on the activated carbon adsorbent. The linear form of
the first and second-order kinetic models are presented in
terms of equations 10 and 11, respectively:3>-37

(10)

(11)

Here, K; pseudo-first-order reaction rate constant,
K, pseudo-second-order reaction rate constant, qe/., com-
putational equilibrium adsorption capacity (mg/g) qe
exp €mpirical equilibrium adsorption capacity (mg/g), q
adsorption capacity at the time t (mg/g) and t is the time
(minute). In order to determine the reaction rate constant
of K; and qe/c,) the 10og(qe exp — qt) graph was drawn based
on t and in order to determine the reaction rate constant
of K, and qg/y, in the second-order kinetic equation, the t/
q; graph based on t was used.

The kinetic study results are shown in Table 5 and
Fig. 13. By comparing the kinetic models’ correlation co-
efficient (R?), we can say that the kinetics of sulfate ion ad-

Figure 13. First-order kinetic (a) and second-order kinetic models
(b) of SO}~ ion adsorption on the activated carbon surface derived
from Lotus leaf

sorption on the activated carbon derived from lotus leaves
has the most conformity with the second-order pseudo
model. Also, the K; value in the first-order pseudo mod-
el is less than K,second-order pseudo model. Therefore,
sulfate ions adsorption through lotus leaves adsorbent fol-
lows the second-order kinetic model.

Table 5. Results of kinetic adsorption models of 100 mg/L SO~ ion
on the activated carbon surface derived from Lotus leaf (Other
terms: T = 328k, m = 0.5 g, pH = 6, Tc = 65min)

Kinetic models Parameter value
Pseudo second-order Gercal (Mg/g) 16
K, (min1) 0.065
R? 0.8676
Pseudo second-order Gercal (Mg/g) 18.62
K, (g/mg min) 52
R? 0.9891

4. Conclusion

In this study, sulfate ion adsorption from aqueous
solutions through activated carbon adsorbent in the Lo-
tus leaf was studied. Initially, activated carbon adsorbent
was prepared and SEM, FTIR, BET, XRD, EDAX analy-
ses were used to determine its surface properties. Then,
the effect of various parameters such as pH, tempera-
ture, contact time, initial sulfate ion concentration and
adsorbent dose on the sulfate ion removal from aqueous
solutions through adsorbent was investigated. The results
showed that the highest sulfate ion removal efficiency oc-
curs at pH = 6, Tc = 65 min, temperature = 25 °C, initial
concentration of 20 mg/L and the adsorbent dose of 5
g/L. After determining the optimum terms, the isotherm,
kinetics and thermodynamic behavior of the adsorption
process was studied. Langmuir, Freundlich, Temkin and
Dubinin-Radushkevich isotherm models were consid-
ered to study the adsorption process behavior. The results
showed that the Langmuir isotherm model can better
describe the equilibrium behavior of the adsorption pro-
cess due to a higher correlation coefficient. Also, it was
determined that sulfate ion adsorption process through
lotus leaf adsorbent is physical. During the kinetic models
examination, the first and second- order pseudo kinetics
models were investigated. The kinetic analysis of the ad-
sorption process was performed using laboratory data at
different contact times. The results showed that the sec-
ond-order pseudo kinetics model has a higher correlation
coefficient. The thermodynamic adsorption behavior of
sulfate ion through adsorbent was also studied. Accord-
ing to the results, Gibbs free energy for sulfate ions was
obtained negative which represents that the adsorption
process is possible and spontaneous. Also, the negative
amount of enthalpy showed that the adsorption process
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was exothermal. Since the adsorption process is exother-
mal, according to le Chatelier principle, it decreases when
temperature raises which is somehow accompanied by a
decrease in irregularity. In addition, the amount of en-
tropy was negative showing that the adsorption process
is spontaneous.
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Povzetek

V ¢lanku so preucdevali potencial aktivnega oglja pridobljenega iz listov lotusa Ziziphus spina-christi za odstranjevanje
sulfatnih ionov iz vodnih raztopin. S tem namenom so preuili vpliv razli¢nih parametrov kot so pH vrednost, kontaktni
Cas, temperatura, koncentracija adsorbenta in zaCetna koncentracija sulfatnih ionov. Rezultati so pokazali, da je bila
najvecja adsorpcijska ucinkovitost (84.5 %) doseZena pri pH vrednosti 6, koncentraciji adsorbenta 5 g/L, koncentraciji
sulfatnih ionov 20 ppm, éasu 65 min in temperaturi 45 °C. Studija adsorpcijskega ravnoteZja je pokazala, da lahko proces
opi$emo z Langmuirjevo adsorpcijsko izotermo z maksimalno kapaciteto vezave 9.3 mg/g. Termodinamska $tudija je po-
kazala, da je proces adsorpcije na povrsino aktivnega oglja spontan in eksotermen, kinetiko adsorpcije pa lahko opiSemo
z modelom psevdo-drugega reda.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
Creative Commons Attribution 4.0 International License

Rahmati et al.:  Sulfate Ion Removal from Water Using Activated ...
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Abstract

Three new aliphatic-aromatic polymers having naphthyl rings were prepared by the polycondenstion of dialdehydes
or diketone monomers with 1,5-naphthalenediamine or 1,4-phenylenediamine. The monomers were prepared by the
reaction of aromatic aldehyde or ketone with 1,6-dibromohexane. The molecular mass of the monomers was confirmed
through E.I mass spectroscopy. The structures of monomers and polymers were characterized by 'HNMR, FT-IR,
UV-Vis Spectroscopy, SEM and TG/DTA. Fluorescence emissions of monomers and polymers were recorded and their
quantum yields were calculated, all the compounds showed fluorescence property and indicated violet, blue-green, or-
ange and red light emissions. The quantum yields of the polymers were obtained within the range of 0.04 to 24.3%. The
semicrystalline and amorphous nature of the polymers was analyzed through powdered X-ray diffraction. Antimicrobial
activities of the polymers were examined against different bacterial and fungal species. Thin film forming ability of the
synthesized polymers was evaluated by making their blends with PVC (poly vinyl chloride) in different w/w% ratios.

Keywords: Polyimines; fluorescence; thermal stability; thin films; morphology

1. Introduction

Schiff base polymers also called polyimines or polya-
zomethines (CH=N) have been the subject of interest from
last several decades and prepared by the polycondensation
reaction of carbonyl compounds (dialdehydes or dike-
tones) with aliphatic or aromatic diamines.!”®> The re-
searchers are attracted towards the synthesis of new poly-
imines because of their advantageous properties such as
liquid-crystalline,* fluorescence,® optical and electronic
properties,”® high thermal stability,»1° fiber forming,!!!?
thin film forming,'*! coordination abilities with metal
ions'® and antimicrobial activities.!”!® These properties
make them important candidate for application in solar
cells, 20 optoelectronic sensors,?! photo-luminescent de-
vices,?? aerospace,”® packaging materials and antifouling
paints.?* The redox activity of the Schiff base polymers was
also reported, therefore they can be employed as redox in-
dicators.?> The polymer blends are also seeking attention
in technological fields during last two decades because of
their mechanical properties, which can be altered accord-
ing to desired application.?® The polymer blends comprise
about 30% of the total industrial plastic products.?” How-
ever aromatic polyimines are difficult to process due to

their low solubility and high melting points which limits
their applications.”® To overcome these difficulties re-
searchers have made different attempts which are intro-
duction of ester, ether, alkyl or alkoxy groups and chains of
methylene spacers between the aromatic rings.2**° Mon-
dal and Das reported the effect of chain flexibility on the
morphology of polyamides, they have observed decrease
in thermal stability with the inclusion of aliphatic chains.*!
In the present work three new polyimines were prepared
by the polycondensation reaction of dialdehydes or dike-
tone monomers with diamines. The obtained polymers
contained flexible aliphatic spacers of n-hexane and ether
linkages between the aromatic rings. One of the polymers
(PoHOAND) contained alkyl group attached with the
imine bond. These structural variations have effected on
the solubility and other properties (thermal stability, fluo-
rescence and thin film forming ability) of polyimines.

2. Experimental

2. 1. Materials

3-hydroxybenzaldehyde (Sigma-Aldrich Corp. St.
Louis, MO USA) (purity 99%), 2-hydroxyacetophenone
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(Fluka, Switzerland), 2-hydroxynaphthaldehyde (Sig-
ma-Aldrich Corp. St. Louis, MO USA), 1,6-dibromohex-
ane (Sigma Aldrich, St. Louis USA) (purity 96%),
1,4-phenylenediamine (Alfa-Aesar, UK) (purity 97%),
1,5-naphthalenediamine (Toshima, Kita-ka, Tokyo, Ja-
pan), N,N-dimethylformamide (AnalaR BDH, England)
(purity 98%), dimethylsulfoxide (AnalaR BDH, England),
anhydrous sodium carbonate (Sigma-Aldrich, Germany),
p-toluenesulfonic acid monohydrate (Daejung Chemicals
& Metals Co. Ltd. Korea) (purity 99%), ethanol (E. Merck,
Germany), potassium hydroxide (E. Merck, Gerrmany),
chloroform (Merck, KGaA, Darmstadt, Germany), tetra-
hydrofuran (THF) (E. Merck, Germany), acetone (Sig-
ma-Aldrich Chemie GmbH, Steinheim, Germany) (purity
99.5%), quinine sulfate (Alfa-Aesar, UK) (98% purity) and
poly vinyl chloride (Sigma-Aldrich Corp. St. Louis, MO
USA) were used without further purification and double
distilled water obtained from glass assemblies.

2. 2. Characterization

The melting point of the monomers and polymers
were recorded on Gallenkamp Melting point apparatus
(made in England) equipped with thermometer. The E.I
mass spectra of the monomers were recorded on JEOL
JMS-600 (Japan) mass spectrometer at HE] Research Insti-
tute of Chemistry, University of Karachi, Sindh-Pakistan.
The Proton NMR (\HNMR) spectra of the monomers and
polymers were recorded on BRUKER AVANCE-NMR 400
MHz spectrometer at HE] Research Institute of Chemistry,
University of Karachi, Sindh-Pakistan, using TMS as inter-
nal standard and deuterated dimethylsulfoxide (DM-
SO-dp) as solvent. The FT-IR spectra of the monomers and
polymers were recorded on Thermo Scientific™ Nicolet
iS10 FT-1IR Spectrometer with Attenuated total reflectance
(ATR) accessory equipped with OMNIC™ Software. The
UV-Visible spectra of monomers and polymers were re-
corded within 200-700 nm spectral range on a double
beam spectrophotometer Shimadzu UV-1800 with UV
Probe software at Mehran University of Engineering &
Technology, Jamshoro, Sindh-Pakistan, using 1 cm quartz
cuvettes and DMSO as solvent. The Fluorescence emission
spectra of monomers and polymers were recorded on
Spectrofluorophotometer RF-5301PC Series (Shimadzu,
Kyoto, Japan) using 1cm quartz cuvette and DMSO as sol-
vent. The morphologies of the compounds were observed
through SEM images recorded on Scanning Electron Mi-
croscope JEOL JSM-6490 LV at Center for Pure and Ap-
plied Geology, University of Sindh, Jamshoro, Sindh-Paki-
stan or on JEOL JSM 5910 at Centralized Resource
Laboratory (CRL), University of Peshawar, Peshawar-Pa-
kistan, using 15 kV accelerating voltage. The powder X-ray
diffraction (XRD) of the polymers was recorded on X-ray
Diffractometer JDX 3532 (JEOL, Japan) equipped with Cu
Ka radiation (wavelength: 1.54056 A) at Centralized Re-
source Laboratory, University of Peshawar, Peshawar- Pa-

kistan. The TG/DTA graphs of monomers and polymers
were recorded at Centralized Resource Laboratory, Uni-
versity of Peshawar, Peshawar- Pakistan on Pyris Diamond
Series TG/DTA (Perkin Elmer, USA) thermal analyzer in
nitrogen atmosphere with flow rate of 20 ml/ min and
heating rate of 20 °C/min, the sample (5-10 mg) was
placed on ceramic pan and heated from 50 °C to 800 °C
using alumina as reference material. Thin film forming
ability of the polymers were tested by making their blends
with PVC (poly vinyl chloride) in different w/w ratios
(10-50%). The polymers were dissolved separately in
DMSO while PVC was dissolved in THF and their mix-
tures (10-50%) w/w were transferred in glass Petri dishes
of 2 inch diameter, the petri dishes were placed in an oven
at 60 °C for evaporating the solvent. After drying the re-
sulting thin films were removed from the glass surface of
petri dishes with the help of spatula and the film forming
ability of the polymers was confirmed as thin layers were
easily separated from the glass surface without breaking.
Antibacterial activities of the polymers were examined by
microplate alamar blue assay using 96 well plate method.
The antibacterial activities of the polymers were tested
against different strains of bacteria which included Staph-
ylococcus aureus, Salmonella typhi, Pseudomonas aerugi-
nosa, Bacillus subtilis and Escherichia coli using Ofloxacin
as standard drug. The polymer (2 to 4 mg) was dissolved in
DMSO to make concentration 50 or 200 pg/ml. The growth
of bacteria was carried out in Mueller-Hinton Agar medi-
um and the incubation period was 18 to 20 hrs. The % in-
hibition of bacterial species by the polymers was calculat-
ed by using reported method and formula given as
equation 1.32

(1)

Where ¢, and ¢,,; are the molar extinction coeffi-
cient of Alamar blue dye in the oxidized (blue) and re-
duced (pink) form respectively, A; = 570 nm, A, = 600 nm,
A and A are the absorbance reading of the test and nega-
tive control well respectively. The antifungal activities of
the polymers were tested by agar tube dilution method
against different fungal strains which were Candida albi-
cans, Canadida glabrata, Aspergillus niger, Fusarium lini,
Trichphyton rubrum and Microsporum canis using stan-
dard drug Amphotericin B for Aspergillus niger and Mi-
conazole for other species. SDA (Sabouraud dextrose agar)
media was used for fungal growth where 12 mg of polymer
was dissolved in DMSO to make concentration 200 pg/ml.
The incubation period was 7 days and the temperature was
27 °C. The % inhibition of fungal strains by the polymers
was calculated using the formula given as equation 2.

)
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2. 3. Synthesis of Monomers

Three new monomers (two dialdehydes and one
diketone) were prepared by following a reported proce-
dure.¥-35 0.2 mol of aromatic aldehyde [3-hydydroxy-
benzaldehyde (24.42 g), 2-hydroxynaphthaldehyde (34.43
g) or 2-hydroxyacetophenone (27.23 g)] dissolved in 50 ml
of DMF was added into 250 ml round bottom flask
equipped with a condenser and magnetic stirrer, 0.25 mol
(25 g) anhydrous sodium carbonate and 0.1 mol of 1,6-di-
bromohexane (15.38 ml) were also added to the reaction
flask. The contents were refluxed for 5 h at 150 °C with
continuous stirring, the resulting product was poured into
500 ml cold water and allowed to form precipitates. The
precipitates were filtered and washed once with 0.1 M po-
tassium hydroxide and then three times with distilled wa-
ter, dried and recrystallized from ethanol. The structures
and the reactions for the syntheses of monomers are given
in Figure 1.

2. 3. 1. 3,3’-hexamethylenebis(oxybenzaldehyde)
(m-HOB)

Yield = 78%, Mp. 60 °C, C,oH,,0, FT-IR cm™! (rela-
tive intensity) 3066(w), 2944(w), 2912(w), 2866(w),
2808(w), 2719(w), 1717(m), 1694(s), 1592(m), 1486(m),
1472(m), 1450(m), 1384(m), 1323(m), 1294(w), 1258(s),
1169(s), 1148(m), 1082(w), 1021(s), 990(w), 931(w),
876(w), 864(w), 785(s), 755(s), 730(w), 682(s). 'HNMR
(DMSO-dg), 8 ppm 1.489(q), 1.762(t), 4.050(t), 7.258(m),
7.405(d), 7.486(m), 9.959. UV (DMSO), A-max, nm (g, L.
mole™! cm™!) 314(6976). E.I mass spectrum m/z (relative
intensity %) M* 326(33.2), 297(1.3), 221(1.5), 205(8.1),
177(5.0), 163(2.5), 149(3.0), 135(10.9), 121(31.6),
105(19.4), 83(65.5), 55(100).

Figure 1. Synthetic reactions for the dialdehydes or diketone monomers

2. 3.2. 2,2-hexamethylenebis(oxynaphthaldehyde)
(o-HON)

Yield = 85%, Mp. 180 °C, CygH,c0, FT-IR cm™! (rel-
ative intensity) 2939(w), 2878(w), 1990(w), 1661(s),
1620(w), 1590(m), 1511(m), 1459(w), 1434(m), 1368(w),
1343(m), 1268(m), 1246(s), 1150(s), 1058(s), 1022(m),
942(w), 900(w), 866(w), 804(s), 758(s), 708(m), 645(s).
THNMR (DMSO-dy), § ppm 1.361, 1.455(d), 1.575, 1.871,
4.324(t), 7.446(t), 7.589(m), 7.925(d), 8.257(q), 9.083(d),
10.794. UV (DMSO), A-max, nm (g, L. mole™! cm™)
320(3043), 340(2199). E.I mass spectrum m/z (relative in-
tensity %) M* 426(52.2), 398(89.9), 397(28.3), 271(3.5),
255(19.3),241(1.0),227(8.2),213(4.4),199(3.2), 185(21.8),
171(100), 155(7.7), 83(30.6), 55(57.2).

2. 3. 3. 2,2’-hexamethylenebis(oxyacetophenone)
(0-HOA)

Yield = 81%, Mp. 80 °C, C,,H,c0, FT-IR cm™! (rela-
tive intensity) 2951(w), 2870(w), 1661(s), 1593(s), 1575(w),
1485(m), 1469(w), 1449(m), 1411(w), 1395(w), 1361(m),
1293(s), 1232(s), 1162(m), 1129(m), 1043(m), 1014(m),
865(m), 828(w), 763(s). 'HNMR (DMSO-d;), § ppm
1.530(t), 1.815(t), 2.534(d), 4.099(t), 6.989(t), 7.136(d),
7.500(m), 7.557(m). UV, A-max, nm (e, L. mole™! cm™)
306(7076), 444(233.7). E.I mass spectrum m/z (relative in-
tensity %) M* 354(2.3), 339(19.5), 235(13.5), 219(20),
191(3.0),177(1.5),163(1.7), 149(23.9), 135(2.9), 119(13.9),
83(69.4), 55(100), 43(37.3).

2. 4. Synthesis of Polymers

Three new polymers were synthesized by following
reported method?*-3° with slight modification in the proce-
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Figure 2: Synthetic reactions for the polyimines

dure as under: the monomer (5 mmol) [m-HOB (1.63 g),
0-HON (2.13 g) or 0o-HOA (1.77 g)] dissolved in 25 ml
DMF and 5 mmol of diamine [1,5-naphthalenediamine
(0.79 g) or 1,4-phenylenediamine (0.54 g)] dissolved in 25
ml DMF were transferred in a 250 ml round bottom flask
equipped with condenser and magnetic stirrer bar and 0.01
g of p-toluenesulfonic acid was also added into the flask as
catalyst. The contents were refluxed for 6 to 7 hours with
continuous stirring in nitrogen atmosphere. The resulting
product was poured into 250 or 500 ml distilled water and
allowed to settle precipitates. The product was filtered and
finally dried at room temperature. The synthetic reactions
for the polymers with their structures are given in Figure 2.

2. 4. 1. Poly-3,3’-hexamethylenebis(oxybenzldehyde)-
1,5-naphthalenediimine (PmHOBND)

Yield = 76%, Mp. 210 °C (decomposed), (C3yH,sN,0,),,,
FT-IR, cm™ (rel. intensity), 2939(w), 2863(w), 1694(w),
1620(m), 1578(s), 1503(w),1485(w), 1447(m), 1404(w),
1360(w), 1360(w), 1318(w), 1248(s), 1206(s), 1174(w),
1150(m), 1024(m), 992(w), 974(w), 862(w), 778(s),
684(m). 'HNMR (DMSO-d,), & ppm 1.496, 1.764, 2.721,
2.880, 4.052(m), 7.942, 9.980. UV (DMSO), \-max nm
(1% absorptivity) 287(145), 321(236.5).

2. 4. 2. Poly-2,2’-hexamethylenebis(oxynaphthalde-
hye)-1,4-phenylenediimine (PoHONPD)

Yield = 78%, Mp 185-210 OC, (C34H30N202)n, FT—IR,
cm! (rel. intensity) 3367(w), 2936(w), 2857(w), 1683(w),
1618(w), 1592(s), 1505(w), 1487(w), 1456(m), 1387(w),

1285(m), 1243(s), 1188(w), 1143(s), 1101(s), 1073(w),
1005(w), 887(w), 826(m), 754(s), 722(m). 'HNMR
(DMSO-dg), & ppm 2.722, 2.881, 7.942. UV (DMSO),
A-max nm (1% absorptivity) 265(1120), 318(940).

2. 4. 3. Poly-2,2’-hexamethylenebis(oxyacetophenone)
-1,5-naphthalenediimine (PoHOAND)

Yield = 74%, Mp. 250 °C (decomposed), (C3,H3,N,0,),,,
FT-IR, cm™ (rel. intensity) 3339(w), 2938(w), 1594(s),
1517(w), 1485(w), 1450(s), 1407(w), 1358(w), 1293(m),
1237(m), 1164(w), 1122(w), 1033(w), 1010(w), 754(s),
681(m). 'THNMR (DMSO-d), & ppm 1.223,1.417(m), 1.666,
1.775(t), 2.275, 4.078(t), 6.594(t), 6.736(d), 6.986(t), 7.039,
7.114(m), 7.197(m), 7.308(t), 7.509(m). UV (DMSO),
A-max nm (1% absorptivity) 307(1580), 477(500).

3. Results and Discussion
3. 1. Synthesis

Three new monomers (dialdehydes or diketone)
m-HOB, 0-HON and 0-HOA were prepared by condensa-
tion of 3-hydroxybenzaldehyde, 2-hydroxynaphthalde-
hyde or 2-hydroxyacetophenone with 1,6-dibromohexane.
The monomers were obtained in good yield (78-85%). In
the present work new meta oriented dialdehyde m-HOB
was prepared while its ortho and para oriented isomers
were reported in our earlier work.*»* Three new poly-
imines (PmHOBND, PoHONPD and PoHOAND) were
prepared by the polycondensation of dialdehydes or dike-
tone monomers (m-HOB, 0-HON or 0-HOA) with di-
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amines (1,5-naphthalenediamine or 1,4-phenylenedi-
amine). The polymers have ether linkages, azomethine or
imine bonds and spacers of n-hexane between the aromat-
ic rings and the polymer derived from diketone monomer
(0-HOA) contains methyl group attached with the imine
(C=N) group. The polymers were also obtained in good
yield (74-78%). The synthesized polymers can also be
called as polyethers because all the three polymers contain
ether linkages in their main chain.

3. 2. Solubility

The solubility of the monomers and polymers was
tested in various solvents and the results are given in Table
1. The monomers were soluble in organic solvents and in-

soluble in water. The polymer PmHOBND was soluble in
chloroform and THF without heating while in DMSO and
DMEF on heating, the polymer POHONPD was soluble in
DMF and DMSO on heating and the polymer POHOAND
indicated highest solubility in all the tested solvents except
water, it is soluble in chloroform, acetone, THE, DMF and
DMSO without heating while in ethanol with heating. The
increased solubility of the polymer POHOAND may be
due to presence of methyl side group attached with the
imine bond.

3. 3. E.I Mass Spectra of Monomers

The mass spectrum of the dialdehyde m-HOB indi-
cated M* at m/z 326 and other fragment ion peaks ap-

Table 1. Solubility of monomers and polymers in different solvents at the concentration of 5mg/ 5ml

S. No Compound Solubility in different solvents
H,0 Ethanol Acetone Chloroform THF DMF DMSO
1 mHOB IS S S S S S S
2 oHON IS PS(A) S(A) N S S S
3 oHOA IS S S S S S S
4 PmHOBND IS IS SS N S S(A) S(A)
5 PoHONPD IS SS(A) PS(A) PS PS S(A) S(4)
6 PoHOAND IS S(A) S S S S S

S=Soluble, S(A)=Soluble on heating, PS=Partially Soluble, PS(A)=Partially Soluble on heating, SS=Slightly Soluble, SS(A)=Slightly soluble on heat-

ing, IS=Insoluble

Figure 3. E.I mass spectrum of the monomer 0o-HON
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peared at m/z 297, 221, 205, 177, 163, 149, 135, 121 and
105 corresponding to [M-(CHO)]*, [M-(CsH,.CHO)]JY,
[M-(0.C¢H..CHO)]*, [CHO.C¢H,.O.(CH,),]*, [CHO.
Ce¢H,4.0.(CH,)3]*,  [CHO.C¢H,.O.(CH,),]*,  [CHO.
C¢H,4.0.CH,]*, [CHO.C¢H, .O]* and [CHO.C4H,J* re-
spectively while the peaks at 83(65.5%) and 55(100%)
corresponded to C¢H;; and C H, (supplementary Fig.
S1).

The mass spectrum of the dialdehyde o-HON indi-
cated M* at m/z 426 and the other fragment ion peaks ap-
peared at m/z 398, 397, 271, 255, 241, 227, 213, 199, 185,
171(100%) and 155 corresponding to [M-(CHO)+1]%,
[M-(CHO)]*, [M-C,(Hs.CHO]J*, [CHO.C,(H.0.(CH,)6],
[CHO.C,(H¢.0.(CH,)5]*, [CHO.C,yH¢.O.(CH,),4]*, [CHO.
CioHg.O.(CH,);]*,  [CHO.C;(H¢.O.(CH,),]*,  [CHO.
C,0Hs.0.CH,]*, [CHO.C,;H.O]* and [CHO.C,(Hg]* re-
spectively while the peaks at 83(30%) and 55(57.2%) were
of C¢H;, and C,H; (Figure 3).

The mass spectrum of diketone 0-HOA indicate M*
at m/z 354 and the other fragment ion peaks appeared at
m/z 339, 235, 219, 191, 177, 163, 149, 135 and 119 were
corresponding to [M-(CH;)]*, [M-(C4H,.CO.CH3)]*, [M-
(0.C¢H,.CO.CH3)]*, [CH;.CO.C¢H,.O.(CH,),]*, [CHa.
CO.C¢H,4.0.(CH,);]*, [CH;.CO.C¢H,4.0.(CH,),]*, [CHa.
CO.C¢H,.0.CH,]*, [CH;.CO.C¢H4O]* and [CHs,.
CO.C¢Hy]* respectively while the peaks at 83(69.4),
55(100) and 43(37.3) were of C¢H;,, C4H, and CH;CO re-
spectively (supplementary Fig. S2).

Figure 4. FT-IR spectrum of polymer PmHOBND

3. 4. FT-IR Spectroscopy of Monomers

and Polymers

The FT-IR spectra of dialdehydes and diketone
monomers indicated two or five weak bands within 2951-
2719 cm™! due to v C-H aliphatic corresponding to n-hex-
ane and CHO (of dialdehydes) groups. A strong band was
indicated within 1694-1661 cm™ due to v C=0 of alde-
hyde or ketone group. The band within 1595-1590 cm™!
was assigned for v C=C aromatic rings and the band with-
in 1233-1257 cm™! for v C-O-C of etheric bond (supple-
mentary Fig. $3-85), similar assignments have been re-
ported in the literature for dicarbonyl monomers.3¢-37

The polymers PmHOBND and PoHONPD showed
weak band at 1694 and 1683 cm™! respectively for v C=0
contributed from end on group, this band was present as a
strong band in their corresponding monomers which
showed that carbonyl group was converted into imine
group. All the three polymers (PmHOBND, PoHONPD
and PoHOAND) showed strong to medium intensity
band within 1594-1620 cm™! for v C=N and the band
within 1592-1518 cm™! due to aromatic rings of the poly-
mers. Two bands were observed within 1237-1248 cm™!
and 1024-1005 cm™! due to v C-O-C asymmetric and
symmetric vibrations and number of bands within 973-
681 cm™! were for C-H in plane and out of plane vibra-
tions of aromatic rings (Figure 4) (supplementary Fig. S6
and S7). Similar assignments indicated for related poly-
mines.?%8
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3. 5. 'HNMR Spectroscopy of Monomers

and Polymers

The 'HNMR spectra of all the synthesized com-
pounds (monomers and polymers) were recorded in DM-
SO-dg solvent. The dialdehyde monomers m-HOB and
0-HON indicated CHO group signal at § ppm 9.959 and
10.794 respectively, all the three monomers (m-HOB,
0-HON and 0-HOA showed signals within the range of §
ppm 6.989-8.257 due to protons of the aromatic rings
(benzene or naphthalene), one triplet within 6 ppm 4.050-
4.324 due to etheric group (O-CH,) protons and CH, ali-
phatic protons signals within § ppm range of 1.361-1.871
due to n-hexane while diketone 0o-HOA also showed signal
at § ppm 2.534 due to CHj; protons of acetophenone group
(supplementary Fig. $8-S10). The polymers PmHOBND
and PoOHONPD showed singlet at § ppm 7.942 for azome-
thine group proton (CH=N) while the polymer PoHO-
AND did not showed any proton signal at this position
because it contains imine bond (C=N) instead of azome-
thine group. The polymer POHOAND showed CH aromat-
ic proton signals within 6 ppm range of 6.594-7.509 while
aromatic CH signals were missing in PmHOBND and Po-
HONPD because of their lower solubility in DMSO-dj, the
polymers PmHOBND and PoHOAND indicated triplet at
S ppm 4.052 and 4.078 due to OCH, group, all the three
polymers showed signals within the range of § ppm 1.417-
2.880 due to CH, group protons of n-hexnane and PoHO-

Figure 5. 'HNMR spectrum of polymer POHOAND

AND showed singlet at § ppm 2.275 due to CH; group
protons (Figure 5). Similar 'HNMR assignment have been
reported for related monomers and polymers.3$

3. 6. UV-Vis Spectroscopy of Monomers
and Polymers

UV-visible spectra of monomers and polymers were
recorded using DMSO solvent and the results including
molar absorptivity (L.mole™ - cm™) of monomers and 1%
absorptivity of polymers (because molecular weight of
polymers was unknown) are provided in Table 2. The
meta oriented monomer m-HOB showed only one band at
314 nm for n—n* transition within aromatic ring while the
ortho oriented monomers o-HON and 0-HOA showed
two bands each, the first bands at 320 nm and 306 nm re-
spectively were attributed to m-m* transition within aro-
matic ring and second at 340 nm and 444 nm respectively
was for m—m* within conjugated aromatic ring and carbon-
yl (C=0) group. The appearance of second peak in ortho
oriented monomers may be due to greater influence of
lone pairs of oxygen on conjugation as compared to meta
oriented monomer (supplementary Fig. S11-S13). All the
three polymers showed two bands, the first band appeared
due to m—m* transition within aromatic ring and the sec-
ond band was due to m-m* transition involving aromatic
ring (phenyl or naphthyl) and conjugated azomethine

Qureshi et al.: New Fluorescent, Thermally Stable and Film ...

905



906

Acta Chim. Slov. 2019, 66, 899-912

Table 2. Results of spectrophotometric studies of monomers and polymers in DMSO Solvent

S. No Compound A nm (g 1%) Possible transition
1 mHOB 314 (6976) n-m* transition within benzaldehyde ring system
5 PmHOBND 287 (145) n—-m* transition within aromatic ring system
" 321 (236.5) n—m* transition involving naphthyl ring and conjugated C=C-N=C n-electron system
3 HON 320 (3043) n—-m* transition within naphthaldehyde ring system
0 340 (2199) n-7* transition involving naphthyl ring with conjugated O=C-C=C-O n-electron system
and lone pair of etheric oxygen.
4 PoHONPD 265 (1120) n-m* transition within aromatic ring system
° 318 (940) n-7* transition involving phenyl ring and conjugated C=C-N=C n-electron system
306 (7076) n-m* transition within acetophenone ring system
5 oHOA 444 (233.7) n—-m* transition involving naphthyl ring with conjugated O=C-C=C-O n-electron system
and lone pair of etheric oxygen
p PoHOAND 307 (1580) n-m* transition within aromatic ring system
© 477 (500) n-7* transition involving phenyl ring and conjugated C=C-N=C n-electron system

(C=C-N=C) group (Figure 6) (supplementary Fig.
$14-S815). Similar UV-Vis assignment for related mono-
mers and polymers were reported.04!

Figure 6. UV/Vis Spectrum of polymer (PoHOAND)

3. 7. Fluorescence Spectroscopy of Monomers

and Polymers

All the synthesized monomers and polymers indi-
cated fluorescence emission due to the presence of conju-
gated chromophoric groups in their structure (supple-
mentary Fig. $16-520). The fluorescence quantum yields
of the synthesized compounds were calculated at different
excitation wavelengths through reported comparative
method.*? Quinine sulphate was dissolved in 0.1M H,SO,
and used as standard for all the measurements while the
solutions of monomers and polymers were prepared in
DMSO. The excitation and emission spectra of both the
compound (monomers and polymers) and standard (qui-

nine sulphate) were recorded at solutions concentration
0.025 mg/ml because maximum emission intensities of the
synthesized compounds were observed at this concentra-
tion. The excitation and emission slit width was adjusted at
5 nm for both the compound (monomers and polymers)
and standard (quinine sulphate). The quantum yields of
monomers and polymers were calculated using the follow-
ing equation 3

©)

Where Q¢ is the quantum yield of compound
whose quantum yield want to be calculated, Qyg is the
quantum yield of quinine sulphate standard (0.54), A, is
the area under the emission peak of the compound whose
quantum yield want to be calculated, A, is area under the
emission peak of quinine sulphate standard (190059), f;
(1-107D, D: absorbance value (0.20) of the quinine sul-
phate standard measured in UV-Vis at excitation wave-
length), f, (1-10-D, D: absorbance value of the compound
measured in UV-Vis at excitation wavelength), n, is the
refractive index of DMSO (1.479), n, is the refractive in-
dex of 0.1M H,SO, (1.33). All the monomers and poly-
mers showed different color emissions at different exci-
tation wavelengths, the results of spectrofluorometric
measurements of all the monomers and polymers with
their calculated quantum yields are summarized in Table
3. The monomers mHOB and oHON showed red and vi-
olet light emissions while the monomer cHOA showed
violet, orange and red light emissions, the calculated
quantum yields of monomers were obtained within the
range of 0.04 to 3.35%. The polymer PmHOBND showed
red and violet light emissions, POHONPD showed violet
light emission and PoHOAND indicated violet, blue-
green and orange light emission, the calculated quantum
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Table 3. Spectrofluorometric determination of monomers and polymers in DMSO solvent

S. No Compound Excitation Emission Emission Relative intensity
wavelength (nm) wavelength (nm) color of emission % Qumx
348 - 274 3.1
1 mHOB 314 631 red 16.9 0.04
691 red 24.3 0.33
398 violet 1016 24.3
2 PmHOBND 321 645 red 22.2 0.04
742 red 400 6.27
357 - 79.4 2.50
320 642 red 39.6 0.20
3 oHON 706 red 5.2 0.15
340 378 violet 89.9 0.56
681 red 36.11 0.36
265 356 - 403 7.38
4 PoHONPD 318 374 violet 3454 4.92
380 violet 217.5 3.35
5 oHOA 306 614 orange 21.36 0.04
688 red 14.6 0.22
307 391 violet 442 4.81
6 PoHOAND 616 orange 47.3 0.06
477 513 blue-green 50.2 0.2

% Qux (calculated % quantum yield of monomers and polymers)

3. 8. Scanning Electron Microscopy
of Monomers and Polymers

The SEM images of monomers and polymers were
recorded at micron marker scale length range of 500 um to
1 um at different magnifications. The dialdehyde m-HOB
showed crystalline morphology and looked like iron
blocks while its corresponding polymer PrnHOBND had
sponge like morphology. The monomer o-HON had clay
rock like morphology and showed non-homogeneous sur-
face, while its corresponding polymer POHONPD showed
smooth and porous surface (supplementary Fig. $21 and
§22). The surface morphology of diketone monomer
0-HOA was fibrous and looked like cotton wool while
morphology of its corresponding polymer PoHOAND
looked like cheese pieces with clearly visible pores of dif-
ferent sizes (Figure 8). The surface morphology of all the
three polymers was different from their corresponding

Figure 7. Fluorescence emission spectra of polymer POHOAND at : . .
monomers which support their formation.

different excitation wavelengths

3. 9. Powdered X-ray Diffraction (XRD)

yields of polymers were obtained within the range of 0.04 of Polymers

to 24.3%. The fluorescence quantum yields of all the poly-

mers were higher than their corresponding monomers
while the polymer PmHOBND indicated highest quan-
tum efficiency among all the synthesized compounds
which is 24.3% for violet light emission (398 nm) at exci-
tation 321 nm.

The X-ray diffraction patterns of the polymers were
acquired over 26 range of 5°-80° (Figure 9). The meta-ori-
ented polymer PmHOBND showed intense peaks within
20 = 5°-30° which indicates its semicrystalline nature
which may be attributed to the presence of polar CH=N
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Figure 8. SEM images of monomer 0-HOA and its derived polymer POHOAND at different micron-marker scale lengths (50 pm to 1 pm)

groups and C=C bonds of aromatic rings in its structure.*?

The polymers PoOHONPD and PoHOAND showed one
broad diffraction hump centered at 260 = 20.6° and 20 =
22.5° respectively, which indicated their amorphous na-

Figure 9: XRD patterns of polymers PmHOBND, PoOHOAND and
PoHONPD

ture.** The amorphous nature of ortho oriented polymers
(PoHONPD and PoHOAND) was due to the presence of
1,2- linkages and flexible aliphatic (CH,)s groups in their
structures.®

3. 10. Thermal Analysis of Monomers
and Polymers

Thermal properties of monomers and polymers
were evaluated by thermogravimetric (TG) and differen-
tial thermal analysis (DTA) and the results are summa-
rized in Table 4. Thermal stability of the compounds was
estimated from the T, value (temperature indicating
maximum rate of weight loss) in TG graph. TG of dialde-
hyde m-HOB indicated weight loss in single step of 93%
within 265 °C-590 °C and T,,,, value at 394 °C, DTA
showed two endotherms first at 82 °C due to melting and
second at 324 °C for vaporization/decomposition fol-
lowed by four exotherms due to decomposition at 263,
393, 479 and 558 °C. TG of 0-HON showed three steps of
weight loss, 54% weight loss within 294-413 °C, 14% loss
within 414-514 °C and 19% loss within 515-611 °C, its
Trax Was observed at 354 °C, DTA indicated one endo-
therm at 193 °C due to melting followed by two exotherms
at 362 °C and 545 °C due to decomposition. TG of dike-
tone monomer o-HOA showed three steps of weight loss,
71% loss within 209- 377 °C, 12% loss within 378-490 °C
and 9% loss indicated within 491-550 °C, its T,,,, was ob-
served at 342 °C, DTA showed melting endotherm at 97
°C, vaporization/decomposition exotherm at 371 °C and
large decomposition exotherm at 545 °C. The dialdehyde
m-HOB indicated highest thermal stability among the
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Table 4. Thermal analysis (TG/DTA) data of monomers and polymers

TG
Weight loss stages Maximum rate

Compound I I III of wt. loss DTA

Wt. loss % (temperature range °C) (Thax °C) Endo °C Exo °C
m-HOB 93 (265-590) - - 394 82,324 263, 393,479, 558
0-HON 54 (294-413) 14 (414-514) 19 (515-611) 354 193 362, 545
0-HOA 71 (209-377) 12 (378-490) 9 (491-550) 342 97 371, 545
PmHOBD 8 (194-415) 36 (416-503) 50 (504-651) 577 - 456, 639
PoHONPD 44 (324-468) 6 (469-557) 39 (558-678) 396 - 54, 365, 448, 624
PoHOAND 98 (42-727) - - 385 - 676

a)

monomers (supplementary Fig. §23-§25). TG of poly-
mer PmHOBND indicated weight loss in three steps 8%
loss was observed within 194-415 °C, 36% weight loss
within 416-503 °C and 50% loss within 504-651 °C with
Tax at 577 °C. DTA showed two exothermic curves, va-
porization/decomposition exotherm at 456 °C and de-
composition exotherm at 639 °C (Figure 10a). TG of Po-
HONPD showed three steps of weight loss, 44% weight
loss was observed within 324-468 °C, 6% weight loss with-
in 469-557 °C and 39% weight loss within 558-678 °C,
Trax showed at 396 °C, DTA showed two volatilization/
decomposition exotherms at 365 °C and 448 °C and large
decomposition exotherm at 624 °C (Figure 10b). TG of
PoHOAND indicated 98% weight loss within 42-727 °C b)
in one step with T,,, at 385 °C, DTA showed one exo-
therm at 676 °C due to decomposition (Figure 10c). Ther-
mal stability of the polymers was higher than their corre-
sponding monomers and the polymer PmHOBND
showed higher Tj,,, value (577 °C) among all the synthe-

sized compounds.

3. 11. Biological Activities of Polymers

The antimicrobial activities of the polymers were ex-
amined against different species of bacteria and fungi but
the polymers showed non-significant antimicrobial activi-
ties. The polymer PmHOBND showed 10% antibacterial
activity against Staphylococcus aureus and Bacillus subtilis )
while only 2% inhibition against Salmonella typhi. Po-
HOBND showed 11% inhibition against Staphylococcus
aureus, 8% inhibition against Bacillus subtilis and 7.4%
inhibition against Salmonella typhi. POHOAND indicated
no inhibition against Staphylococcus aureus, only 1% inhi-
bition against Bacillus subtilis and 15.4% inhibition against
Salmonella typhi. All the three polymers not showed any
activity against Escherichia coli and Pseudomonas aerugi-
nosa. The polymers PmHOBND and PoOHOBND showed
12.5% antifungal activity against Candida albicans while
PoHOAND showed 10% activity against the same strain.
All the three polymers did not show any activity against
Canadida glabrata, Aspergillus niger, Fusarium lini, Trich-
phyton rubrum and Microsporum canis.
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Figure 11.Images of dried homogenized polymer-PVC blends (50-50%) w/w and their resulting thin films (a) POHONPD-PVC blend (b) Po-
HOAND-PVC blend (c) thin film of POHONPD-PVC and (d) thin film of POHOAND-PVC.

3. 11. Thin Films of Polymer-PVC Blends

The polymers PmHOBND, PoHONPD and PoHO-
AND were tested for their thin film forming ability, the
synthesized polymers could not form thin films alone
therefore polymer-PVC blends in different w/w% ratios
(10:90, 20:80, 30:70, 40:60 and 50:50) were prepared,
among them only 50:50 w/w% blends of ortho-oriented
polymers POHONPD and PoHOAND were transformed
into thin layers having shiny finishing (Figure 11).

4. Conclusion

Three new aliphatic-aromatic polyimines containing
naphthyl rings in their main chain were prepared by the
polycondensation reaction of newly synthesized dialde-
hydes and diketone monomers with diamines. The solubili-
ty of the polymers were improved significantly due to solu-
bility enhancing arrangements made in their structures
which include their aliphatic-aromatic nature, introduction
of ether linkages between the aliphatic and aromatic groups
and non-linear orientation (ortho and meta) of the groups
attached with the aromatic ring. In addition to these struc-
tural modifications the polymer POHOAND contain meth-
yl side group attached at ortho position of the aromatic ring
and this polymer indicates highest solubility among the
synthesized polymer, it was soluble in all the organic solvent
tested which include acetone, chloroform, THE, DMF and
DMSO. All the synthesized compounds (monomers and
polymers) were fluorescent, the polymer PmHOBND
showed violet and red light emission, POHONPD showed
violet light emission while POHOAND showed multi-color
emissions which include violet, blue-green and orange. The
highest quantum yield (24.3%) was indicated by the me-
ta-oriented polymer PmmHOBND for violet light emission
(398 nm) at excitation 321 nm. The polymers were thermal-
ly stable up to 400 °C, therefore they can be applied as fluo-

rescent and heat-resistant materials. The 50:50 w/w% poly-
mer-PVC blends of PoOHONPD and PoHOAND were
transformed into thin films with shiny finishing.
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Povzetek

Tri nove alifatsko-aromatske polimere z naftilnimi obro¢i smo pripravili s polikondenzijo dialdehidov ali
diketonskih monomerov z 1,5-naftalendiaminom ali 1,4-fenilendiaminom. Monomere smo pripravili z reak-
cijo aromatskega aldehida ali ketona z 1,6-dibromoheksanom. Molekulsko maso monomerov smo dolo¢ili z
masno spektrometrijo z elektronsko ionizacijo (EI-MS). Monomere in polimere smo karakterizirali z NMR
spektroskopijo (*H NMR), infrardeco spektroskopijo (FT-IR), UV-VIS spektroskopijo, vrsti¢no elektronsko
mikroskopijo (SEM) in termogravimetri¢no analizo (TG / DTA). S fluorescen¢no spektroskopijo monome-
rov in polimerov smo dolo¢ili kvantne izkoristke spojin. Pri vseh preuc¢evanih spojinah smo zaznali fluores-
cenco, ki se je kazala v vijoli¢nih, modro-zelenih, oranznih in rdec¢ih emisijah. Kvantni izkoristek polimerov
so bili v razponu od 0,04 % do 24,3 %. Semikristalini¢no in amorfno naravo polimerov smo analizirali s
pomocjo rentgenske praskovne difrakcije. Proucevali smo protimikrobne aktivnosti polimerov napram ra-
zli¢nimi vrstam bakterij in gliv. Sposobnost tvorbe sintetiziranih polimerov s tankim filmom smo ocenili
tako, da smo pripravili njihove mesanice s PVC (polivinilklorid) v razli¢nih masnih razmerjih.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
Creative Commons Attribution 4.0 International License
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Abstract

The aim of the study was to exemplify the benefits of using electrochemical impedance spectroscopy (EIS) for quantifi-
cation of coating quality during accelerated corrosion testing before the appearance of visual changes on the surface of
the coating. The study included an innovative application of the commercial flexible gel electrodes in a two-electrode
setup for following the impedance of the two high-durability offshore coating systems exposed to 1440 h of neutral salt
spray (NSS) according to EN ISO 9227. The results were compared to those of the EIS measurements during 8000 h long
exposure to a liquid electrolyte in a press-on cell according to the established EN ISO 16773 method. Complementary
methods of differential scanning calorimetry, Fourier transform infrared spectroscopy and thermogravimetric analysis
have been used for surface, interface and depth profiling of coating characteristics that were commented with respect to
the EIS results.

The technique was applied on high-durability coatings Zn (R) + EP + EP or PUR intended for the protection in
the coastal and offshore areas corresponding to C5- (H) and CX corrosivity categories in accordance with EN ISO 12944.
EIS has been found to give sound quantitative results for coating impedance and a good estimation of long term coating
behaviour within the first 100 h of accelerated exposure. It can be considered a promising tool for the early detection of

coating damage during weathering tests.

Keywords: Durability of coatings; EIS; salt spray chamber; organic coatings degradation

1. Introduction

At present, epoxy and polyurethane coatings are the
predominant types of coatings used in the offshore indus-
try. Since offshore construction coatings face outdoor ex-
posure continuously throughout their service life, which
includes high relative humidity, rain, a saline corrosive at-
mosphere and high UV radiation, their lifetime is short-
ened. The expected lifetime for an offshore construction is
20 years or more and high-performance coatings are re-
quired for this application to avoid excessive and expen-
sive maintenance operations and the loss of revenue.! An
anticorrosive coating system usually consists of multiple
layers of different coatings with different properties and
purpose. A typical anticorrosive system for highly corro-
sive marine environments usually consists of a primer, one
or several intermediate coats, and a top coat. The function

of the primer is to protect the substrate from corrosion and
to ensure good adhesion to the substrate. The function of
the intermediate coat is to build up the thickness of the
coating system and impede the transport of aggressive
species to the substrate surface. The topcoat is exposed to
the external environment and must provide the surface
with the required colour and gloss.

The overall system is characterized by high electrical
resistance and low capacitance which may quickly and eas-
ily be quantitatively measured, especially, after the devel-
opment of advanced EIS instruments having: pA current
measurement range, high input impedance up to 1 TQ,
variable gain amplifiers, variable filters input front-ends
and a floating ground.>* Over the last few decades, elec-
trochemical methods have found widespread use for char-
acterization of anticorrosive coatings and have been com-
monly employed to assess the performance and durability
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of anticorrosive coatings in the laboratory.* By making
periodic EIS measurements during the exposure to the
corrosive environment, the level of coating damage can be
estimated. EIS is a non-destructive measurement that may
be used to track the condition of a coated metal sample as
it changes.” Equivalent circuit models using passive elec-
trical engineering and physics circuit elements have com-
monly been used to help interpret EIS studies of coating
systems. Data analysis procedures need to use non-linear,
complex least squares fitting algorithm program of these
equivalent electrical circuits (EEC) models to the EIS
data.® EEC is commonly used to interpret EIS studies of
coating systems, but in some cases, calculated data from
EEC models are not completely comparable with experi-
mental data, moreover finding an exact matched model is
quite difficult. The performance of the coating is evaluated
according to the magnitude of the parameters in the equiv-
alent circuit and their changes with exposure time.”~!°
Other approaches such as minimum phase angle and its
frequency, frequency breakpoint, the impedance at low
frequency, the changing rate of impedance and phase an-
gle at high frequencies have been used by some researchers
to avoid these problems.!! It is accepted among researchers
that the initial step in the degradation process is the loss of
dielectric properties of the polymer resulting from water
ingress into the coating film. The relation between the ini-
tial and final coating capacitance may be an appropriate
parameter by which to rank coating lifetime.!? Also, low
frequency coating resistance is taken as an indicator of
coating quality.”~® Excellent coatings have resistance val-
ues 108 - 10!2 Qcm? and poor corrosion protection prop-
erties are exhibited when resistance intensity drops below
10° Qcm?.!3 The appearance of coating defects is observed
when coating impedance value falls below 10° Qcm?.!* Im-
pedance greater or equal to 10° Q corresponds to excellent
protecting properties of coatings which provide almost
purely capacitive behaviour over long exposure periods.!®
The described EIS model may be applied to various indus-
trial coating types and thicknesses providing a universal
tool for coating quality and protective ability compari-
son!18,

The coatings industry regularly applies spectroscop-
ic'®-2l and thermal analysis'®?>2* methods that allow the
assessment of coating characteristics before and after their
exposure to a wide variety of service conditions. These
methods are complementary to EIS because unlike EIS,
they do not generate quantitative data that relates to barri-
er properties of a coating on a metal substrate but rather
data related to the coating surface chemistry and bulk pol-
ymer thermal behaviour.

Nowadays, the most commonly employed method
to assess offshore (CX corrosivity class) coating systems
quality relies on long-term cyclic exposure in a climatic
chamber until visible signs of coating degradation appear.
Moreover, the 2017 edition of EN ISO 12944-6 standard
redefines coating durability classes and suggests the appli-

cation of cyclic accelerated corrosion tests for C4 of high
and very high durability and C5 coating systems of high
and very high durability. Due to the long duration of 4200
h and a high cost of such tests, the change could incur sig-
nificant expense to coating manufacturers. The advantage
of EIS is that it can indicate changes in the coating long
before any visible damage commences,>?* hence it is of
great technical importance to investigate quantification of
the coating quality by EIS with the prospects of early de-
tection of coating degradation during accelerated testing
as well as during exposure to service conditions.

In the present study, two coating systems consisting
of zinc epoxy primer and two epoxy coats one with, and the
other without the polyurethane topcoat, have been investi-
gated. The focus of the investigation was on early detection
of coating degradation during exposure to neutral salt
spray (NSS) done according to the EN ISO 9227 standard
and corresponding to the requirement for C5 and CX cate-
gories as defined by ISO 12944-6. EIS has been measured
periodically during the NSS test by shortly stopping the ex-
posure to salt mist and performing measurements with the
flexible gel electrodes which enabled capturing of the mo-
mentary coating state.>>?>2’ For comparison, measure-
ments have also been done by EIS according to EN ISO
16773 standard and by FTIR, DSC and TGA methods.

2. Experimental

2. 1. Material and Preparation

Carbon steel sheets with dimensions of (100 x 150 x
10 mm) were used as a metallic substrate. The samples
were sand-blasted to Sa 2.5 (according to EN ISO 8501-1)
and the surface was cleaned from visible oil and dirt. Two
coating system denoted as System A and System B have
been applied to the carbon steel panels by the air spraying
technique. The application has been done according to the
instructions of the manufacturer, and therefore it may be
assumed that the application process has no consequences
on the observed behaviour of the coatings. Specifications
of the selected two-component coating systems are shown
in Table 1. The main component in basecoat is zinc dust
(50-75%) in addition bisphenol A epoxy resin, xylene, sol-
vent naphtha. The intermediate coat is high solids epoxy
polyamide adduct cured contain bisphenol A epoxy resin
(10-25%). Topcoat cured with aliphatic isocyanate and
contains zinc phosphate. The minimum number of layers
and the nominal film thickness of each coating is deter-
mined according to the type of coating materials, the cor-
rosivity category and the required durability. System A
corresponded to the System No. C5.7, for corrosivity cate-
gory C5, with a lifetime of 15 to 25 years and a nominal dry
film thickness (NDFT) > 260 um according to ISO 12944-
5. System B corresponded to the System No. C5.8, for the
extreme corrosivity category CX (Offshore) with a lifetime
of range more than 25 years and an NDFT > 320 pm. The
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Table 1. Specifications for the investigated commercial coating systems

Coating system  Number of  Coating type Cumulative thickness ~ Base polymer voC Solvents
layers (um) (g/L) by weight (% )
System A 2 Basecoat 270 Zinc rich epoxy 307 44
Intermediate coat Epoxy (polyamide) 216 50
System B 3 Basecoat 460 Zinc rich epoxy 307 44
Intermediate coat Epoxy (polyamide) 216 50
Topcoat Acrylic polyurethane 336 36

coatings consisted of two components, a resin and a hard-
ener component.

2. 2. Instrumentation

2. 2. 1. Electrochemical Impedance Spectroscopy
(EIS) Measurements

EIS measurements started two months after the ap-
plication of the coating which allowed for proper drying.
EIS measurements were carried out at the open circuit po-
tential (OCP) with a DC potential amplitude of 10 mV in
the frequency range of 10* Hz to 10~ Hz. The coated steel
panels were put into a Faraday cage which eliminated ex-
ternal electromagnetic noise during the EIS testing. The
three-electrode cell constructed according to EN ISO
16773 consists of an inert cylinder, which is attached to the
coating surface and filled with electrolyte. A stainless-steel
mesh serves as the counter electrode (CE) and the metal
substrate is the working electrode (WE). The counter elec-
trode has a circular hole in the middle where the calomel
reference electrode (SCE) is protruding.?® A two gel-elec-
trode system consists of a pair low-cost, commercial poly-
meric gel electrodes placed in parallel at the surface of the
metal.?-3! One electrode is connected to the working elec-
trode input of the potentiostat and the other to the refer-
ence and counter electrode input. Schematic setup of the
measurement cells is shown in Figure 1. Details of the Re-

a)

corr CQC customized instrumental setup that has been
developed in our laboratory were presented previously.*?
Calibration of the setup has been done according to EN
ISO 16773-3, on a high-impedance dummy cell mimick-
ing the coating. The EIS data is analysed based on the low
frequency impedance at 0.1 Hz and the shape of the Bode
plot curves. The performance of the coating is evaluated
according to the magnitude of impedance and its change
with the exposure time.3>8-9

For the three-electrode system the exposed coated
sample area was 28,27 cm? and for the two-electrode sys-
tem, the area was 32 cm? Coating degradation was in-
duced in two ways: by exposure to liquid 3.5% sodium
chloride (NaCl) at room temperature (21 °C) for 8000 h in
a test conducted according to EN ISO 16772 and by expo-
sure to NSS of 5% NaCl at 35 °C according to EN ISO 9227
for 1440 h. In both cases measurements were carried out in
time intervals that enabled capturing of the significant
changes in the extent of coating degradation.

2. 2. 2. Fourier Transform-Infrared Spectroscopy
(FTIR) Measurements

Chemical changes were measured with Fourier
Transform Infrared (ATR-FTIR)** spectroscopy method
before and after exposure of the samples to external condi-
tions. PerkinElmer spectrometer Spectrum One, USA con-

b)

Figure 1. a) a three-electrode cell constructed according to EN ISO 16733 and b) a two-electrode setup.?
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nected to a computer program interface for capturing the
sample spectrum has been used. Each spectrum was an
average of ten scans recorded with a resolution of 4 cm™.
Attenuated Total Reflection (ATR-FTIR) method applied
directly on coated samples has a limitation of the measure-
ment range from 4000 to 650 cm™ and part of the spec-
trum between 650 and 200 cm™! is lost. Therefore, FTIR
was also measured in transmission mode in a spectral
range from 4000 to 450 cm™!. This required preparation of
samples in the form of pellets in accordance with the
standard ASTM E1252:2007%. 3 mg of scraped powder
from the surface of each coated sample was mixed into 350
mg of spectroscopically pure KBr. The mixture was milled
in agate mortar until we obtained a fine and very homoge-
neous mixture. Samples with KBr were then hydraulically
pressed into a 13 mm stainless steel die and resulting pel-
lets further subjected to FTIR measurement.

2. 2. 3. Thermogravimetric Analysis (TGA)
Measurements

Thermal stability of each coating system was investi-
gated using Q500 (TA instruments) with auto sampler
controlled by TA Universal Analysis software. The epoxy
(polyamide) and acrylic polyurethane films were applied
on a plastic foil with an applicator in range 0.16-0.25 mm
and dried at room temperature for 72 h. The experiments
were performed in nitrogen atmosphere (flow of 40-60 ml
min') at a heating rate of 10 °C min~! over the tempera-
ture range of 1000 °C.

2. 2. 4. Differential Scanning Calorimetry (DSC)

DSC is a thermal analysis technique commonly used
to determine parameters such as glass transition tempera-
tures (Tg), melting points (mg) and heat capacities of ma-
terials.” T, of samples was measured by DSC before and
after exposure to the salt spray chamber. The measure-
ments were carried out on Mettler Toledo DSC 823 con-
troller at a scan rate of 20 °C min~! over the temperature
range from 0 to 90°C in two heating cycles under a nitro-
gen atmosphere with a constant flow of 60 mL min~!. All
samples (10 mg + 3 mg) were weighed and sealed in a her-
metic aluminium pan with lids. The measurement was
conducted according to the EN ISO 11357.

3. Results and Discussion
3. 1. EIS Results

Measurements of impedance obtained by the two
flexible electrodes setup are shown in Figure 2 for systems
A and B. Bode plots of the intact coating show its excellent
protective action, i.e. the low-frequency impedance great-
er than 1.0 x 10'! Q. Measurements of impedance ob-
tained by the three electrodes setup in a cell filled with

3.5% NaCl are shown in Figure 3. The initial measure-
ments were done after 2.5 h of exposure and the measured
Bode curves show the low-frequency impedance value is
already below 1.0 x 10'° Q, which is significantly lower
than the impedance of the intact coating.

Low-frequency impedance read at 0.1 Hz and nor-
malized by the electrode area is shown as a function of ex-
posure time for coating systems A and B in Figure 3, for
the NSS and 3.5% NaCl tests. It is evident that the low-fre-
quency impedance value in all cases drops sharply during
the first 100 h of exposure. For system A, in both tests, the
final impedance falls to the values around 10”7 Q cm?, al-
though initially being by almost an order of magnitude
lower for the NSS test. This would imply that more severe
corrosive conditions are attained during the NSS test than
during immersion in 3.5% NaCl when it comes to epoxy
coating. Deflorian et al. compared the results obtained by
EIS and salt spray, have visually observed that the samples
were nearly intact after more than three months of immer-
sion but had many blisters on the coating after only a few
weeks of salt spray exposure.*®

System A is made up of zinc rich basecoat and an
epoxy topcoat applied at a thickness of 270 um. Hence, the
drop in low-frequency impedance is larger for system A
than for the System B that has an extra layer of polyure-
thane and a total thickness of 460 pum.

For system B, in both tests, the final impedance falls
to values around 10'° Q) cm?, although initially being by
about half an order of magnitude higher for the NSS test.
This would imply that more severe corrosive conditions
are attained during the 3.5 % NaCl immersion test than
during the NSS test when it comes to polyurethane coat-
ing. This is in concordance with the well-known, superior
performance of epoxy coatings over the polyurethane
coatings under immersion conditions.'*

The oscillatory behaviour of impedance during the
EIS tests has been observed previously and might be ex-
plained by pore blockage by corrosion products and the
random formation of macroscopic perforations in the
coating.>” Although the authors refer to the observed os-
cillations as a drawback of the EIS method and its failure to
give reproducible results, it should be noted that the result
in fact shows the ability of EIS to authentically reflect the
true state of the coating. The oscillatory effect is more pro-
nounced for the lower quality coating and for the NSS ex-
posure. Nevertheless, the average impedance of each sys-
tem can readily be deduced from the plots and rating of
the coating quality can be done with reasonable confi-
dence. According to the literature criteria based on the im-
pedance at 0.1 Hz,3® system B may be rated as excellent
and system A as fair.

Besides the quantitative rating of the coating quality,
much can also be deduced from the shape of the Bode
plots.* To simplify conclusions and explicate the potential
for widespread use of the suggested method, the shape of
the Bode curves is explained.
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It is widely accepted that the EIS spectrum of an effi-
cient protective coating can be presented by a simple model
of capacitance in a parallel to a resistance.* High-frequen-
cy impedance response for the intact coating is a straight
line with the unit negative slope and the phase angle close
to —90°, as seen from Figure 2 a) and Figure 3 a). Such a
dependency is characteristic of almost pure capacitive be-
haviour. It is well known that, during exposure to an elec-
trolyte, the coating first shows deviation from the capaci-
tive behaviour.*! An increase of the phase angle slope from
-1 to higher values in the high-frequency region signifies
frequency dispersion that requires the substitution of pure
capacitance for the CPE element in the coating equivalent
circuit. CPE probably reflects water ingress within the pol-
ymer matrix causing a variety of RC combinations in paral-
lel forming a distributed equivalent circuit.*?

Corrosion initiation at the substrate causes a second
time constant appearance at frequencies below 1 Hz.%" The
low frequency response depends on the rate of the charge
transfer reaction at the base of polymer defects and below
the delaminated coating. The nested low-frequency equiv-
alent circuit is comprised of a double layer capacitance and
a polarization resistance. When diffusion effects in the
coating pores are present, the Warburg element is added in
series with the charge transfer resistance.

a)

<)

b)

In the case of System A, the two time constants are
clearly visible even for the 100 h of exposure to NSS. In the
case of system B, a mild indication of the low-frequency
time constant that almost completely overlaps with the
high-frequency one is observed. Narrowing of the capaci-
tive region, depression of the phase angle and deflection of
the impedance slope from -1 are more pronounced for the
system A.

For the 3.5% NaCl immersion tests, system A shows
poorly resolved low-frequency time constant only for the
longest time of exposure confirming the previously men-
tioned good protective properties of the epoxy coating un-
der immersion conditions. System B again shows overlap-
ping time constants but retains higher phase angle values
than in the NSS experiment.

Photographs of both systems prior to exposure and
after the NSS and 3.5% NaCl tests are shown in Figure 5.
No apparent coating defects are visible. System B shows
mild browning of the surface colour after the NSS test that
may indicate substrate corrosion and corresponds to the
pronounced low-frequency time constant observed for
this coating. A conclusion about the comparable protec-
tive ability of the coatings might be drawn from the visual
assessment of the coated specimen after the NSS and 3.5%
NaCl tests. It is now obvious why the coating tests for high

Figure 2. Bode plots of a) and c) system A samples and b) and d) of system B samples exposed to NSS.
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a) b)

c) d)

Figure 3. Bode plots of a) and c) system A samples and b) and d) of system B samples exposed to 3.5 % NaCl.

and very high durability coating systems given in the new
edition of the EN ISO 12944-6 standard suggest gradual
transfer from the NSS test to the considerably longer and
more expensive cyclic exposure tests that would probably
inflict visible difference among the coating systems in-
tended for heavy-duty service conditions.

Figure 4. Low-frequency impedance read at 0.1 Hz as a function of Figure 5. Photographs of specimens coating systems A and B before
exposure time for coating systems A and B during exposure to 3.5 % exposure, after exposure NSS and after exposure 3.5 wt% NaCl solu-
NaCl and NSS. tion.
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3. 2. Characterization of Coating System by
FTIR

Figures 6 and 7 show the spectra for systems A and
B, respectively, before and after exposure to NSS and 3.5%
NaCl tests. Spectra were obtained in two ways, by the ATR
FTIR method and from KBr pellets containing scraped
powder form the sample surface. It can be concluded that
all the spectra shown in Figure 6 show characteristic bands
of epoxy resin bisphenol A around 827 cm™}; 1245 cm™;
1509 cm1.#® The spectra in Figure 7 correspond to acrylic
polyurethane resin.**

a)

tigated organic coatings do not change significantly after
exposure which demonstrates a lack of degradation. No
bands corresponding to corrosion products are observed.
New absorption bands did not appear, except in the case of
the system B exposed to 3.5% NaCl which shows a new
band at 2345 cm™! corresponding to CO,.*°

It has been observed that when chemical bonds in
the polyurethane coating are fractured under UV irradia-
tion free radicals are generated, releasing CO,.% Since the
sample has not been exposed to UV irradiation, the ap-
pearance of CO, is probably due to the reaction of unre-
acted isocyanate with the water from the salt cabinet. The

b)

Figure 6. Spectra for system A before and after exposure to NSS and 3.5% NaCl tests obtained a) by the ATR FTIR method and b) from KBr pellets

containing the scraped powder form the sample surface.

No clear conclusion about the difference in the state
of the coatings before and after exposure can be deduced
from the fingerprint region in Figures 6 and 7. The loca-
tions, the width and the intensity of the bands of the inves-

a)

fact that CO, is observed only in the scraped powder indi-
cates its residence within the polymer matrix.

S. Rashtchi et al. state that the spectral region be-
tween 3400 cm™! and 3700 cm™! is the best indicator of the

b)

Figure 7. Spectra for system B before and after exposure to NSS and 3.5% NaCl tests obtained a) by the ATR FTIR method and b) from KBr pellets

containing the scraped powder form the sample surface.
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moisture presence.?® It should be noted that after the NSS
and 3.5% NaCl experiments the painted samples were left
for 3 months at room temperature and humidity, which
allowed them to dry.” This could account for the almost
complete lack of bands ascribed to water in ATR spectra.

Conversely, KBr pellets’ show a well resolved band at
3440 cm™! as well as the less resolved bands between 1634
and 1639 cm™! for both coating systems. These bands de-
note the presence of water and indicate (-OH) stretching
and scissors vibrations of the bonded water molecules, re-
spectively. This water is probably due to the improper dry-
ing of KBr pellets.

3. 3. Characterization of Coating System by
DSC and TGA

Glass transition temperature for coating systems A
and B before and after exposure to NSS in test and to 3.5 %
NaCl test is presented in Figure 8. Two glass transition
temperatures denoted as Tgy,; and Ty, have been measured
for all the coatings indicating a biphasic system that could
be related to the homogeneity of water distribution in the
polymer.*8

For both systems decrease in Tjy,; values after expo-
sure to NSS is < 4 °C and may be considered insignificant
as it barely exceeds the measurements uncertainty of DSC
that is taken as equal to 3 °C. Ty, values after exposure to
3.5% NaCl, as well as all the T, values, are increased by up
to 12 °C.

T, decrease for both systems is probably related to
the water residing in the polymer free volume.*® The in-
crease in T, values may be explained by the water ingress
into the polymer network and secondary cross-linking
through the formation of multiple hydrogen bonds be-
tween water and polymer.*’ DSC experiments were done
on the same samples as FTIR. Apparently, after the 3

a)

months drying period, the final state of the samples indi-
cates irreversible changes in the form of multiple hydrogen
bonded water residing in highly cross-linked zones of the
polymer.”

According to Del Grosso the water in the intact coat-
ing can be detected with TGA at 110 °C.>! TGA curves of
the intact epoxy and polyurethane coatings are shown in
Figure 8 b. Weight losses of 1.62% for epoxy (polyamide)
and 1.30%, for acrylic polyurethane, corresponding to the
water content were recorded when the temperature
reached 110 °C.

Full degradation occurred beyond 900 °C leaving the
residues of various weight loss percentages at the end of
the TGA curve presented in Table 2. These are in good
agreement with the declared percentage of solids by weight
for the two coatings. TGA experiments showed two stages
of weight loss for epoxy (polyamide) and three stages for
acrylic polyurethane. An abrupt weight loss in coating sys-
tems was observed at high temperatures from approxi-
mately 300 to 500 °C.

Table 2. Residual weight loss percentage of coating systems by ther-
mogravimetric analysis

Coating system Residue at 900 °C
(% by weight)

epoxy (polyamide) 50,11

acrylic polyurethane 34,29

4, Conclusions

It has been demonstrated by this investigation that
the EIS method gives a possibility of quantification of coat-
ing degradation and estimation of its long-term perfor-
mance from the first 100 h of exposure to NSS in the EN

Figure 8. a) glass transition temperatures for coating systems A and B before and after exposure to NSS and to 3.5% NaCl and b) TGA curves of

intact epoxy (polyamide) epoxy and acrylic polyurethane coatings.
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ISO 9227 test and to the 3.5% NaCl in EN ISO 16773 test.
Contrarily, prolongation of the tests to 1440 h in the case
of NSS exposure and to 8000 h in the case of 3.5% NaCl
exposure has produced no visible degradation signs on the
coatings.

FTIR, DSC and TGA results preferentially gave in-
formation about the water absorbed within the coating
that resides within the polymer free volume and within the
polymer network. DSC method indicates irreversible
changes related to the water ingress into the polymer net-
work. Besides the water ingress, further irreversible chang-
es related to the degradation of barrier properties of the
coatings due to the corrosion at the bottom of the coating
pores and under delaminated coating are DSC method in-
dicates irreversible changes related to the water ingress
into the polymer network. Besides the water ingress, fur-
ther irreversible changes related to the degradation of bar-
rier properties of the coatings due to the corrosion at the
bottom of the coating pores and under delaminated coat-
ing are detectible by EIS.

Finally, both, quantitation of the coating behaviour
during long-term accelerated weathering exposures by the
impedance modulus at 0.1 Hz and the analysis of the shape
of the Bode plots can give early information about the
coating quality. Widespread use of this method could re-
veal patterns common to the frequently used high-perfor-
mance coatings, strengthen the conclusions of this study
and considerably shorten the time and cost of coating
quality assurance.
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Namen $tudije je bil prikazati prednosti uporabe elektrokemijske impedané¢ne spektroskopije (EIS) za kvantifikacijo kak-
ovosti premaza pri pospesenem korozijskem testiranju pred pojavom vizualnih sprememb na povriini premaza. Studija
je vklju¢evala inovativno uporabo komercialnih fleksibilnih elektrod na osnovi gela za spremljanje impedance dveh vi-
soko obstojnih premaznih sistemov, ki se uporabljajo v morski vodi. Vzorce smo 1440 ur testirali v slani komori v skladu
z EN'ISO 9227 (NSS test). Rezultate smo primerjali z meritvami EIS med 8000-urno izpostavljenostjo teko¢emu elektro-
litu v preskusni celici po uveljavljeni metodi EN ISO 16773. Za povrsinsko, vmesno in globinsko profiliranje premaznih
lastnosti materiala smo poleg EIS uporabili e dodatne metode: diferen¢no dinami¢no kalorimetrija (DSC), infrardeco

spektroskopijo (FT-IR) in termogravimetri¢no analizo (TGA).

Metodo smo preucevali na visoko obstojnih premazih Zn (R) + EP + EP ali PUR, namenjenih za za§¢ito na obalnih
in morskih obmogjih, ki ustrezajo kategorijam C5- (H) in CX korozivnosti v skladu z EN ISO 12944. Z EIS lahko dobimo
dobre kvantitativne rezultate in tudi dobro oceno dolgoro¢nega obnasanja premaza v prvih 100 urah pospesene izpostav-
ljenosti. Metoda EIS bi bila lahko primerna za zgodnje odkrivanje poskodb premazov.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
Creative Commons Attribution 4.0 International License
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Running Title: Docking analysis of ibuprofen with SMCC

Abstract

Analysis of the binding interactions of ibuprofen and silicified-microcrystalline cellulose (SMCC) has been undertaken.
Co-processing of ibuprofen with SMCC was carried out by solid state ball milling, and aqueous state equilibration fol-
lowed by freeze drying to investigate the effect of silicified-microcrystalline cellulose on ligand. Molecular docking study
revealed that ibuprofen formed complex through hydrogen bond with microcrystalline cellulose (MCC) and silicon
dioxide (SiO,); the binding energy between MCC and SiO,, and ibuprofen and SMCC were found as -1.11 and -1.73
kcal/mol respectively. The hydrogen bond lengths were varying from 2.028 to 2.056 A. Interaction of Si atom of SMCC
molecule with Pi-Orbital of ibuprofen has shown the bond length of 4.263 A. Significant improvement in dissolution of
ibuprofen has been observed as a result of interaction. Binary and ternary interactions revealed more stabilizing interac-
tions with ibuprofen and SMCC compared to SMCC formation.

Keywords: Co-processing; silicified microcrystalline cellulose; molecular docking analysis; binary interaction; ternary

interaction.

1. Introduction

Molecular docking experiment was used to predict
the binding mode interactions between the molecules.!
The program uses Lamarckian genetic algorithm, semi
empirical free energy force field, grid box based method to
allow rapid evaluation of the binding energy and pre-cal-
culating the interaction between every atom type pair at
every distance and result clustering procedures. The force
field is based on a comprehensive thermodynamic model
that allows incorporation of intramolecular energies into
the predicted free energy of the binding.?

Rheumatoid arthritis, a systemic inflammatory dis-
ease causes pain, stiffness, and swelling of joints and, over
the time, the disease has a severe, chronic and invalid pro-
gression with loss of mobility.>* Ibuprofen could be consid-

ered as the drug of choice in the management and therapy
of inflammation in rheumatoid arthritis.> Oral bioavailabil-
ity of ibuprofen is very poor due to its poor water solubility.®
Low oral bioavailability limits therapeutic efficacy of the
drug.” Dissolution rate of ibuprofen (BCS class II) in gastro-
intestinal fluid is the rate limiting step in its oral absorption
and often results in low and erratic oral bioavailability.3*
Many techniques have been reported to improve the bio-
availability of poorly water-soluble drugs.'®!! Solid state
amorphization can achieve improved solubility.'?
Microcrystalline cellulose is used in many solid oral
dosage formulations in the pharmaceutical industry. Mi-
crocrystalline cellulose has outstanding compressibility
properties and is commonly used in tablets. After silicifi-
cation microcrystalline cellulose can improve binding ca-
pability and drug release as a material in tablet formula-
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tions by direct compression, wet granulation, dry gra-
nulation, and extrusion/spheronization processes.!*-1>
The present work was undertaken to analyze the binding
interactions between ibuprofen and silicified-microcrys-
talline cellulose. Chemical structure of ibuprofen, silicon
dioxide and microcrystalline cellulose is shown in Figure
1. Solid state ball milling, and aqueous state equilibration
and freeze drying were the co-processing techniques ap-
plied to investigate the effect of silicified-microcrystalline
cellulose on ligand. Interactions were monitored by FTIR,
DSC and SEM followed by in vitro drug release studies.
Molecular docking analysis of binary and ternary interac-
tions would reveal stabilizing interactions of silicone diox-
ide-MCC (formation of SMCC) and ibuprofen-SMCC,
which has not been found in extensive literature survey.

Infrared spectroscopy, a commanding technique gives
a quantitative estimation of infrared intensity of absorption
which is proportional to the magnitude of the change in the
dipole moment of a bond during vibration.!®!” Drug-excip-
ient interaction study in the solid state has been reported
very recently without any co-processing (physical mixture)
using infrared spectroscopy and DSC studies.!¢ Infrared
spectroscopy results have been supported by differential
scanning calorimetry (DSC) and scanning electron micros-
copy (SEM) in a report of drug excipient interaction study.!8

AutoDock 4 programme was used to predict the
binding mode interactions between ibuprofen as a ligand
against MCC and silicon dioxide complex (SMCC). Dock-
ing calculations was performed with the grid box of the
same size [(40 x 40 x 40)] with different grid centre to find
out the potential binding conformations between ibupro-
fen, MCC and silicon dioxide. The least binding energy
scored conformations were considered as the best confor-
mation. The detailed procedure of molecular docking (us-
ing AutoDock) was adopted from a recent study."”

2. Experimental

2. 1. Materials

Ibuprofen, Colloidal Silicone Dioxide (Aerosil 200vv)
was taken from Aristro Pharma as a gift sample, silicified

a) b)

microcrystalline cellulose were taken from Caplin Point,
Chennai. All other chemical were used as analytical grade.

2. 2. Co-processing of Ibuprofen and Silicified
Microcrystalline Cellulose

Ibuprofen and silicified microcrystalline cellulose
were mixed for 10 minutes by blending process using mortar
and spatula at laboratory ambient condition (~30 °C and 60
% RH). Physical mixture of ibuprofen and silicified micro-
crystalline cellulose at weight ratio of 1:1 was co-processed
by ball-milling in the dry state, and aqueous state kneading
and freeze drying and tabulated presented in Table 1.

Table 1. Formulation of co-processing of ibuprofen with silicified
microcrystalline cellulose

Formulation Ibu: SMCC Co-processing
code (by weight)
ISP 1:1 Physical mixture
I,S;B 1:1 Dry- state ball milling
A k i
1,S,F 1:1 queous state kneading

and freeze drying

(Ibuprofen = Ibu; Silicified microcrystalline cellulose = SMCC)

2. 3. Ball Milling

The physical mixture of ibuprofen and silicified mi-
crocrystalline cellulose in the solid state was placed into the
cylindrical vessel of ball mill (Swastik Electro and Scientific
Work, India) and 1 h period of constant milling was done at
lab ambient condition at 100 rpm (Figure 2). The ball vol-
ume to the milling vessel volume was about 30 % and mill-
ing was carried out using balls of 4, 8, 14 and 20 mm in di-
ameter. The milling experiments with constant set-up of
ball-to-physical mixture mass ratio of 25:1 was used.?

2. 4. Freeze - Drying

Sufficient amount of distilled water was added in the
physical powder mixture of ibuprofen and silicified micro-
crystalline cellulose to make slurry and kneaded well for a

c)

Fig. 1. Chemical structure of (a) ibuprofen, (b) silicon dioxide, and (c) microcrystalline cellulose.
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Fig. 2. Co-processing of ibuprofen with SMCC: (a) Laboratory Ball mill (1 kg) used for solid-state milling; (b) The balls charged for milling process;
(c) Ibuprofen -SMCC physical mixture just after loading for the milling process; (d) Freeze dryer used for drying the physical mixer after aqueous

state equilibration.

period of 30 min. The slurry then placed in the dark for a
period of about 12 h at room ambient condition for equil-
ibration. The kneaded samples were freeze dried for 12
hours for effective drying using a laboratory vacuum
freeze dryer (4 kg, 220 V) with attached vacuum (220 V,
2.7 A, 370W, 1400 rpm, 50 Hz) (Lark, Penguin Classic
Plus, India). Temperature maintained at —40 °C (approx.)
and pressure during freeze-drying was adjusted to 15-20
Pa. The freeze dried samples were preserved in the desicca-
tors till further analysis. The ball milled and freeze dried
samples were placed at ambient condition for few hours
and dried in an incubator (Labotech, India) at 50 °C. The
dried powder were passed through mesh 44 (opening
~350 pm) and assayed for drug content determination
from the absorbance measured at 222 nm (\,,,,) in the UV
visible spectrophotometer (Jasco-V630 UV spectropho-
tometer).

2. 5. FTIR Study

The FTIR spectra of pure ibuprofen and co-pro-
cessed powder samples were performed for a comparative
study between co-milling and co-freeze drying interac-
tion. All the samples were thoroughly mixed with potassi-
um bromide in the ratio 1:100. KBr discs were prepared by
compressing the powders at a pressure of 6 tons for the 10
min in a hydraulic pellet press (Technosearch Instruments,
Mabharashtra, India). FTIR spectrometer (FTIR-4100 type
A, Jasco, Tokyo, Japan) was used for collecting all scans
from 4000-400 cm™! of 80 accumulations at a resolution of
4 cm™! and scanning of 2 mm/s. Spectra manager for win-
dows software (Jasco, Tokyo, Japan) was used for data ac-
quisition and holding.

2. 6. Surface Morphology and Thermal
Analysis of the Particle

The surface morphology and crystalline nature of
the particle samples were investigated by using Scanning
Electron Microscope (Instrument: JSM-6390, Jeol, Tokyo,
Japan). The dried samples were coated with gold and
scanned at room temperature using voltage 10 kV (Wd 19
and spot size 48). Downloaded Imagej software (https://
imagej.nih.gov/ij/download.html) was used for determin-
ing particle size distribution of the powder samples. Ther-
mal behavior of powder samples were characterized by
using Differential Scanning Calorimeter (DSC, Universal
V4.2E TA Instrument). Powder samples approximately
2-4 mg were weighed accurately and put into crimped alu-
minum pans with a pin hole in the lid. All samples were
heated at a heating rate of 10 °C/min in a nitrogen atmo-
spheric condition up to 300 °C.

2. 7. In-vitro Dissolution Release

Powdered samples containing 10 mg equivalent of
ibuprofen were dispersed in 900 ml of distilled water and
drug release was carried out using USP XXIV type II dis-
solution apparatus (Electrolab dissolution tester USP) at a
temperature of 37 + 0.2 °C at an rpm of 100. Ibuprofen
concentration was determined by UV absorbance at 222
nm. Samples were withdrawn at appropriate time intervals
of 5, 10, 15, 30, 60, 90 and 120 min, and replaced with a
fresh dissolution medium. After proper rinsing of the cu-
vette and filtration of the sample through a 0.45 ym mem-
brane filter, absorbance was recorded using the UV visible
spectrophotometer. Standard calibration curve was used
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for calculating the respective concentration and the data
were reported as the mean of not less than three determi-
nations.

2. 8. Molecular Docking Analysis

The molecular visualizations and interaction analy-
sis was performed using Discovery studio visualizer (Ac-
celeris Inc.). The 3-D Structure file of ibuprofen was down-
loaded from Drug Bank (ID: DB01050) as PDB format.
The 3-D structures of silicon dioxide and MCC were
drawn by using marvin sketch!®2! and saved as PDB ex-
tension files. The non-bonded H-atoms were merged,
Kollman united atom type charges and solvation parame-
ters were added. The PDBQT files of ibuprofen, MCC and
silicon dioxide were prepared with the help of Auto Dock
tools programme.?? The ibuprofen non-steroidal anti-in-
flammatory drug was taken as a ligand to identify its bind-
ing affinity against the MCC and silicon dioxide complex
(SMCQ). In order to understand the interaction between
MCC (receptor) with the ligand silicon dioxide another
molecular docking experiment was carried out using these
molecules. The docking complex stability was measured
on the basis of binding constant and interaction energy.

3. Results and Discussion

The dry-state co-milling and aqueous state co-pro-
cessing could be analogous to the commonly followed pro-
cess in the tablet granulation department of pharmaceuti-
cal industries. Ball milling studies in different literature
has shown different duration and speed of rotation. Medi-
an particle diameter has not been changed significantly
upon milling of alfa-lactose monohydrate at a milling time
of 60 and 300 min (ball-to-powder mass ratio of 25:1 and

Fig. 3. FTIR Spectra of Ibuprofen co-processed with SMCC

13:1), and highest degree of amorphization was resulted at
the ratio of 25:1.2° In another milling study increasing
powder loading decreased milling efficiency at a given ro-
tation speed of 50, 100, and 153 rpm.?® Hence, 1 h milling
time and 100 rpm of milling speed could be justifiable or
closely resembling to the dosage form processing. These
processes are simple, effective and scalable for interaction
study. Due to presence of varying amount of bound mois-
ture in the native silicified microcrystalline cellulose the
milled material became moisty in nature and needed dry-
ing. Instant character of freeze dried sample is to absorb
moisture like a sponge when left at ambient condition of
-60 % RH and 30 °C for few hours and drying in an incu-
bator at 50 °C becomes necessary. The co-processed dried
and equilibrated powder materials were passed through
mesh of opening ~350 pm and assayed for actual drug
content determination. Ibuprofen-silicified microcrystal-
line cellulose interaction study has been characterized by
FTIR and the usefulness of this powerful technique has
been supported by scanning electron microscopy and dif-
ferential scanning calorimetry as described below. Drug
release from the formulated dosage form is important and
ultimately related to the bioavailability of the drug. Disso-
lution of ibuprofen from the co-processed material has
also been described below.

3. 1. FTIR Analysis

Spectral figure and data of FTIR band assignments of
ibuprofen and co-processed samples are tabulated present-
ed in Table 2 and Figure 3 respectively. FTIR spectrum of
ibuprofen has shown medium to very strong band at 3094,
2958 and 2901 cm™ assigned to CH, asymmetric stretch-
ing, CH; asymmetric stretching and CH, - CH symmetric
stretching respectively. Strong peaks in the region of 2800-
3000 cm™! of ibuprofen are still present when co-milled in
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Table 2. Spectral data of FTIR band assignments of ibuprofen and co-processed samples.

Wave number (cm!)

Band Tentative assignment Ibuprofen SMCC I,$,B I,S,F I,S,P
1 OH stretching Absent 3200-3550bb ~ 3200-3550bb  3200-3550bb  3200-3550 bb
2 CH, asym str 3094 m - absent absent absent
3 CHj; asym str 2958 vs - 2955 vs 2954 vs 2955 vs
4 CH, CH sym str 2901 s 2901 s 2901 s 2901 s 2901 s
5 CH, sym str 2868 m - 2868 m 2869 m 2868 m
6 O-H ...0O valance str combination 2729 m - 2730 m 2730 m 2728 m
7 O-H...O valance str combination 2630 m - 2629 m 2629 m 2629 m
8 C=0str 1722 vs - 1721 vs 1720 vs 1722 vs
9 conjugated C=0 stretching mode Absent 1645 s 1645 m 1645 m 1645 m

10 aromatic C=C str 1507 s - 1508 s 1510's 1507 s

11 CH; asym deformation, CH, scissoring 1462 s - 1461s 1461 s 1461s

12 CH-CO deformation 1420's - 1420 s 1422's 1420 s

13 CH3 sym str 1380 s - 1379 s 1378 s 1379 s

14 OH in plane deformation 1321s - 1321s 1321s 1321s

15 =C-H in plane deformation 1268 s - 1267 s 1267 s 1268 s

16 C...Cstr 1230 vs - 1231 vs 1231 vs 1231 vs

17 C-Ostr 1183 s - 1183 s 1183 s 1183 s

18 Si-O-Si asym str Absent 1059 bb 1066 bb 1059 bb 1075 bb

19 C-O-Cstr 970 m - - - Absent

20 C-H out of plane vibration 866 s - 865s 866 s 866 s

21 CH, rocking 779s - 780 s 780's 779 s

22 CH, in plane rocking 522m - 521 m 521 m 521 m

23 O-Si-O bending Absent 451 bb 461 bb 461 bb 451 bb

(s- strong; bb- broad band; mbb- medium broad band; w- weak; sym-symmetrical; asym-asymmetrical; str-stretching; m- medium; vs- very strong;

vw — very weak; vvw — very very weak; aa- almost absent.)

the dry-state as well as co-freeze-dried after aqueous state
kneading and equilibration with silicified microcrystalline
cellulose assigned to the characteristic symmetric and
asymmetric stretching vibrations of alkyl chain. High in-
tensity carbonyl peak at 1722 cm™ of ibuprofen became
very weak after co-processing in the solid-state as well as
wet-state with silicified microcrystalline cellulose.?* The
band at 1645 cm™! of silicified microcrystalline cellulose
designated to conjugated C=0O in the aldehyde on the ter-
minal anhydro-glucose unit is also present in co-processed
samples. A strong CH, rocking vibration band is noticed at
779 cm™! in ibuprofen and the intensity observed to be
weaker and weaker after co-processing. CH, in plane rock-
ing vibration (522 cm™) is identified in pure ibuprofen
and became weaker when co-milled and freeze dried after
co-kneading. C-O stretching at 1183, CH, scissoring vi-
bration at 1462 and CH-CO deformation at 1420 cm™!
contributed their occurrence strongly in ibuprofen alone
and weakly in the co-processed sample. A big broad band
between 3200 to 3550 cm™! attributed to the presence of
the O-H stretching frequency of silanol group bonded to
the inorganic structure of containing SiO, (SMCC), and
also hydrogen bonds between adsorbed water and sila-
nol.? This bulky broad band is not present in ibuprofen
pure drug but consistently maintained in all the co-pro-
cessed formulations might be due to intermolecular hy-
drogen bonding. The band related to the Si-O-Si (silanol)

asymmetric stretching was found at 1059 cm™! with elevat-
ed intensity in SMCC and also in the co-processed materi-
als. Another peak at 451 cm™! due to O-Si-O bending no-
tably observed in the formulations. The small changes in
the band orientation, band intensity and overlapping indi-
cated only Vander Waals or dipole-dipole interactions be-
tween ibuprofen and silicified microcrystalline cellulose
molecules.

3.2.SEM and DSC

Scanning electron microscopy is a commanding
tool for examining the inhibition of crystal growth mor-
phology. Figure 4 shows distinctive plate like geometric
layers of the initial samples of pure ibuprofen indicating
crystalline nature. Slightly damaged morphology of the
crystal geometry of ibuprofen is seen in the physical mix-
ture of 1 : 1 ratio of I;S,P in presence of fine particles of
SMCC. Crystal geometry of ibuprofen has been damaged
appreciably after co-milling in the solid-state and co-
freeze-drying after aqueous state kneading and equilibra-
tion with silicified microcrystalline cellulose. The Feret
diameter and its distribution of the powder sample were
evaluated opening the SEM image (Figure 5). Feret diam-
eter is an estimate of a particle size along a specified direc-
tion and can be defined as the distance between the two
parallel planes restricting the particle perpendicular to
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Fig. 4. SEM Images (a) Ibu; (b) I;S,P; (c) and (d) I;S;B; (e) and (f) I;S;E

that direction. In both cases (I;S;B and I;SF) particle size
has been significantly reduced. Irregular particles in ag-
glomerated and discrete forms are prominently seen after
co-processing. These noticeable changes in morphology
may be due to amorphization of ibuprofen to the large
extent.

Differential scanning calorimetry is frequently used
in pharmaceutical research as an analytical tool for the
identification and interaction study of active drug after
co-processing with other pharmaceutical compounds. It
can explain the miscibility/incompatibility with its effects
on thermal stability, yielding results promptly and effi-
ciently.?® Thermograms after differential scanning calo-
rimetry of pure ibuprofen and co-processed powder sam-
ples are depicted in Figure 6. Pure ibuprofen has shown
the melting endotherm at 76.66 °C which is approximate-
ly similar to the literature value.?” The peak, onset and

endset of melting of ibuprofen in the formulated powder
samples have not been changed significantly (Table 3) but
the enthalpy of melting (normalized, J/g) of ibuprofen
(-322.55) decreased drastically after co-processing and
that is the indication of amorphous transformation of
ibuprofen in the co-processed formulations. Solid-state
ball-milling sample exhibited lesser enthalpy content
(-42.93) compared to freeze-dried material (-63.40). This
result suggested that the extent of amorphization of ibu-
profen is more in I;S;B rather than I,;S,F material (relative
crystallinity 13.31 and 19.66 % respectively with reference
to pure drug ibuprofen). The physical mixture has shown
only 22.49 %. The zero crystallinity corresponds to a to-
tally amorphous particle. In our present work relative
crystallinity (%) has been shown with reference to the
pure drug ibuprofen which is highly crystalline (refer-
ence).
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a) b)

9

Fig. 5. Feret diameter and its distribution of the powder sample estimated from SEM image: (a) Ibu, (b) I;S,E, (c) [;S;B.

Fig. 6. DSC Thermogram of ibuprofen co-processed with SMCC.

Table 3. Thermal analysis after co-processing of ibuprofen with microcrystalline cellulose

Formulation Peak Onset End set Normalized Relative
melting (°C) melting (°C) melting (°C) (J/g) crystallinity (%)
Ibu 76.66 75.78 79.93 -322.55 Reference
ISP 76.56 73.03 80.43 -72.53 22.49
I,$;B 74.71 73.04 76.34 -42.93 13.31
I,S,F 75.66 73.03 77.99 -63.40 19.66
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3. 3. In-vitro Drug Release

Many research reports used distilled water as
media to determine the solubility of drug substance. Ibu-
profen drug release from microemulsion was studied also
in distilled water by Hu et al.3! Ibuprofen release profiles
were similar for three kinds of microspheres in distilled
water and with solution of low pH of 1.2 because of poor
solubility of the drug.? Like ibuprofen many other
non-steroidal anti-inflammatory drugs tend to self-associ-
ate by forming mixed-charged micelles or micelle-like
structures and the solubility-pH profiles cannot be de-
scribed properly with the Henderson-Hasselbalch eq.333*
However, release of ibuprofen in distilled water will give an
idea about its overall improvement in dissolution. Figure 7
shows cumulative percentage release of ibuprofen in dis-
tilled water of the co-processed material up to 120 min.
The powder materials have shown significantly improved
dissolution of drug after co-processing. Comparison of
two dissolution profiles is based on the determination of a
model independent statistical method, the difference fac-
tor f; and the similarity factor f,. Similarity or equivalence
between two dissolution profiles is based on f; < 15 and f,
> 50.%°737 Significantly improved drug dissolution of solid
state milling, and aqueous state kneading and freeze dry-
ing has been understood by using f; and f, values when
pair wise formulation vs pure drug was compared (f;:
32.75, & f: 13.29 and f;: 15.05, & f,: 28.93 respectively).
Crystalline ibuprofen exhibited only 52.89 % dissolution
whereas, dry-state co-milling and freeze dried co-pro-
cessed material has improved dissolution to a great extent
(85.84 and 81.35 % respectively). Silicified microcrystal-
line cellulose has shown more impact in solid state milling
compared to aqueous state kneading and equilibration and
brought about more amorphization of ibuprofen. As a re-
sult more improved dissolution has been achieved in ball
milled product.®®

Drug release mechanism has been predicted to devel-
op a rational formulation utilizing mathematical models.
The drug release data was analyzed by applying different
kinetic models as First order, Higuchi, Korsmeyer-Peppas
kinetics***® using Origin Pro 8.0 (Originlab Corporation,
US) software by non-linear regression analysis. These mod-
els are represented as follows:

28-30

(1)

2)
3)

Q = Cumulative percent drug release at time ¢

Ky = First order release rate constant

Ky = Higuchi release rate constant,

Kp =Parameter reflecting the structural and geo-
metric characteristics of the delivery device, or
Peppas release rate constant,

n = Power law exponent, or release exponent.

This n value indicates drug release controlled by
FicK’s laws and also confirmed by the Higuchi model. Ma-
trix controlled release has been followed (Figure 8). The
kinetic parameters as per model are presented in the Table
4. As per Peppas model, n value 0.5 is referred to Fickian
release pattern. The n value of I;S,P, I;S;F and I;S;B was
found to be 0.400, 0.408 and 0.143 respectively (less than
0.5) which indicated the diffusion controlled release mech-
anism. The diffusion controlled release mechanism has
also been supported by the fitting of Higuchi model (R? is
0.354-0.973).

Fig. 7. Cumulative percentage release profiles of ibuprofen co-pro-
cessed with SMCC.

Table 4. Model fitting and kinetic parameters of drug dissolution of ibuprofen co-processed material.

Formulation  f; b First order Higuchi Korsmeyer-Peppas
Ky r? RSS Ky r? RSS n Kp r? RSS
(min™) (%.min"1/2)
I,S,P 6.25 48.96 0.011 0.789 727 6.27 0.956 150 0.400 9.544 0.976 69
I,S,F 15.04 2893 0.017 0.854 729 7.71 0.973 133 0.408 11.363 0.990 40
I,S;B 3275 13.28 0.07  0.466 2590 9.52 0.354 3131 0.143 41.497 0.986 54

RSS = Sum of (Qexp - Qeatc) 2
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a)

b)

Fig. 8. Kinetics of drug release applying kinetic models to plot both the experimental data (symbols) and the models (curves): (a) First order (b)

Higuchi (c) Korsmeyer—Peppas.

3. 4. Molecular Docking Analysis of the
Complexes

The predicted co-ordinates of ibuprofen and silicone
dioxide complex were monitored by molecular docking
method Table 5 and Figure 9 respectively. The interaction
between MCC-SiO, would be obtained from inter molec-
ular hydrogen bonding between OH group of MCC and H
atom of SiO,. The hydrogen bond lengths are varying from

2.028 to 2.056 A. The binding energy value was found
-1.11kcal/mol. Hydrogen bonding plays a vital role in
H-bonded network systems. Hydrogen bond length be-
tween ibuprofen and SMCC are ranging from 2.028 to
2.930 A and the most interesting other probable interac-
tion of Si atom of SMCC molecule with Pi-Orbital of ibu-
profen showing bond length of 4.263 A. The binding ener-
gy was found to be —1.73 kcal/mol. The higher negative
binding energy values indicate stable interactions than

Table 5. Molecular docking and binding parameter interactions in the co-processing of ibuprofen with silicified microcrystalline cellulose

Binding Binding energy Binding Bond name Bond
Molecules (Kcal/mol) atoms length (A)

MCC - SiO, -1.11 OH---O Hydrogen Bond 2.028

(SMCC) H---0 Hydrogen Bond 2.056

SMCC - Ibuprofen -1.73 OH --- O Hydrogen Bond 2.028

OH --- O Hydrogen Bond 2.930

H---0O Hydrogen Bond 2.056

Si --- Pi-orbital Pi-Sulfur Bond 4.263

Sahoo et al.: Interactions between Ibuprofen ...
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a)

b)

Fig. 9. Molecular docking study of (a) SMCC (binary); and (b) ibuprofen-microcrystalline cellulose -silicon dioxide (ternary).

that of lower negative values, which indicate destabilizing
interactions.?#!

4. Conclusions

Binding interactions of ibuprofen and silicified-mi-
crocrystalline cellulose (SMCC) has been analysed. The dry-
state and aqueous state co-processing of ibuprofen was per-
formed by co-milling and co-freeze-drying after aqueous
state kneading and equilibration with silicified microcrystal-
line cellulose in at laboratory scale to investigate the effect of
silicified-microcrystalline cellulose on ligand. The changes
in the band intensity, band orientation, and overlapping of
FTIR indicated only the H-bond, Van der Waals and/or di-
pole-dipole interactions between ibuprofen and silicified
microcrystalline cellulose molecules. SEM study revealed
that the ibuprofen crystal morphology has been damaged
appreciably after co-processing in the solid-state and wet-
state with SMCC. Thermal analysis has shown significantly
decreased enthalpy of melting of ibuprofen after co-process-
ing with SMCC. Silicified microcrystalline cellulose has
transformed more amorphization of ibuprofen by solid state
milling compared to aqueous state kneading and freeze dry-
ing and brought about more improved dissolution of ibu-
profen of ball milled product rather than freeze dried prod-
uct. Matrix controlled release mechanism has been predicted
utilizing mathematical kinetic models. Molecular docking
study revealed the formation of ibuprofen complex through
hydrogen bonding with MCC and silicon dioxide. The bind-
ing energy between MCC and SiO,, and ibuprofen and
SMCC were found as —1.11 and -1.73 kcal/mol respectively.
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Opravili smo analizo veznih interakcij med ibuprofenom in silicificirano mikrokristalno celulozo (SMCC). Procesiranje
ibuprofena s SMCC je bilo izvedeno z mletjem kroglic v trdnem stanju in ravnoteZjem v vodni fazi, ¢emur je sledilo
sudenje z zamrzovanjem. Zeleli smo raziskati vpliv silificirane mikrokristalne celuloze na ligand. Z metodo molekulskega
sidranja (»molecular docking«) smo pokazali, da ibuprofen tvori kompleks preko vodikove vezi z mikrokristalno celu-
lozo (MCC) in silicijevim dioksidom (SiO,); izra¢unana energija vezave med MCC in SiO, ter ibuprofenom in SMCC je
bila kot -1,11 kcal/mol oziroma -1,73 kcal/mol. DolZine vodikovih vezi so se gibale od 2,028 A do 2,056 A. Interakcije
atoma Si SMCC molekule s t-orbitalmi ibuprofena smo zaznali na razdalji 4,263 A. Kot rezultat interakcij smo opazili
pomembno izbolj$anje raztapljanja ibuprofena. Binarne in ternarne interakcije so pokazale bolj stabilne interakcije z
ibuprofenom in SMCC v primerjavi s samo silificirano mikrokristalno celulozo (SMCC).
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Abstract

Polysorbates (PS) are the most common non-ionic surfactants used in protein formulations. Their degradation has been
studied intensively in recent years. Ester bond hydrolysis is one of many pathways of PS degradation that can lead to
accumulation of free fatty acids (FFAs) and particle formation. The distribution and quantity of FFAs in PSs impacts
directly on product quality. Characterization of input PS is highly relevant, because the initial content of FFAs differs
greatly between manufacturers. The purpose of this study was to set up a quick and simple analytical method for the
quantitative evaluation of FFAs in PS. The content of FFAs was measured for selected PS 20 and 80, using two methods,
'H nuclear magnetic resonance spectroscopy (\H NMR) and the European pharmacopoeia method for determining acid
value (I,). These methods have been evaluated using the method of standard addition and, based on the results, they are
interchangeable. It was concluded that 'H NMR is a useful tool for quality control of input PS and a rapid method for in-
dicating the rate of PS degradation by hydrolysis and oxidation. Further, a newly discovered impurity in PS raw material,
the long chain ketone 12-tricosanone, can be identified using 'H NMR.

Keywords: Nuclear magnetic resonance; acid number; fatty acids; polysorbates; degradation.

1. Introduction

One of the aspects that are important during the
development of a biopharmaceutical is its physical and
chemical stability. The most common way to stabilize
protein formulations is by the use of surfactants.">3 PS
are the most widely used non-ionic surfactants, but they
are prone to degradation by hydrolysis and/or oxidation
pathways. Degradation of PS not only reduces its con-
centration but can also lead to formation of various deg-
radation products. Some of them are poorly soluble in
water, including free fatty acids (FFAs), which could pre-
cipitate and form particles under long-term or accelerat-
ed storage conditions. Thus, one of the quality evaluation
parameters that is an important indicator of PS degrada-
tion, is FFA content.*>%7 Acid formation can be mea-
sured by varying the pH of the solution or by determin-
ing the total content of FFAs. Among the methods

prescribed by the pharmacopoeia acid value (I,) is the
only method that can detect higher FFAs content.

The characterization of PS is very important because
they are in contact with the active pharmaceutical ingredi-
ent and other excipients. In the current study of Torosan-
tucci et al., the binding of phenol to a model fusion protein
as well as to PS 20 was investigated and successfully quan-
tified via diffusion ordered 'H nuclear magnetic resonance
spectroscopy (‘H NMR).® For the pharmaceutical indus-
try, it is of key importance that the analytical methods
used are comprehensive, rapid and simple. The main ben-
efits of 'H NMR spectroscopy are its high sensitivity with
a minimal amount of the sample required compared to I,.
Sample preparation is very easy and rapid and does not
require prior separation of PS constituents. Change in shift
and/or the integration area of the proton signals can pro-
vide information about degradation mechanism, especial-
ly ester hydrolysis of PS.>1%1112 Verbrugghe et al. used dif-
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fusion ordered 'H NMR to quantify non-esterified
ethoxylates in PS surfactants. This is important since these
do not contribute to stabilisation of therapeutic proteins.
However, we focused on FFAs that contribute to the for-
mation of particles.!?

Determination of I, is a quantitative method used to
determine the presence of acids in the sample under exam-
ined. According to the European pharmacopoeia (Ph. Eur.),
I, is the number that expresses in milligrams the quantity of
potassium hydroxide required to neutralise free acids pres-
entin 1 g of the substance. Ph. Eur. specifies a limit of I, for
a PS 80 maximum of 2.0, while the Chinese Pharmacopoeia
has the stricter requirements that the I, should be limited to
not more than 1.0. In order to ensure high sensitivity of I,
method both pharmacopoeias prescribe a large quantity of
the tested PS sample (10.00 g) (Ph. Eur. 9.0, 0426 (01 /
2018), Ph. Eur. 9.0, 0428 (01 / 2011)).

The main manufacturers offer PS samples of two dif-
ferent grades for pharmaceutical applications. Multicom-
pendial grade PS 80 meets the specifications from some
particular pharmacopoeias: United States, Ph. Eur., British
and Japanese. The Chinese Pharmacopoeia recently estab-
lished a set of stricter requirements for PS 80 intended for
injections. A new generation of superior grade PSs has
been introduced to the market. This grade is sometimes
referred to as “super-refined” or “ultra-pure”, depending
on the vendor. “Super-refined” is usually claimed to con-
tain low peroxide, low endotoxin, and low impurity levels,
while “ultra-pure” in the case of PS 80 refers to an oleic
acid (OA) component comprising 98% pure OA. More-
over, depending on manufacturer and supplier’s lot, acid
values vary greatly.>!415

2. Experimental

2. 1. Solvents and Reagents
Lauric acid (LA) and OA were purchased from Sig-

Table 1. Analysed fresh PS samples.

Declared
S le Dat
ampie ata acid value
PS20  Tween®20
Manufacturer: Sigma-Aldrich (USA) no data
Material number: P2287 available
Lot number: MKCD6838
PS80  Tween®80
Manufacturer: Sigma-Aldrich (USA) no data
Material number: P4780 available
Lot number: BCBV4473
PS80  Tween®80
(HX2)  Manufacturer: NOF Corporation (Japan)
Material number: no available data 0.1

Lot number: 61235772

Table 2. Analysed PS samples with elapsed shelf life.

Declared
S le Dat
ample ata acid value
1 Tween® 20
Manufacturer: Sigma-Aldrich (USA)
Material number: P1378 1.1
Lot number: SZBC2010V
2 Tween® 20
Manufacturer: Merck KGaA (Germany)
Material number: 817072 1.6

Lot number: K47210572

3 Tween® 20
Manufacturer: Merck KGaA (Germany)
Material number: 817072 1.6
Lot number: K46977172

4 Tween® 20
Manufacturer: Merck KGaA (Germany)
Material number: 817072 1.6
Lot number: K47210572

5 Tween® 20
Manufacturer: ].T.Baker (USA)
Material number: 4116-04 1.3
Lot number: 0000140208

6 Tween® 80
Manufacturer: Sigma-Aldrich (USA)
Material number: P4780
Lot number: BCBG4950V

no data
available

7 Tween® 80
Manufacturer: Merck KGaA (Germany)
Material number: 817061 14
Lot number: K46921061

ma-Aldrich (USA) and Lauron (12-tricosanone) from Sig-
ma-Aldrich (USA). Deuterated solvents: CD;0D, CDCl; +
0.03% TMS and DMSO-ds + 0.03% TMS were purchased
from Euriso-Top (France). All the information about the PS
samples analysed is listed in Tables 1 and 2. Until the analysis
all samples were stored at 2-8 °C in the refrigerator.

2.2.'HNMR

Three parallel samples of fresh PS 20 and of PS 80
spiked (0-5%) samples were weighed (~150 mg), dissolved
in CD;0D, CDCl; or DMSO-d (450 pL), and transferred
to 5 mm NMR tubes. Another parallel of expired samples
was prepared in CD;0D.

All "TH-NMR spectra were recorded using a Bruker
AVANCE III 400 MHz NMR spectrometer. Acquisition
parameters were set according to Zhang et al.; spectral
width was set to 20.55 ppm, acquisition time to 4.3 s, re-
laxation delay to 20 s and number of scans to 16.!2 In
order to cover 99% of the peak area, the integration re-
gion covers approximately 20 times the line width in
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each direction. In cases where signal overlap was too se-
vere to allow appropriate integration regions, peak de-
convolution was used.

2. 3. Lauric/Oleic Acid and Lauron Spiking

In order to investigate the correlation between I, and
NMR integrals of FFA using linear regression, samples of
PS20 and PS80 were spiked with LA and OA, respectively.
Two parallels of fresh PS 20 and PS 80 samples with differ-
ent FFA contents were prepared — 1%, 2%, 3%, 4% and 5%
(w/w) (Figures S1 and S2). The samples were sealed under
argon atmosphere and tightly closed with parafilm, stirred
on a magnetic stirrer for approximately 6 hours at 300 rpm
to give a homogeneous mixture. During mixing, the first
parallel of the LA spiked samples was also heated in a sand
bath, at 50 °C because of the LA melting temperature, which
is approximately 45 °C in the solid state. Additionally, PS 20
samples were spiked with 5% (w/w) lauron in order to eval-
uate the presence of lauron in the raw PSs material.

2. 4. Determination of I,

I, was determined according to the procedure for

Fig 1. Chemical structure of PS 80, X + Y + Z + W = 20.

Fig 2. "H NMR spectrum of the fresh PS 20 sample recorded in CD;OD.

testing PS 20 and PS 80, and prescribed in the Ph. Eur. 9.0.
Approximately 10.0 g of sample was weighed into a 100
mlL flask. 50 mL of a 1:1 (v/v) mixture of 96% ethanol and
petroleum ether was added and mixed well. 0.5 mL of
phenolphthalein solution R1 indicator was added to the
sample solutions. The sample solutions were titrated with
a 0.1 M NaOH solution until the pink colour persisted for
atleast 15 s.

3. Results and Discussion
3.1.'HNMR

In order to establish the correlation between 'H
NMR and 1, a spiking study was carried out. Lauric and
oleic acids were chosen because they form the main FA
moiety of PS 20 and PS 80, respectively. The established
method was tested on a series of PS 20 and PS 80 elapsed
shelf life samples. The resulting values of the measured I,
were compared with those of I listed in the specifications
of the individual PS sample.

The individual functional groups of PS 80 that corre-
spond to the signals in the 'H NMR spectra are shown in
Figure 1. The main PS 80 peaks had already been charac-
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Fig 3. "H NMR spectrum of the fresh PS 80 sample recorded in CD;0D.

terized.!? Only spectra recorded in CD;OD were used for
comparison and evaluation of the obtained results; expla-
nation of solvent selection is discussed below. The spectra
were normalized by integrating the CH, group at 2.36
ppm. The a-methylene groups of FFAs present in PS ex-
hibit a distinctive chemical shift at 2.26 ppm (marked with
red in Figures 2 and 3) clearly separable from those of es-
terified FAs (marked with blue in Figures 2 and 3).

The molar ratio between FFAs and esterified FA was
determined by comparing their respective 'H NMR sig-
nals for a-methylene groups (Figure 4). The signals for
FFAs (2.26 ppm) and esterified FAs (2.36 ppm) are clearly
separated and, most importantly, could be integrated sep-
arately. The values of integrals for esterified FA were set to
1, while those for FFA integrals are reported relative to the
first ones. The ratios between integrals were then com-
pared. On the other hand, signals in 'H NMR spectrum
corresponding to sorbitan polyoxyethylene (POE) of de-
graded and nondegraded PS 20 are practically indistin-
guishable as reported by Khossravi et al. and cannot be
used to determine the ratio between nonesterified and
esterified sorbitan POE.!® Quantification of nonesterified
and esterified sorbitan POE is important, since nonesteri-
fied sorbitan POE may be present as impurity arising
from PS synthesis without elevated levels of FFAs.!3 Per-
haps the ratio between integrals of esterified FAs and sor-
bitan POE could indicate the presence of nonesterified
sorbitan POE, however this is beyond the scope of this
article.

In the 'H NMR spectra, the most signals for PS con-
stituents are well separated when recorded in CDCl;, how-
ever the signals for FAs and FFAs are partly overlapping
(Figures S5 and S6). Additionally, the chemical shift of the

signal for the a-methylene group of FFAs depends on the
percentage of added FA. However, for the samples of PS 20
recorded in DMSO-dg, the signals are sufficiently apart,
although there is overlapping of a-methylene peaks with
other signals in the spectra of PS 80 (Figures S3 and S4).
Signals for esterified FAs and FFAs are sufficiently separat-
ed in samples recorded in CD;0D to allow accurate inte-
gration. Only spectra recorded in CD;O0D were used for
comparison and evaluation of obtained results.

The results of the 'H NMR method are given below
as the molar percentage (n/n) of FFA molecules relative
to that of all FA molecules (esterified and free) in the
samples. The molar percentages of FFA were calculated
(Equation S1) from the corresponding integrals of the
signals belonging to FFA a-methylene and esterified FA
(Figure 5).

3. 2. Determination of I,

Values of I, were calculated by considering the mass
of weighed samples and the consumption of NaOH solu-
tion (Equation S2). Unlike the results obtained using the
'H NMR method, the values of I, represent the content of
all FAs in the sample, including formic acid, acetic acid
and other organic acids (Figure 5).

3. 3. Method Correlation and Comparison
of 'TH NMR and I, Results

Using linear regression, the square of the correlation
coefficient (R?) was calculated for both PS 20 and PS 80
samples examined by the 'H NMR and I, methods. It
shows the percentage of the total variance of the variable y
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Fig 4. Comparison of spectra for PS 20 (A) and PS 80 (B) in CD;OD after spiking with LA or OA.

(% FFAs and values of 1) with respect to the variable x (%
spiked FA). For evaluation of the methods, correlation R?
values were rooted. The Pearson correlation coefficient (R)
values obtained are very close to 1, which indicates that the
calculated values of % FFAs and of the I, are highly depen-
dent on % spiked FA in PS samples, which is expected
(Figure 6). The values obtained vary only slightly and de-
pend strongly on each other. It can be concluded that there

is a good correlation between the two methods and that
the methods are comparable to each other.

From the results of 'H NMR (Tables S1 and S2) and
I, (Tables S3 and S4) determination it is seen that the val-
ues of FFA and I, in the PS 20 samples increase more rap-
idly with increasing the % LA than those in the corre-
sponding PS 80 samples with increasing the % OA. The
reason for the difference lies in the molecular weight of
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Fig 5. Values of % FFAs (n/n %) relative to % LA (w/w) in PS 20 (A), values of % FFAs (n/n) relative to % OA (w/w) in PS 80 (B), I, values relative
to % LA (w/w) in PS 20 (C) and I, values relative to % OA (w/w) in PS 80 (D).

Fig 6. I, values in correlation to % FFAs (w/w) in PS 20 (A) and PS 80 (B) samples.

added FA; the same added mass of FA corresponds to
more moles in the case of LA.

3. 4. Benefits of 'H NMR Method

'H NMR enables comprehensive PS structural infor-
mation in terms of quality control of input PS and differen-
tiation between PS 20 and PS 80 of different quality grades.

Long-chain ketone lauron (12-tricosanone) is a newly
identified impurity present already in specific PS raw ma-
terial lots and is not a degradation product. It is poorly
soluble in water and therefore forms visible particles in
protein formulations.!” In spiked PS 20 samples, the lau-
ron signal is well separated from the a-methylene group
signal for esterified FA and FFAs. Using the 'H NMR
method, lauron can be easily identified (Figure 7).
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Fig 7. Comparison of raw PS 20 'H NMR spectra, lauron spiked (10% w/w) PS 20 'H NMR spectra and lauron '"H NMR spectra.

'H NMR can also be used as a stability indicating
method for PS degradation. One big difference between PS
20 and PS 80 'H NMR spectra is that signals belonging to
the OA double bond, which is found only in PS 80, are
seen as -CH= and -CH,-CH= groups. The first one is visi-

ble at a chemical shift of about 5.4 ppm and is a signal for
the CH groups at the double bond in the FA chain, marked
by the number 8 in Figure 1. The second is visible at a
chemical shift of about 2.0 ppm and constitutes a signal for
the following double bond adjacent to the CH, group in

Fig 8. 'H NMR spectrum, recorded in CD;0D, of the fresh “ultra-pure” PS 80 sample. In comparison to the spectrum of “multicompendial-grade”
PS 80 (Figure 3) the triplet at 2.3 ppm belonging to FFA is absent, indicating that there is no FFA in the sample.
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the FA chain, marked by a number 9 in Figure 1. The pro-
portion of OA in the FA fraction can be estimated from the
ratio of the double bond integral at 5.4 ppm to that at 0.9
ppm of the terminal CH; group protons.

During their study of the thermal oxidation of PS 80,
using 'H NMR, Hvattum et al. discovered that about 9% of
all FAs present contained a ZE or EZ conjugated double
bond.!® We can also confirm the presence of conjugated
(9Z,11E)-linoleic acid, which has multiple double bonds
seen as an additional 4 signals ranging from 5 to 6 ppm.
The described signals were seen only in multicompendial
grade PS 80 in Figure 2, not in the “ultra-pure” one in Fig-
ure 8. Conjugated double bond FAs are more susceptible to
auto-oxidation than FAs with isolated double bound, so
their characterization already in raw PS samples is very
important.

3. 5. Comparison of the Results of the Use
of 'H NMR and 1, for Elapsed Shelf Life
Samples

The content of FFAs in the samples with elapsed shelf
life was determined relative to the total content of FA. Sev-
en randomly selected elapsed shelf life PS samples were
analyzed in order to confirm the correlation of 'H NMR
and I, methods (Table 3). From the results for elapsed
shelf life PS samples, maximum values of % FFA and I,
were found in sample 6, which is expected since it is the
oldest sample according to the date of production (Octo-
ber 2011). The value determined exceeded the maximum
allowable value of I, for PS 80, 2.0, as prescribed by Ph.
Eur. 9.0. The same trend was observed in sample 1 which,
according to the date of production (July 2012), is the sec-
ond oldest sample in the analysed PSs. In all other samples,
the I, values were still within Ph. Eur. specifications, de-
spite their expiry date.

Comparing samples 1, 2 and 4, the values of % FFAs
are seen to be practically the same (around 7%), while

Table 3. The integral values of signals relating to FFA a-methylene
groups and their measured I, values.

Sample % FFAs I,
1 7.41 2.3
2 7.06 1.8
3 4.76 1.7
4 7.06 1.8
5 4.40 1.3
6 10.63 2.7
7 7.49 1.5

those of I, vary greatly between sample 1 and samples 2
and 4 (Figure 9). The fact that I, values give an indication
of all the acids present in the sample must be considered,
while the 'H NMR values exclude the content of formic,
acetic and other organic acids. If there was autoxidation
along the ethylene oxide portion of the PS during storage,
short-chain fatty acids, such as formic and acetic acid,
would result in increased I, values. An increase in I, in
sample 1 can therefore be interpreted as a consequence of
oxidation processes.

4. Conclusions

The content of FFAs is an important indicator of PS
degradation, especially ester hydrolysis, and therefore a
useful parameter from the standpoint of PS stability test-
ing. The source of FFAs present in PS could be either
degradation processes or synthesis. The distribution and
quantity of FFAs in PSs impact on the product quality.
Accumulated FFAs, which are insoluble in water, could
ultimately precipitate to form visible particles. In this
study, the 'H NMR method and the pharmacopoeia
method for determination of I, were compared. In the
case of FFAs, the results obtained by the two methods

Fig 9. I, values correlated to the % FFAs (w/w) in PS 20 (1-5) and PS 80 samples (6,7).
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correlate strongly with each other. However, the pharma-
copoeia I, method is non-specific and measures the total
amount of acidic components whereas, with 'H NMR,
the amount of FFAs could be measured specifically. Ad-
ditional benefits of 'H NMR method are, especially, the
much simpler and faster sample preparation and the low-
er amounts of sample needed when comparing with the
I, determination method. The 'H NMR method gives
comprehensive PS structural information, information
of PS degradation and the impurity profile. It could be
definitively used as alternative method for monitoring
PS degradation, instead of decrease in PS POE part, is
much easier to monitor increase in FFAs signals as we
have shown in our manuscript. Moreover, a newly dis-
covered impurity in PS raw material, the long chain ke-
tone lauron (12-tricosanone), can be identified using 'H
NMR.

Abbreviations
FA Fatty acid
FFAs  Free fatty acids

1A Acid value
LA Lauric acid

NMR  Nuclear magnetic resonance spectroscopy
OA Oleic acid

POE  Polyoxyethylene

PS Polysorbate

R? Square of the correlation coefficient

RSD Relative standard deviation
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Povzetek

Polisorbati (PS) so najpogosteje uporabljene neionske povrsinsko aktivne snovi v formulacijah s proteini. Njihovo
razgradnjo so v zadnjih letih intenzivno proudevali. Hidroliza estrske vezi je ena od $tevilnih razgradnih poti polisorb-
atov, ki lahko vodi v kopicenje prostih mag¢obnih kislin (FFAs) in v tvorbo delcev. Razporeditev in koli¢ina FFAs v PS
neposredno vplivata na kakovost kon¢nega izdelka. Karakterizacija vhodnega PS je izredno pomembna, saj se zacetna
vsebnost FFAs med razli¢nimi proizvajalci zelo razlikuje. Namen nage $tudije je bil razviti hitro in enostavno metodo za
kvantifikacijo FFAs v PS. Vsebnost FFAs smo izmerili izbranim vzorcem PS 20 in 80 z uporabo dveh metod, z metodo
protonske jedrske magnetne resonanéne spektroskopije (\H NMR) in s farmakopejsko metodo dolocanja kislinskega
$tevila (I). Metodi smo ovrednotili z uporabo metode standardnega dodatka in na podlagi dobljenih rezultatov ugoto-
vili, da sta metodi zamenljivi. Zaklju¢ili smo, da je 'H NMR uporabna metoda za kontrolo kakovosti vhodnih PS in hitra
metoda za spremljanje razgradnje PS s hidrolizo in oksidacijo. Tudi novo odkrito necistoto v vhodnem PS, dolgoverizni
keton 12-trikozanon, lahko identificiramo z uporabo 'H NMR.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
Creative Commons Attribution 4.0 International License
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Abstract

Ruthenium(III) complexes [Ru(bphtpy)(PPh;)Cl;] (bphfpy = diphenylfuranylpyridine derivatives) were synthesized
and characterized by LCMS, IR spectroscopy, elemental analysis and magnetic measurements. All the complexes were
screened for their antibacterial activity in terms of minimum inhibitory concentration against two Gram-positive and
three Gram-negative bacterial species. DNA binding study by absorption titration and viscosity measurement shows that
complexes bind in an intercalating mode, which is also confirmed by molecular docking. All the complexes were also
screened for the DNA nuclease property of pUC19 plasmid DNA. The cytotoxicity study of the synthesized complexes
was performed to elucidate the LCs, values to find out the toxicity profile of the complexes.

Keywords: N,0-donor ligand; Ruthenium(III)complexes; DNA interaction; Cytotoxicity

1. Introduction

A great history of transition metal complexes is asso-
ciated with their effectiveness in the numerous diseases
cure,!=3 including the major application in the field of nov-
el anticancer drug discovery. The interaction of coordina-
tion compounds with various biomolecules is facilitated
due to varying oxidation states of central metal ion, which
can eventually result in surprising pharmacological and
exceptional curative properties.*® Metals can alter the
physiological condition and the intrinsic toxicity of metal
ions can be reduced by their coordination with ligands.
The biological properties of ligands can increase with met-
al chelation and can cause a synergistic effect on both li-
gand and metal ion.!” Recently large interest has been
drawn on the ruthenium based coordination compounds
in anticancer drug development.!!-13

Ruthenium can be seen as a promising metal after
platinum due to its kinetics and timescales comparison to
cellular division processes similar to platinum.!* Rutheni-
um complexes with N,N-donor ligand have found signifi-
cant application as metallo-intercalators.!>!® Changing
substituent groups in the ligand can create electron density
distribution and space configuration differences of com-
plexes, resulting in diverse spectral properties and biolog-

ical activities.!”!® The N,O-donor ligand has been selected
owing to its antifungal activity exhibited due to furan
ring,'” and the role of bulky co-ligand is to stabilize the
complex which prevents quick dissociation of the com-
plex. hence the compound can reach the pharmacological
target such as DNA.20

Keeping these aspects in mind, we synthesized of ru-
thenium(IIT) complexes with PPh; and N,O-donor ligand,
and studied the antimicrobial activity, DNA interaction
study and cytotoxic activity.

2. Experimental

Material and reagents: The analytical grade chemi-
cals purchased were used as such without further purifica-
tion. RuCl;-3H,0, 4-chlorobenzaldehyde, 2-acetylfuran,
4-fluorobenzaldehyde, 4-bromobenzaldehyde, 3-chloro-
benzaldehye, 3-fluorobenzaldehyde, 3-bromobenzalde-
hyde and HS-DNA were purchased from Sigma Chemical
Co., India. Bromophenol blue, ethidium bromide (EB),
Luria Broth and agarose were purchased from Himedia,
India. Perkin-Elmer 240 Elemental Analyzer was used to
collect microanalytical data. Room temperature magnetic
susceptibility was measured by Gouy’s method. FT-IR
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data were collected by FT-IR ABB Bomen MB 3000 spec-
trophotometer. The 'H NMR and '*C NMR were recorded
on a Bruker Avance (400 MHz). UV-Vis spectra of the
complexes were recorded on UV-160A UV-Vis spectro-
photometer, Shimadzu (Japan). Cleavage of pUC19 DNA
was quantified by AlphaDigiDoc™ RT. Version V.4.0.0.
The thermogram of complexes were recorded with a Met-
tler Toledo TGA/DSC 1 thermogravimetric analyser.

Synthesis of ligands: The ligands (L!-LS) were synthesi-
zed according to the reported method using modified Kro-
hnke pyridine synthesis method.?! The synthesis and char-
acterization of ligands are provided in the supplementary
material.

Synthesis of Ru(III) complexes (1-6): [RuCl;(PPhs;);]
was prepared by refluxing methanolic solution (50 mL) of
RuCl;-3H,0 (0.01 mol) with PPh; (0.03 mol) and conc.
HCI (60 mL) for 1 h. The obtained reddish brown precipi-
tates were filtered, dried and recrystallized by using hot
methanol.

Synthesis of [Ru(L')(PPh3)Cls] (1): [RuCl3(PPh;)s]
(0.1 mmol) in toluene (20 mL) and a methanolic solution
(20 mL) of 4-(4-fluorophenyl)-2-(furan-2-yl)-6-p-tol-
ylpyridine (L!) (0.1 mmol) were combined and refluxed
for 4 h. (Scheme 1). The blackish brown product obtained
was washed with toluene to remove unreacted precursor
and next washed with methanol to remove unreacted li-
gand and dried under vacuum. Yield: 22 %, m.p.: 287-290
°C, Mg 1.89 B.M. Anal. Calc. for: CyoH;;CLLENOPRu
(799.08): Calc. (%): C, 60.12; H, 3.91; N, 1.75; Ru, 12.65.
Found (%): C, 60.03; H, 3.93; N, 1.70, Ru(gayimetrically)
12.60. IR (KBr, 4000-400 cm™!): 3030, v(C-H)ar stretch-
ing; 1545, v(C=C); 1505, v(C=N); 543, v(Ru-0); 445,
v(Ru-N); 1454, 1032, 698, v(PPh;). UV-Vis. A, (nm)
(DMSO): 560, 420, 260, Mass (1m/z%): 800.06 (100) [M*].

Synthesis of [Ru(L?)(PPh3)Cl;] (2): [RuCl;(PPhs);]
(0.1 mmol) in toluene (20 mL) and a methanolic solution
(20 mL) of 4-(4-chlorophenyl)-2-(furan-2-yl)-6-p-tol-
ylpyridine (L?) (0.1 mmol) were combined and refluxed
for 4 h. (Scheme 1). The blackish brown product obtained
was washed with toluene to remove unreacted precursor
and next washed with methanol to remove unreacted li-
gand and dried under vacuum. Yield: 19.9%, m.p.: 274-276
°C, Ueg: 1.81 B.M. Anal. Calc. for: CyHj CILNOPRu
(815.54): Calc. (%): C, 58.91; H, 3.83; N, 1.72; Ru, 12.39.
Found (%)Z C, 5884, H, 389, N, 178, Ru(gravimetrically)>
12.37. IR (KBr, 4000-400 cm™!): 3038, v(C-H)ar stretch-
ing; 1541, v(C=C); 1509, v(C=N); 561, v(Ru-0); 456,
v(Ru-N); 1458, 1029, 689, v(PPhs). UV-Vis. A, (nm) (In
DMSO): 565, 425, 261.

Synthesis of [Ru(L®)(PPh3)Cl5] (3): [RuCls(PPhs)s]
(0.1 mmol) in toluene (20 mL) and a methanolic solution
(20 mL) of 4-(4-bromophenyl)-2-(furan-2-yl)-6-p-tol-
ylpyridine (L?) (0.1 mmol) were combined and refluxed for
4 h. (Scheme 1). The dark brown product obtained was

washed with toluene to remove unreacted precursor and
next washed with methanol to remove unreacted ligand
and dried under vacuum. Yield: 20.1%, m.p. >300 °C, g
1.84 B.M. Anal. Calc. for: C4H;,Cl;BrNOPRu (859.99):
Calc. (%): C, 55.86; H, 3.63; N, 1.63; Ru, 11.75. Found (%):
C, 55.78; H, 3.64; N, 1.66, Rt (grayimetricallyy 11.79. IR (KB,
4000-400 cm™): 3041, v(C-H)ar stretching; 1541, v(C=C);
1506, v(C=N); 554, v(Ru-O); 449, v(Ru-N); 1462, 1029,
694, v(PPh,). UV-Vis. A,,,.(nm) (In DMSO): 575, 430, 263.

Synthesis of [Ru(L*)(PPh3)Cls] (4): [RuCl;(PPhs);]
(0.1 mmol) in toluene (20 mL) and a methanolic solution
(20 mL) of 4-(3-fluorophenyl)-2-(furan-2-yl)-6-p-tol-
ylpyridine (L*) (0.1 mmol) were combined and refluxed
for 4 h. (Scheme 1). The blackish brown product obtained
was washed with toluene to remove unreacted precursor
and next washed with methanol to remove unreacted li-
gand and dried under vacuum. Yield: 18.4%, m.p.: 286-290
°C, Heg: 1.86 B.M. Anal. Calc. for: Cy0H;;CLLENOPRu
(799.08): Calc. (%): C, 60.12; H, 3.91; N, 1.75; Ru, 12.65.
Found (%): C, 60.13; H, 3.97; N, 1.68, Ru(gayimetrically)
12.72. IR (KBr, 4000-400 cm™!): 3033, v(C-H)ar stretch-
ing; 1549, v(C=C); 1512, v(C=N); 549, v(Ru-0); 453,
v(Ru-N); 1456, 1021, 697, v(PPhs). UV-Vis. A,,,,,(nm) (In
DMSO): 563, 420, 260.

Synthesis of [Ru(L’)(PPh3)Cl;] (5): [RuCl;(PPh;)s]
(0.1 mmol) in toluene (20 mL) and a methanolic solution
(20 mL) of 4-(3-chlorophenyl)-2-(furan-2-yl)-6-p-tol-
ylpyridine (L®) (0.1 mmol) were combined and refluxed
for 4 h. (Scheme 1). The blackish brown product obtained
was washed with toluene to remove unreacted precursor
and next washed with methanol to remove unreacted li-
gand and dried under vacuum. Yield: 17%, m.p.: 276-278
°C, Ueg: 1.80 B.M. Anal. Calc. for: CyHj CILNOPRu
(815.54): Calc. (%): C, 58.91; H, 3.83; N, 1.72; Ru, 12.39.
Found (%)Z C, 5889, H, 379, N, 168, Ru(gravimetrically)’
12.39. IR (KBr, 4000-400 cm™!): 3054, v(C-H)ar stretch-
ing; 1543, v(C=C); 1507, v(C=N); 563, v(Ru-0); 446,
v(Ru-N); 1443, 1024, 692, v(PPh;). UV-Vis. A ,.(nm) (In
DMSO): 570, 428, 262.

Synthesis of [Ru(PPh3)(L®)(Cl;] (6): [RuCl3(PPh;)s]
(0.1 mmol) in toluene (20 mL) and a methanolic solution
(20 mL) of 4-(3-bromophenyl)-2-(furan-2-yl)-6-p-tol-
ylpyridine (L®) (0.1 mmol) were combined and refluxed for
4 h. (Scheme 1). The dark brown product obtained was
washed with toluene to remove unreacted precursor and
next washed with methanol to remove unreacted ligand
and dried under vacuum. Yield: 19%, m.p.: >300 °C, pg:
1.89 B.M. Anal. Calc. for: CyHj;,Cl;BrNOPRu (859.99):
Calc. (%): C, 55.86; H, 3.63; N, 1.63; Ru, 11.75. Found (%):
C, 55.84; H, 3.60; N, 1.61, Rt(grayimetricallyyr 11.70. IR (KB,
4000-400 cm™): 3063, v(C-H)ar stretching; 1554, v(C=C);
1510, v(C=N); 546, v(Ru-0O); 460, v(Ru-N); 1443, 1027,
690, v(PPh;). UV-Vis. 1, (nm) (In DMSO): 571, 424, 262.

In vitro antibacterial screening: In vitro antibacterial
study of all compounds was performed against three
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Gram-negative and two Gram-positive bacteria according
to the literature method.??

DNA interaction study: Metal-DNA interactions was
probed using electronic absorption titration and viscosity
measurement, according to the literature method.?>?* The
molecular docking study was performed by HEX 8.0 soft-
ware.?

Cytotoxicity study: The Brine shrimp lethality activity
(BSLA) test was carried out referring to the protocol of
Mayer et al.??

Gel electrophoresis study: The DNA cleavage study for
synthesized complexes was performed using the reported
procedure.?

3. Results and Discussion

Synthesis: The N,O-donor ligands (L!-L®) were syn-
thesized by refluxing the mixture of pyridinium salt of
2-acetylfuran and substituted enones in methanol in pres-
ence of excess of ammonium acetate for 6 h. The metha-
nolic solution of the ligands and solution of ruthenium
precursor [RuCl;(PPh3);] in toluene were refluxed for 4 h
to obtain complexes 1-6. General reaction scheme for the
synthesis of complexes is given in Scheme 1.

Scheme 1. Synthesis of ruthenium(III) complexes.

Spectral and analytical characterization: The electronic
spectra showed three bands in the 260-575 nm region.
The bands at 560-575 nm, 420-430 nm, 260 nm region
corresponds to d-d transition, metal-to-ligand charge
transfer and intraligand charge transfer, respectively. The
magnetic moment of Ru(III) complexes was measured us-
ing Gouy’s magnetic balance at room temperature. The

magnetic moment values were found in the range of 1.80-
1.89 BM. The theoretical spin-only value is 1.73 BM, which
suggests that the metal ion in complexes possess one un-
paired electron and possess s = ¥ system.

The thermogravimetric curve of complex 1 (Supple-
mentary material) shows no mass loss up to 180 °C signi-
fying the absence of water molecule or any volatile compo-
nent. First mass loss (13.34%) during 190-260 °C corre-
sponds to the loss of chlorine atoms. Second mass loss
(32.72%) during 360-520 °C corresponds to the loss of
PPh; moiety. The third mass loss (41.14%) during 610-810
°C corresponds to the loss of neutral bidentate ligand and
leaving behind residual metal oxide.

Mass spectrum of complex 1 shows molecular ion
peak at m/z = 800.06 (M), 802.06 (M+2), 804.07 (M+4)
and 806.06 (M+6) (Supplementary material), due to the
presence of covalently bonded three chlorine atoms (with
metal ion). The peak observed at m/z = 763.09 corresponds
to the one Cl atom loss. Other fragments observed are
728.09, 693.12, 470.91, 435.07, 431.07, 398.97, 364.07,
329.08 and 262.11 m/z, for which proposed fragmentation
pattern is shown in supplementary material.

IR spectral data of ligands and complexes were com-
pared (Supplementary material) to investigate the coordi-
nation of ligand with ruthenium ion. The ring stretching
frequencies of ¥(C=N) of ligands (1497-1487 cm™!)27:28
were shifted to higher frequencies (1505-1512 cm™) in
metal complex, suggests the metal ion coordination with

the nitrogen atoms of heterocycles.?” The v(C=C),, and
v(C-H),, bands were observed at 1541-1554 cm™! and
3030-3063 cm™!, respectively. Additional bands in metal
complexes were observed at 543-563 cm™! and 445-460
cm! corresponds to v(Ru-O) and v(Ru-N), respective-
y3031

In vitro antibacterial activity: The antibiotics resistance
among bacteria has become a global problem, which has
risen the need of novel antimicrobial agents. The results
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(Supplementary material) of antibacterial screening shows
higher efficiency of ruthenium complexes than the parent
ligands and ruthenium salt against tested bacterial species
under identical experimental conditions. However, the
synthesized complexes show lower antibacterial potency
compared to standard antibiotic like ofloxacin (MIC =
1.24-2.0 uM, for different bacterial species under investi-
gation). The increase in lipophilic nature due to chelation
may be the reason for the potentiation of antibacterial ac-
tivity of complexes. The different molecular targets of anti-
bacterial agents for exerting their mode of action are cell
wall synthesis and cytoplasmic membrane. The chelation
increases the ability of a complex to cross a cell mem-
brane3? according to the Tweedy’s chelation theory,® by
decreasing the polarity of metal ion through partial shar-
ing of positive charge over chelating atoms.

DNA interaction study: Absorption titration: The ob-
served absorbance is plotted against wavelength and shift
in absorbance and change in wavelength is calculated to
investigate the binding mode. In the absorption spectra of
[Ru(LY)(PPh3)Cl;] (Figure 1), it is found that upon in-
creasing the DNA concentration, hypochromism is ob-
served in MLCT (around 420 nm) and intra-ligand charge
transfer bands (around 260 nm) with slightly red shift in-
dicative of the intercalative mode of binding. The strength
of binding is measured from Kj, values obtained using the
equation

[DNA]/(e, - &) = [DNA]/(g, — &) + 1/Kp(ep — &)
where €, &5, and g, correspond to A, /[complex], the ex-
tinction coeflicient of free complex, and complex in the
fully bound form, respectively. The Kj values for complex-
es 1-6 are found 5.18x10°, 3.41x10° 1.69x10° 1.66x10°
1.46x10° and 1.78x10° ML, respectively. The observed re-
sults show that complex 1 has the highest binding propen-
sity with DNA, which can be attributed to the presence of
most electronegative F atom as a substituent atom at p-po-

Figure 1. Electronic absorption spectra of complex 1 with increas-
ing concentration of Herring Sperm DNA (HS-DNA) in phosphate
buffer Inset: Plots of [DNA]/(g,~¢¢) versus [DNA] for the titration of
DNA with ruthenium(III) complex 1.

sition to the ancillary ligand. The trend is also followed for
complex 2 and complex 3, having Cl and Br atom as sub-
stituent atom at p-position to the ancillary ligand. The oth-
er complexes having ligand with halogen substituent at
m-position have a relatively lower binding propensity. So
we can say that the DNA binding affinity of complexes de-
pends upon the electronic properties of ligands. The
obtained K values of complexes are found higher
than [Ru(NH;),(dip)]>* (1.50x10* M™1),3* comparable
to [Ru(phen),pzip]*>* (9.5x10° M~1)* and lower than
[Ru(bpy),(HBT)]** (5.71x107 M™).>® The absorption
spectral data and plots of [DNA]/(g, - &) versus [DNA] for
the titration of DNA with complexes 1-6 are shown in
supplementary material.

Viscosity measurement: The viscosity of HS-DNA
was measured by varying the concentration of the com-
plexes, to further explore the interaction between rutheni-
um(III) complexes and DNA. The relative viscosity of the
HS-DNA increases with complex solution addition (Sup-
plementary material), suggesting intercalative mode of
binding. The curve of complex 1 resembles very similar to
EtBr and is much higher in magnitude than other com-
plexes suggesting a strong interactive binding of complex 1
than other synthesized complexes.

Molecular docking study: To explore the interaction
mode and binding affinity, docking studies were performed.
The binding interaction of Ru(IIl) complexes (Figure 2)
with duplex DNA sequence d(ACCGACGTCGGT), was
performed to explore the DNA binding site and com-
plex-DNA helix orientation. Molecular docking study sug-
gests preferentially intercalative mode of complex to DNA
interaction, involving stacking interaction. The docked

Figure 2. Molecular docking of the complex 1 (fac and mer isomers)
with the DNA duplex.
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structure showed the complexes fit well in between the
stacks of rich A-T base pair region, which may be stabi-
lized through hydrophobic or van der Waal’s interaction.
The binding energies of DNA-complexes interactions are
-326.15, -326.58, -329.95, -325.63, -333.74, -329.94 k]
mol™! for fac-complexes 1-6, and -333.27, -338.44,
-341.23, -343.46, -348.38, —-339.77 k] mol™! for mer-com-
plexes 1-6, respectively.

Cytotoxicity: In this assay, the %mortality of brine shrimp
nauplii was determined after 24 and 48 h of complexes
treatment. The LCs, was evaluated from the plot of
log[complex] against %mortality of nauplii. From the re-
sult, it is inferred that the complex 1 shows higher toxicity
than other synthesized complexes and toxicity value (LCs
=12.2,14.1,13.7,12.9, 21.2 and 18.5 uM for complex 1-6,
respectively) of synthesized complexes are comparable to
standard anticancer agent cis-platin (LCs, < 13.3 uM).

Gel electrophoresis study: Figure 3 shows the cleavage of
DNA by the test compounds. Lane 1 is a control represent-
ing DNA cleavage into only two forms, supercoiled (Form
I) and open circular (Form III). Lane 2 with the reference
compound RuCl;-2H,0 representing cleavage into only
two forms similar to the control. Lane 3-8 contains syn-
thesized ruthenium complexes 1-6 respectively, repre-
senting the cleavage of DNA into three forms Form I,
Form III and Form II (linear) in between Form I and III
generated by the scission of both the strands of DNA. The
photographed image is quantified by AlphaDigiDoc soft-
ware. The relative decrease in the supercoiled form of con-
trol after the addition of test compounds is a measure of
percent cleavage. The results (Table 1) clearly indicate that

Figure 3. Cleavage of pUC19 plasmid DNA under the influence of
ruthenium complexes. Lane 1, DNA control; Lane 2, RuCl;-3H,0;
Lane 3, [Ru(L!)(PPh;)Cl;]; Lane 4, [Ru(L?)(PPh;)Cl;]; Lane 5,
[Ru(L3)(PPh;)Cl;]; Lane 6, [Ru(L*)(PPh;)Cl;]; Lane 7, [Ru(L®)
(PPh;)Cl,]; Lane 8, [Ru(L®)(PPh;)Cl;].

percent cleavage value is highest for the complex-1 indi-
cating its strong binding efliciency to DNA. The DNA
cleavage data also follow the similar trend of binding con-
stant value as measured by UV-visible absorption titration
of metal complexes with increasing the concentration of
DNA. So we can conclude that metal complex having
higher DNA binding affinity can effectively cleave the
DNA strand.

4., Conclusion

The data of various physicochemical activities like
gravimetry, magnetic moment measurement and electron-
ic spectral measurement are in good agreement with the
proposed structure of metal complexes. The complexes
have a paramagnetic nature. The MIC data suggest a sig-
nificant increase in antibacterial activity of ligands after
complexation with the metal ion. Also, that complexes 1-3
have comparatively higher antibacterial activity than com-
plexes 4-6. The MIC data clearly indicate that electronic
properties (metal complexation and presence of F-substit-
uent at p-position of L!) play a vital role in enhancing the
biological activities of complex 1 by increasing its lipo-
philic nature. Complex 1 binds more efficiently to the
DNA via classical intercalation mode. The cytotoxic study
displays good potency of the complexes against brine
shrimp and 100% mortality is observed after 48 h of incu-
bation. The efficient cleavage of supercoiled pUC19 DNA
by all the complexes was observed. The higher efficacy of
complex 1 in the various activity performed may be attrib-
uted to strong electron withdrawing potency of F-atom at
the para position while and chlorine and bromine has less
electron withdrawing capacity than bromine. This electron
withdrawing capacity of fluorine atom makes the complex
more polar and hence easily permeable to lipophilic layers
of the target species and onset its action readily.
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Table 1. Gel electrophoresis analysis of complexes.

Lanes Complexes % OC % LC % SC % Cleavage
1 Control 4.90 - 95.1 -

2 RuCl;-3H,0 27.2 - 72.8 22.44

3 [Ru(LY)(PPh;)Cl;] 68.2 24.0 7.80 91.79

4 [Ru(L2)(PPh;)Cl,] 74.3 6.50 19.2 79.81

5 [Ru(L3)(PPh;)Cl,] 73.3 9.00 17.7 81.39

6 [Ru(L*)(PPhs)Cl;] 73.5 9.30 17.2 81.91

7 [Ru(L?)(PPh;)Cl5] 58.7 5.20 36.0 62.14

8 [Ru(L)(PPh;)Cl,] 58.1 4.90 37.0 61.09
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Sintetizirali smo rutenijeve(III) komplekse [Ru(bphtpy)(PPh;)Cl;] (bphfpy = derivati difenilfuranilpiridina) in jih okar-
akterizirali z LCMS, IR spektroskopijo, elementno analizo in magnetnimi meritvami. Vsem kompleksom smo dolo¢ili
antibakterijsko aktivnost z minimalno inhibitorno koncentracijo na dveh Gram pozitivnih in treh Gram negativnih
bakterijskih vrstah. Studij vezave na DNA z absorptivno titracijo in viskozimetri¢nimi meritvami kaZe, da se kompleksi
veZejo na interkalacijski nacin, kar smo potrdili tudi z molekulskim dokingom. Vse komplekse smo tudi testirali za DNA
nukleazne lastnosti na pUC19 plazmidski DNA. S citostati¢nimi testi smo dolo¢ili LCs, vrednosti z namenom dolo¢itve

toksi¢nega profila kompleksov.
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Abstract

GOD was immobilized onto polypyrrole (PPy) or poly(o-anisidine) (POA) coated Pt electrode to construct glucose
sensitive biosensor. Because polymer film properties and enzyme activity affect the current response, PPy and POA
synthesis conditions and also enzyme immobilization parameters were optimized in detail. The optimal monomer con-
centrations were determined as 25 and 50 mM for PPy and POA, respectively, whereas scan rate was 50 mV/s for both
polymer films. In case of immobilization procedure, the optimal Chitosan (Chi), glucose oxidase (GOD) and glutaral-
dehyde (GAL) concentrations were determined as 0.5%, 2 mg/ml and 0.05% for PPy and 0.5%, 4 mg/ml and 0.075% for
POA, respectively. Zinc oxide nanoparticles (ZnONP) were co-immobilized with GOD enzyme and it was revealed that
ZnONP modification enhanced the efficiencies of both electrodes in terms of current responses and stabilities. Nyquist
diagrams showed that enzyme electrodes were sensitive to glucose molecule and ZnONP modification improved the

sensor efficiency.

Keywords: Amperometric biosensor; polypyrrole; poly(o-anisidine); zinc oxide nanoparticles; glucose oxidase

1. Introduction

Glucose is one of the most analyzed components in
biological fluids and foods. Compared to spectrophotomet-
ric and colorimetric methods, electrochemical methods
have significant advantages in terms of simplicity, cost ef-
fective, quick way, excellent sensitivity and easy applicabili-
ty. 17> Enzyme electrodes have been widely applied to con-
struct biosensors for analyte determination.*~ Fabrication
of the enzyme containing biosensor requires immobiliza-
tion of the enzyme molecule onto/into the electrode sur-
face. There are several strategies for immobilization tech-
niques to obtain GOD biosensor such as crosslinking with
glutaraldehyde,'%-!! applying enzyme on an electrode in a
gel film,'*17 entrapment or incorporation in a polymer
matrix during electropolymerization,®!#-20 by covalent at-
tachment?!~22 or adsorbing onto electrode surface.?4-26
Chitosan (Chi) is a type of natural cationic polymer, which
has shown attractive characteristics such as film-forming
ability, permeability, and good adhesion. Therefore, chi-
tosan can be used as a gel matrix for enzyme immobiliza-

tion through glutaraldehyde (GAL) or another reagent.?’-

However, the poor electrochemical conductivity of Chi re-
duces the performance of the enzyme-based biosensor.>’
To overcome this problem, several strategies were devel-
oped by adding various materials in Chi matrix such as na-
noparticles'>**** jonic liquid,**?** or by modifying inter-
face between electrode surface and Chi layer by
nanoparticles,”*! Prussian Blue*® and electropolymers.®!
Electropolymerization is one of the cheap but powerful
methods focusing on selective modification of various
types of electrodes with desired matrices.® Several elec-
tropolymers were used to fabricate the glucose biosensor
such as PPy!828:32-33 polyaniline (PANI),**-%° poly(o-anisi-
dine) (POA),***” poly(N-methyl pyrrole) (PNMP),?
poly(o-phenylenediamine)®® and polythophen*® derivative.
Recent studies reveal that the nanostructured metal oxides
with reduced size have unique advantages in immobilizing
enzymes and have high sensitivity due to high surface area,
desirable microenvironment, and direct electron transfer
between the enzyme active sites and electrode. ZnO nano-
materials have been widely used for this purpose.0-43

Ozyilmaz et al.: Amperometric Glucose Biosensor Based ...


mailto:gozyilmaz@gmail.com

Acta Chim. Slov. 2019, 66, 950-957

The present study deals with the fabrication of a glu-
cose biosensor based on redox polymers such as PPy and
POA. Construction of biosensor was optimized in terms of
PPy and POA synthesis parameters, enzyme immobilization
conditions and also the amount of ZnONP by comparing
current response in the glucose solution. Enzyme electrodes
were characterized by cyclic voltammograms, Nyquist dia-
grams, kinetic parameters and operational stabilities.

2. Experimental

2. 1. Chemicals

Aspergillus niger origin glucose oxidase (GOD) (EC
1.1.3.4), pyrrole (Py), o-anisidine (OA), Chi, ZnONP ( <100
nm), glucose anhydrous, GAL were purchased from Sigma.
Py and OA were used after distillation and were stored in the
dark until use. All other reagents were of analytical grade and
used without further purification. The polymer synthesis
baths were prepared using 0.15 M aqueous sodium oxalate
solution with Py or OA monomers. Enzyme immobilization
solution was obtained by mixing Chi and GOD at appropri-
ate concentration in aqueous media. The concentration
range of glucose solutions was between 0.2 and 3.0 mM and
solutions were used after 24 h of mutarotation equilibrium.

2. 2. Preparation of Enzyme Electrodes

Enzyme electrodes were prepared in three steps.?’ 28

Firstly, homopolymer films were synthesized onto Pt
electrode (PPy/Pt or POA/Pt). Secondly, GOD enzyme
was immobilized onto polymer coated Pt electrodes by
immersing in GOD containing Chi solution for 3 seconds
(GOD-Chi/PPy/Pt or GOD-Chi/POA/Pt) and electrodes
were dried for 2 hours open to atmosphere. Lastly, GOD-
Chi/PPy/Pt or GOD-Chi/POA/Pt electrodes were incu-
bated in GAL solution for 10 seconds for crosslinking
between amine groups of the enzyme and Chi to hinder
GOD leakage. Modification of the GOD electrode with
ZnONP was achieved by adding ZnONP to the Chi solu-
tion, and the mixture was homogenized using a sonicator.
After the addition of GOD, the final solution was used to
make the enzyme electrode as previously described. Elec-
trodes were stored at 4°C when they were not used.

2. 3. Synthesis of Homopolymer Films

Polymer films were achieved in a single compart-
ment cell with three electrode configurations. The refer-
ence electrode was an Ag/AgCl (3 M KCI) electrode and
the counter electrode was a platinum plate with a surface
area of 0.25 cm?. CHI 660b model electrochemical analyz-
er (serial number: A1420) was employed in electrochemi-
cal experiments. All potential values were referred to the
Ag/AgCl (3 M KCI) electrode. PPy and POA films were
synthesized onto Pt electrode with 0.25 cm? surface area

by cyclic voltammetry technique in a monomer solution
containing 0.15 M sodium oxalate electrolyte.

Biosensor electrodes were optimized in terms of pol-
ymer synthesis conditions (monomer concentration and
scan rate) and also enzyme immobilization conditions
(Chi, GOD and GAL concentration). Current values of
each electrode that was constructed at different parame-
ters were compared using glucose solution.

2. 4. Electrochemical Measurements

Electrochemical experiments were performed in a
single compartment cell with three electrode configura-
tions. The reference electrode was an Ag/AgCl (3 M KCl)
electrode and the counter electrode was a platinum plate
with a surface area of 0.25 cm?. CHI 660b model electro-
chemical analyzer (serial number: A1420) was employed in
electrochemical experiments. The biosensor response was
monitored by the chronoamperometric technique at 0.60 V
as current value that was measured depending on hydrogen
peroxide oxidation which was formed by the GOD activity
in the glucose solution. The chronoamperometric measure-
ments were performed at room temperature in steady state
conditions in potassium phosphate buffer (50 mM, pH 7.0)
solution. Each measurement was lasted 120 s.

2. 5. Characterization of Enzyme Electrodes

The electrochemical characterization of enzyme elec-
trodes was investigated by using cyclic voltammetry and
also by AC impedance spectroscopy (EIS) techniques in
the presence and in the absence of glucose. The cyclic
voltammetry technique was applied at a potential range be-
tween 0.10 and 1.00 V by 50 mV/s scan rates. Nyquist plots
were recorded at 0.60 V potential and in the frequency
range from 10° to 10~® Hz using the amplitude of 4 mV for
electrochemical impedance spectroscopy investigations.

All electrodes were compared according to measured
net current response depending on glucose concentration at
the constant potential. The net current value, represented as
A, was got by subtracting current value of the glucose-free
buffer solution from those of glucose-containing solution.

I.« and Ky, values were calculated from Lineweav-
er-Burk Plot using current values depending on glucose
concentrations.

Operational stabilities were investigated by 20 suc-
cessive using of each electrode in 5 mM glucose solution.

3. Results and Discussion

3. 1. Optimization of PPy and POA Synthesis
Parameters

In order to obtain the maximum current response,
polymer film synthesizing parameters were optimized in
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terms of monomer concentration and scan rate. Because
the pore size of polymer film is especially important for
adsorption of GOD molecule, firstly, monomer concentra-
tions, which were employed to obtain polymer layers on Pt
electrode were changed between 10 and 100 mM for PPy
and 40 and 80 mM for POA. Concentration ranges of
monomers were determined according to preliminary
studies. All other parameters such as scan rate, concentra-
tions of GOD, Chi and GAL were kept constant while en-
zyme electrodes were constructed. Obtained electrodes
were used to measure the current values depending on
glucose concentrations and results were given as percent-
age of maximal current value in Fig. 1 and Fig. 2 for PPy
and POA, respectively. As seen in Fig. 1, the highest cur-
rent values and the most linear current curve were ob-
tained for PPy electrode that was constructed using 25
mM pyrrole monomer.

Figure 1. The effect of pyrrole concentration, that was used for PPy
based electrode construction, on current values. Pyrrole concentra-
tions: 10 mM (®); 25 mM (O); 50 mM (A); 75 mM (A) and
100mM (0).

Figure 2. Current values depending on glucose concentration of
GOD electrode constructed by POA layer obtaining by different
o-anisidine concentrations as 40 mM (®); 50 mM (O); 60 mM (A);
70 mM (O) and 80mM (A).

In case of POA electrode (Fig.2), the optimal o-ani-
sidine concentration was chosen as 50 mM. The change in
the current response depending on the monomer concen-
tration used in electrode preparation of enzyme electrodes

can be explained by the effect on the porosity of the poly-
mer films. Polymerization rate is affected from several pa-
rameters such as monomer concentration, scan rate, efc. It
is expected that, polymerization rate increases by increase
in monomer concentration. The polymer structure gener-
ally tends to be tight stacking and to have a small pore
structure as the rate of polymerization increases. Thus, the
pore diameters of the polymer will be large at low mono-
mer concentration and small at high monomer concentra-
tion. Polymer synthesis rate was low at the low monomer
concentration, so pore sizes may be too high that enzyme
molecule can’t adsorb onto polymer film. However, po-
lymerization rate was high at high monomer concentra-
tions, and because the polymer film is tightly stacked,
pore sizes are too small to allow the enzyme binding. The
PPy and POA films formed by 25 mM for pyrrole and 50
mM for o-anisidine exhibited better current response re-
sults in the different glucose concentration solution.
Therefore, to construct glucose sensitive electrode, PPy
and POA were synthesized in 25 mM pyrrole and 50 mM
o-anisidine solutions, respectively in the subsequent stud-
ies. In our knowledge, the effect of monomer concentra-
tion on biosensor efficiency has not been investigated un-
til now.

As the scan rate increases, the irregularity in the
formed polymer film increases, yet, when scan rate is low,
more regular and tightly stacked polymer film forms.
Therefore, since the scan rate affects the structure and
conductivity of the polymer, the current response of the
biosensor will also be affected by the scanning rate. PPy
and POA films were coated on the Pt electrode by apply-
ing scan rates of 20, 50 and 100 mV/s. The synthesizing of
thin homopolymer films was provided with the help of
proper scan number from -0.50 to 1.80 V for PPy and
from 0.35 to 1.50 V for POA in 0.150 M NaOX solution
with optimal monomer concentration. So, in order to
maintain the same polymerization duration, 10 cycles for
20 mV/s, 26 cycles for 50 mV/s and 50 cycles for 100
mV/s were applied for the synthesis of the polymer films.
Fig. 3 (PPy) and Fig. 4 (POA) represent the current re-

Figure 3. Current response of PPy based electrode prepared apply-
ing different scan rates; A: 20 mV/s; O: 50 mV/s; O: 100 mV/s.
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sponse of ezyme electrodes of which polymer layers were
obtained applying different scan rate. As shown in the
Fig. 3, the current values of the electrode, that was ob-
tained applying 20 mV/s scan rate, were the highest at the
lower glucose concentrations. In contrast, the current
values of the electrode, that was obtained applying the
scan rate of 50 mV/s, were high at the higher glucose con-
centrations. However, because of the more linear current
response depending on glucose concentration was ob-
served, 50 mV/s was selected as optimal scan rate for PPy
synthesis.

In case of POA based enzyme electrode, the current
values measured with the electrode prepared by applying
50 mV/s scan rate are significantly higher and the cur-
rent-glucose concentration curve is highly linear. But, net
current value did not observe for POA based electrode
prepared by applying 20 mV/s scan rate. So, 50 mV/s scan
rate was applied in the subsequent studies for both PPy
and POA synthesis.

Figure 4. Current response of POA based electrode prepared apply-
ing different scan rates; O: 50 mV/s; [J: 100 mV/s.

The effects of enzyme immobilization conditions
such as Chi, GOD and GAL concentrations were also in-
vestigated and current responses were given for 3 mM glu-
cose solution in the Fig. 5 A, B and C, respectively.

The highest current response for both PPy and POA
based electrodes were measured by enzyme electrodes
constructed using 0.5% Chi solution (Fig. 5 (A)).

As seen in the Fig. 5 (B) and (C), the maximal cur-
rent responses were observed when enzyme electrodes
were prepared using 0.05% GAL and 2 mg/ml GOD for
PPy based electrode whereas 0.075% GAL and 4 mg/ml
GOD for POA based electrode. So, enzyme immobiliza-
tion parameters were chosen as 0.5% Chi, 2 mg/ml GOD
and 0.05% GAL for PPy whereas, as 0.5% Chi, 4 mg/ml
GOD and 0.75% GAL for POA based electrodes in the
subsequent studies. Since the enzyme immobilization
conditions will affect the activity of the enzyme, it is ex-
pected that it will affect the amount of hydrogen peroxide
to be formed and thus the current response to be meas-
ured.

Figure 5. The effect of immobilization conditions as Chi (A), GOD
(B) and GAL(C) concentrations on the current response. PPy (0);
POA (A).

3. 2. The Effect of ZnONP Modification
on Current Response

Enzyme electrodes were modified by ZnO nanopar-
ticles using three concentrations as 0.1, 0.5 and 2 mg per ml
of Chi solution. As seen in Fig. 6 (A), it can be said that
ZnONP modification enhanced the biosensor efficiency.
The highest currents were obtained for PPy based electrode
when 2 mg ZnONP/ml was added to GOD containing Chi
solution. In case of POA based electrode, when 0.1 mg
ZnONP/ml was used the efficiency of electrode enhanced,
but for higher amounts of nanoparticle, the current values
were lower than those of ZnONP free electrode.

Nanoparticles were used to enhance glucose oxidase
electrode in the literature.3>*3-%¢ German et al (2015)*

Ozyilmaz et al.: Amperometric Glucose Biosensor Based ...

953



954

Acta Chim. Slov. 2019, 66, 950-957

Figure 6. Current response of PPy (A) and POA (B) based biosen-
sors modified with ZnONP. A:ZnONP-free; A:0.1; [:0.5 and O: 2
mg ZnONP/ml Chi.

GOD based amperometric biosensor constructed by coat-
ing PPy on graphite rod in presence of gold nanoparticle
(AuNP), and they reported that, AuNP enhanced the sen-
sor efficieny but, current response decreased by increase in
AuNP amount.

3. 3. Electrochemical Characterization
of the Enzyme Electrodes

The glucose sensitivities of electrodes were investi-
gated firstly by cyclic voltammetry technique in glucose
free and glucose containing buffer solution. In Fig. 7 (A)
and (B) shows the first cyclic voltammograms which were
recorded for Pt/PPy/Chi-GOD and Pt/POA/Chi-GOD
electrodes, respectively, with and without ZnONP. As seen
in Fig. 7(A) and 7(B), the current values of Pt/PPy/Chi-
GOD and Pt/POA/Chi-GOD electrodes with and without
ZnONP remained almost constant in glucose free solu-
tion. But, in the glucose solution, current responses started
to increase approx. 0.4 V when compared with current re-
sponses of glucose free buffer solution. It was clearly seen
that, current values were higher in glucose solution than
that of glucose free solution for all enzyme electrodes. This
shows us, enzyme electrodes are sensitive to glucose mole-
cule. On the other hand, Pt/PPy/Chi-GOD and Pt/POA/
Chi-GOD electrodes with ZnONP exhibited higher cur-
rent values than those of ZnONP-free electrodes.

Figure 7. Cyclic voltammograms of nanoparticle free enzyme elec-
trode in the buffer () and in the glucose solution (M), cyclic
voltammograms of ZnONP containing enzyme electrodes in the
buffer (A) and in the glucose solution (A) for PPy (A) and for POA
(B) (5 mM glucose solution).

This proved that ZnONP contributed to the electron
transfer between metal and enzyme active center.

Pt/PPy/Chi-GOD and Pt/POA/Chi-GOD electrodes
with and without ZnONP were characterized by EIS tech-
nique and Nyquist diagrams are given in the Figure 8(A)
and 8(B), respectively.

In the Nyquist diagrams, the first and second de-
pressed semicircles at high and low frequencies consisted
of charge transfer resistance (R.) corresponding to the
anodic reaction of the substrate at the bottom of the pores
and the resistances of the oxide layer (R,) + polymer film
(Ry), respectively. The first partial semicircle at the high
frequency region is related to R, for processes occurring at
the bottom of the pores of coatings.

The charge transfer reactions are known to take place
at the metal/polymer interfaces. Consequently, the high
R values of coated electrodes can be explained by the
build-up of protective layers and the effective barrier be-
havior of films on the surface.

In Fig 8 (A), the R, value recorded for Pt/PPy/Chi-
GOD-ZnONP electrode in glucose free buffer solution
was the highest due to forming a barrier layer such as coat-
ing, enzyme and nanoparticle on the Pt surface. However,
the feature of same electrode was exactly different in the
glucose solution with the lowest R, value. On the other
hand, the magnitude of semicircle observed at high fre-

Ozyilmaz et al.: Amperometric Glucose Biosensor Based ...



Acta Chim. Slov. 2019, 66, 950-957

Figure 8. The Nyquist diagrams of Pt/PPY/Chi-GOD/GAL (A) and
and Pt/POA/Chi-GOD/GAL (B) electrodes. ZnONP free in the
buffer (O) and in the glucose (M), ZnONP containing in the buffer
(O) and in the glucose (®) solution.

quency region recorded for Pt/PPy/Chi-GOD electrode in
the glucose solution was significantly higher when com-
pared with that the presence of glucose free solution. The
lowest R, value recorded for Pt/PPy/Chi-GOD-ZnONP
electrode in the glucose solution was related to the in-
crease of the charge transfer rate between the metal and
the solution. At the same time, the semicircle observed at
high frequency region recorded for Pt/POA/Chi-GOD-
ZnONP electrode in the glucose solution is incredibly low
when compared with other three semicircles in Fig 8 (B).
The low R values of Pt/PPy/Chi-GOD and Pt/POA/Chi-
GOD electrodes which were modified with ZnONP
showed that ZnO nanoparticles in glucose solution con-
tributed to the increase in the charge transfer rate at the
metal/polymer interfaces. Tang et al. (2015)* prepared
GOD based GCE electrode and modified the electrode
with PANT and nanometer sized TiO2. They reported that
n-TiO, enhanced conductivity and improved the interfa-
cial electron transfer ability.

3. 4. Biochemical Characterization of Enzyme
Electrodes

For biochemical characterization, optimal pH values,
kinetic parameters and operational stabilities were investi-
gated for each electrode. Firstly, current responses were
measured in 3 mM glucose solution at different pH values
and results were given in Table 1. The highest current values
were observed at pH 6.0 for GOD-Chi/PPy/Pt, ZnONP-
GOD-Chi/PPy/Pt and GOD-Chi/POA/Pt whereas at pH
4.0 for ZnONP-GOD-Chi/POA/Pt. 1, and Ky values of
each electrode were calculated by Lineweaver-Burk plot us-
ing current values depending on glucose concentration of
which range between 0.1 and 10 mM and results were given
in the Table 1. As seen in Table 1, I,,,, values of GOD-Chi/
PPy/Pt, ZnONP-GOD-Chi/PPy/Pt were considerably high-
er than those of GOD-Chi/POA/Pt and ZnONP-GOD-
Chi/POA/Pt. Besides, I,,,, values of enzyme electrodes pre-
pared with ZnONP were higher than those of their
nanoparticle free counterparts. Ky; values of enzyme elec-
trodes that were modified by ZnONP were slightly lower.

Metaloxide nanoparticles such as TiO,*, CuGeO;*,
ZrO,*, 1r0,® were used to enhance the GOD based am-
perometric biosensor in the literature. Yang et al. (2004)
modified the Chi-GOD based amperometric glucose bio-
sensor by ZrO, nanoparticles and they found I, value as
0.29 pA whereas Ky, values as 3.14 mM. Jhas et.al (2010)*°
constructed IrO,-NP containing GOD electrode and I,,
and K values were calculated as 46 mA/m? and 27 mM,
respectively.

Operational stabilities of the electrodes were also
analyzed by 20 successive using in the 5 mM of glucose
solution. Studies were repeated five times and results were
very similar and SD were between 3.2 and 8.2%. For all 20
cycles, measured currents as the percentage of initial cur-
rent were calculated and results were given in the Fig.9. As
seen, 92.73 % and 93.13 % of initial currents were observed
for GOD-Chi/POA/Pt and ZnONP-GOD-Chi/POA/Pt,
respectively at the 20™ cycle. However, Initial current ac-
tivities of GOD-Chi/PPy/Pt kept nearly same (100.25 % at
the end of 20" cycle) and there was a very slight increase
(102.08%) compared to the first measured current value in
the case of ZnONP-GOD-Chi/PPy/Pt. This could occure
because of change in microenvironment of GOD and PPy,
that enhance enzyme activity and electron transport rate.
It can be easily said that, prepared enzyme electrodes are
very stable in terms of reuse.

Table 1. Kinetic parameters and optimal pH values of GOD electrodes with and without ZnONP

PPy POA

pH Imax (FA) KM (mM) PH Imax (FA) KM
(mM)
ZnO-NP-Free 6.0 29.8+1.2 1.2+0.1 6.0 58+0.2 0.3+0.0
ZnO-NP 6.0 40.7+2.2 1.5+0.1 4.0 8.6 +0.3 04+0.0
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Figure 9. Operational stabilities of enzyme electrodes GOD-Chi/
POA/Pt (O), ZnONP-GOD-Chi/POA/Pt (M), GOD-Chi/PPy/Pt
(A) and ZnONP- GOD-Chi/PPy/Pt (A)

4. Conclusion

PPy and POA coated Pt electrodes were easily and
successfully used to construct glucose sensitive enzyme
electrode. It was found that electrode construction param-
eters significantly affected the current values depending on
glucose concentration. The current values and stabilities
were higher for PPy based electrode than those of POA
based electrode. Also, it was revealed that, modification of
enzyme electrode by ZnONP contributed to the electron
transfer between metal and enzyme active center. This
study revealed that biosensor design parameters signifi-
cantly affect the efficiency of biosensors. Glucose biosen-
sors are one of the most widely used sensor systems in the
world. So, the development of more stable and sensitive
sensor platforms is extremely important.
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GOD smo imobilizirali na Pt elektrodo, prevleceno s poliprolom (PPy) ali poly(o-anizidinom) (POA), in tako skonstru-
irali biosensor, ob¢utljiv na glukozo. Ker lastnosti filma in encimska aktivnost vplivajo na tokovni odziv elektrode, smo
natanc¢no optimizirali sintezne pogoje za PPy in POA in tudi parametre za imobilizacijo encima. Optimalna monomerna
koncentracija je bila 25 mM za PPy in 50 mM za POA, medtem ko je bila hitrost skeniranja za oba polimerna filma 50
mV/s. V primeru imobilizacijskega postopka so bile optimalne koncentracije kitozana (Chi), glukoza oksidaze (GOD)
in glutaraldehida (GAL) enake 0,5 %, 2 mg/ml in 0,05 % za PPY in 0,5 %, 4 mg/ml in 0,075 % za POA. Hkrati smo z
encimom GOD imobilizirali tudi nanodelce cinkovega oksida (ZnONP) in pokazalo se je, da modifikacija z ZnONP
poveca ucinkovitost obeh elektrod s stali§¢a tokovnega odziva in stabilnosti. Nyquistovi diagrami so pokazali, da sta bili
obe encimski elektrodi obcutljivi na molekule glukoze in da je modifikacija z ZnONP izboljsala u¢inkovitost senzorja.
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Abstract

There are several different approaches for LC method development; beside traditional, different software programs for
method development and optimization are available. The solvatic retention model of reversed-phase LC was applied for
prediction of retention in the gradient elution mode for aripiprazole and its related substances described in European
Pharmacopoeia. As some of these compounds have very similar and others quite different chemical structure, their
separation is challenge. Prediction was suitable on examined stationary phases (C18, C8 and phenyl-hexyl) with 0.1%
phosphoric acid as aqueous mobile phase and acetonitrile or methanol as organic modifier. Predicted retention times
take into account structural formulae of compounds and properties of stationary and mobile phases result in average
difference of 14-17% compared to experimental ones on phenyl-hexyl stationary phase, where the highest matching was
obtained. After utilisation of the retention models with data from one experimental run, the average difference decrease
to maximal 7% and after contribution of data from two experimental runs, to maximal 2%. For majority of studied
compounds difference between predicted and experimental values on all examined stationary phases is lower than 3%.

Keywords: High-performance liquid chromatography; quantitative structure-retention relationships (QSRRs); solvatic
retention model; RP stationary phases; gradient elution; aripiprazole

1. Introduction

As development and optimization of HPLC meth-
ods can be very time-consuming,!? for rapid method de-
velopment a systematic, automated approach is needed.?
This approach includes identification of most suitable ini-
tial conditions (column and mobile phase), analysis of
multi-component mixture (e. g. active pharmaceutical
compound with typical impurities) and evaluation of the
results.* Presumably methods developed using comput-
er-assisted procedures are expected to be more robust
than those, developed by the traditional »trial and error«
approach.””” Three main factors affect analyte partition
between the stationary and the mobile phase. Those are
the chemical structure of analyte, characteristics of the
stationary phase and physico-chemical properties of the
mobile phase at the constant temperature.® Several
software programs for method development and method
optimization are available - ACD/LC simulator®,

ChromSmart®, ChromSword®, DryLab®, Osiris®, Pre-
opt-W® and others. ChromSword® and ACD/LC simula-
tor® contain algorithms for prediction of initial condi-
tions from structural formulae of compounds. In ACD/
LC simulator® correlation between logarithm of partition
(log P) or logarithm of distribution (log D) and retention
in reversed phase liquid chromatography is used. In
ChromSword® the solvophobic (solvatic) model or re-
versed-phase liquid chromatography is applied for predic-
tions. Different kind of quantitative structure-retention
relationships (QSRRs) have also been described in litera-
ture for prediction of retention.”!> Optimization of gradi-
ent elution is more complex compared to isocratic one
and requires more experiments.>!%"1® In the literature
successful prediction of isocratic retention parameters is
reported.'® In 2003, Baczek and Kaliszan applied quanti-
tative structure retention relationships (QSRRs) to predict
retention in reversed-phase HPLC with linear gradient.!®
Well known is the model based on LSER (linear solvation
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energy relationships) developed by Abraham and cowork-
ers.?? The most known QSRR approach and generally ac-
cepted is the solvophobic theory of reversed-phase liquid
chromatography. The solvophobic model of interaction of
an analyte with surrounding liquid was proposed by
Sinanoglu and Haliloglu and applied by Horvath and co-
workers?!=2® for a retention description in reversed-phase
HPLC. Galushko used the solvophobic theory to calculate
retention and in his approach a two-layer continuum
model of reversed-phase liquid chromatography was ap-
plied.2*-% It this approach a stationary phase is considered
as a quasi-liquid layer that has its own characteristics,
which vary with mobile and stationary phase composition.
An analyte interacts with the surface layer and retention is
determined by the difference in molecule solvation ener-
gies in the mobile phase and stationary phase: Ink, = aV23,
+ bAG, . 1,0 + ¢, where V23 is the partial molecular vol-
ume of the analyte in water, which determines the value of
energy to create a cavity in the mobile and stationary
phases, AG, . 11,0 is the energy of electrostatic interaction
of the analyte with water and 4, b, ¢ are the parameters,
determined by the properties of a reversed-phase column
and a mobile phase. Thus, in the Galushko’s model the mo-
lecular interactions of analytes with the stationary and
mobile phase are assumed to be accounted by the partial
molar surface, S (S = V?3) that determines the energy to
create a cavity in the phases.® The partial molar volume
parameter (V) appears to be a reasonably reliable parame-
ter of structurally nonspecific determination of analyte re-
tention. Another molecular parameter AG, energy of in-
teraction, reflects differences in the so-called electrostatic
intermolecular interactions of analytes with a surrounding
mobile phase.’

The main limitation for retention prediction of
chemical compounds from their structure is the inadequa-
cy of the translation of structural formulas into sets of nu-
merical descriptors.!® Kaliszan’s approach needs three mo-
lecular descriptors and four regression coeflicients,
Abraham’s approach needs five molecular descriptors,
constant log k, and five regression coefficients and Galus-
hko’s approach needs only two molecular parameters and
three regression coeflicients.>?%24-2> It should be noted
that Kaliszan’s approach can be used only for prediction on
selected stationary phase and only for the same gradient
that was used for deriving the model,'® while Galushko’s
approach enables prediction of retention also for other sta-
tionary phases and multistep gradients.” Other practical
important point to be considered is that in QSRR model-
ling retention behaviour is usually performed in one soft-
ware, and different software is used to calculate the molec-
ular descriptors.?® ChromSword® enables all operations
- structures drawing, molecular parameters calculation,
chromatogram simulation for different columns and gra-
dients in one software platform. In off-line mode
ChromSword® software utilise defined relationships be-
tween separation, retention, and chromatographic condi-

tions for the prediction. Chemical structures of analytes
are entered and the software model chromatographic re-
tention behaviour consider organic modifier in mobile
phase. Additionally, the software uses chromatographic
data obtained from at least two initial experiments to pre-
dict optimum separation condition for different type of
retention models.!

In the present work, the solvatic retention model in
reversed-phase HPLC for retention prediction in gradient
elution mode, using different types of stationary phases
(C18, C8 and phenyl-hexyl) was applied for aripiprazole
and its related substances described in European Pharma-
copoeia. Also, two different organic modifiers (acetonitrile
and methanol) were utilised. As some of the compounds
have basic properties, effects of organic modifiers are im-
portant as methanol is concerned mainly in proton accep-
tor interactions, while acetonitrile mainly to dipole-dipole
interactions.

2. Experimental

2. 1. Chemicals and Reagents

Acetonitrile and methanol were ultra-gradient
HPLC grade and were obtained from J.T.Baker (Avantor
Performance Materials, USA). Ultrapure water was ob-
tained with Milli-Q water system (Millipore Merck, Ger-
many). Acetic acid and phosphoric acid (49-51%) were
obtained from Sigma-Aldrich, USA.

2. 2. Standards

Standards of aripiprazole, impurity B (European
Pharmacopoeia), impurity E (Eur. Ph.) and impurity F
(Eur. Ph.) were obtained from USP (USA). Standards of
impurity A (Eur.Ph.), impurity C (Eur.Ph.) and impurity D
(Eur.Ph.) were obtained from Toronto research Chemicals,
Canada. Impurity G (Eur.Ph.) was obtained from Molcan,
Canada.

2. 3. Mobile Phases and Dilution Solvent

Mobile phase A was prepared with addition of 2.0
mL of 49-51% phosphoric acid to 1000 mL of Milli Q wa-
ter. Mobile phase B was either acetonitrile or methanol.
Dilution solvent was mixture of acetic acid: methanol: ace-
tonitrile: water = 1:10:30:60 (V/V/V/V).

2. 4. Equipment

HPLC system Agilent 1260 series (Agilent Technolo-
gies, USA) equipped with quaternary pump, vacuum de-
gasser, autosampler, temperature-controlled column com-
partment for five columns and diode array detector was
used. The mobile phases were A aqueous solution of phos-
phoric acid, B acetonitrile and C methanol.
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2. 5. Software

ChromSwordAuto® method development chroma-
tography data system (ChromSword, Germany), version
5.0.234.300, was used for HPLC system control, aqusition
of chromatographic data and the rapid automatic optimi-
zation of gradient methods. ChromSword® software for
computer-assisted method development was used for re-
tention prediction from structural formulae, stationary
and mobile phase with simulation of gradient elution.

2. 6. HPLC Columns and Chromatographic
Conditions

Five HPLC columns with the same dimensions were
utilised (Table 1): three Halo columns with identical parti-
cle and pore size, the same surface area, but different type
of reversed phase (C18, C8 and phenyl-hexyl) and two col-
umns from different vendors, slightly different particle and
pore size and the same phases as two Halo columns. Soft-
ware input parameters concerning stationary phase were:
column name, type of stationary phase, column and parti-
cle dimensions. Columns temperature was maintained at
30 °C. Flow rate of mobile phase was 1.0 mL/min and in-
jection volume 5 pL. Detection was at 220 nm. Concentra-
tion of each compound in standard solution was 0.1 mg/
mL. Gradient profiles for all five columns and both organ-
ic modifiers are shown in Table 2. Minimum and maxi-
mum percent of organic modifier in gradient was prese-
lected and then software delivers initial gradient
conditions: the same for all selected columns (1% run).
Gradient was determined independent from chemical
structures of analytes. Then software modelled two differ-
ent gradient conditions (2" and 3™ run).

3. Results and Discussion

3. 1. Investigated Compounds

Drug aripiprazole and its related substances were
studied. All compounds are described and marked with

Table 1. Utilised reversed-phase HPLC columns.

letters in European Pharmacopoeia (Figure 1). Aripipra-
zole is chemically 7-[4-[4-(2,3-dichlorophenyl)piperaz-
in-1-yl]butoxy]-3,4-dihydroquinolin-2(1H)-one. Chemi-
cal structures of aripiprazole and impurities C, D, E, F and
G are very similar as 7-hydroxy-3,4-dihydroquino-
lin-2(1H)-one is part of the structure. Aripiprazole and
impurities B, E, F and G have 1-(2,3-dichlorophenyl)pip-
erazine, but impurities C and D have only 1-(2-chlorophe-
nyl)piperazine. These structural parts include basic N at-
oms, therefore analytes are bases. Piperazine part and
dihydroquinolin-2(1H)- one part are linked via butyl in
aripiprazole, impurity C, D, E, F and G. Impurity G is
chemically the most different from aripiprazole, while im-
purities C and D have the most similar chemical structures
(they are positional isomers).

Separation of analytes, which have very similar
chemical structures, and separation of far different chemi-
cal structures in one analysis represents a challenge and
can require a large number of experiments for separation
optimisation, therefore this group of compounds was se-
lected for automatic method optimisation.

3. 2. Method Development

Software ChromSword® was used for automatic
method optimisation using the rapid method develop-
ment algorithm, which usually performes 3 gradient runs
(1%, 2" and 3™) to achieve separation of all analytes.!* The
optimisation of the method was performed on five differ-
ent reversed-phase HPLC columns (Table 1) with acetoni-
trile or methanol as organic modifier.

Retention prediction in the reversed-phase HPLC
from chemical structure of analytes (Figure 1) and station-
ary/mobile phase characteristics can be considered as the
zero approximation level and can be used for selection of
initial conditions (the “first guess method”). Parameters of
the impurity F contains the N-oxide fragment, which is
charged and cannot be calculated with the Chromsword®
software. Therefore, simulated chromatograms have seven
peaks and the experimental one eight peaks. The main

Stationary Column zero Length, Internal

Particle Poresize, Surface Carbon

Vend

Column phase time, min mm  diameter, mm size, pm nm  area, m?*g load,% endor
Triart C18 Silica/C18 1.5 150 4.6 3.0 12 360 20.0 YMC, USA

= Advanced materials
Halo C18 Silica/C18 1.5 150 4.6 2.7 9 135 7.7 technology, USA
Halo Phenyl- Silica/Phenyl- 15 150 46 27 9 135 71 Advanced materials
Hexyl Hexyl technology, USA

- Advanced materials
Halo C8 Silica/C8 1.5 150 4.6 2.7 9 135 54 technology, USA
Symmetry C8  Silica/C8 1.5 150 4.6 3.5 10 335 11.7 Waters, USA
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Table 2. Gradient profiles for selected columns with acetonitrile (B) as organic modifier or with methanol (C) as organic modifier.

15t run Column

YMC Triart C18

27 pyn

0.0 min = 2% B,
32.6-49.6 min = 50% B

3 run

0.0 min = 0% B or C
5.8 min = 19% B,

12.8 min = 28% B,

15.3 min = 29% B,
23.6 min = 36% B,

30.7 min = 40% B
32.9-52.7 min =47% B

0.0 min = 1% C,
32.6-50.8 min = 100% C

0.0 min = 2% C,

16.3 min = 56% C,

23.6 min = 74% C,
31.5-64.5 min = 100% C

Halo C18

0.0 min = 0% B,
20.0 min =20% B or C

0.0 min = 0% B,
32.8-53.4 min = 80% B

0.0 min = 0% B,

8.2 min =27% B,

1 4.0 min = 34% B,
19.9 min = 39% B,
32.9-51.5min=82% B

0.0 min =0% C,
32.8-56.3 min =97% C

0.0 min =0% C,

16.9 min = 56% C,

21.0 min = 62% C,

23.2 min = 64% C,
32.9-58.5 min = 96% C

45.0 min =70% B or C

Halo Phenyl-Hexyl
55.0-60.0 min = 100% B or C alo Fhenyl-Hexy.

0.0 min = 0% B,
32.8-50.4 min = 82% B

0.0 min = 0% B,

5.5 min = 18% B,

14.7 min = 28% B,

17.5 min = 37% B,

22.6 min = 38% B,
32.4-49.8 min =70% B

0.0 min = 0% C,
32.8-54.8 min =97% C

0.0 min =0% C,

13.9 min = 46% C,

15.2 min = 49% C,

21.1 min = 68% C,

24.2 min = 69% C,
32.9-55.0 min =97% C

Halo C8

0.0 min = 0% B,
32.8-52.6 min = 98% B

0.0 min = 0% B,

2.3 min =1% B,

10.7 min = 28% B,

13.2 min = 31% B,
32.9-51.8 min = 96% B

0.0 min = 0% C,
32.5-51.6 min = 100% C

min =0% C,
0.6 min =1% C,
30.6-61.7 min = 100% C

Symmetry C8

0.0 min = 0% B,
32.8-52.7 min = 96% B

0.0 min = 1% B,

7.0 min = 24% B,

12.0 min = 31% B,
32.9-51.9 min = 100% B

0.0 min = 2% C,
30.9-49.5 min = 100% C

0.0 min = 3% C,
19.7min = 67% C,

21.8 min = 68% C,
31.6-54.0 min = 100% C
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Figure 1. Structure of aripiprazole and its impurities described in European Pharmacopoeia.

goal of these experiments was to predict conditions that
provide as short as possible and practically acceptable re-
tention times. Values for AG and V for aripiprazole and its
impurities are presented in Table 3. The software
ChromSword® does not distinguish between positional
isomers for the zero approximation level and the estimated
AG and V values are therefore the same for impurity C and
impurity D.

Input and output data for individual approximation
are presented in Sheme 1. For the first approximation the
results of one experimental run (1%) are used to correct
retention models for analytes which were derived from
structual formulae and characteristics of the re-
versed-phase column and the mobile phase. The second
approximation procedure provides fine tuning of the re-

Table 3. Estimated AG and V for aripiprazole and its impurities.

Compound AG A%

Impurity A -101 120
Impurity B -93 184
Impurity C -191 332
Impurity D -191 332
Impurity E -184 345
ARIPIPRAZOLE -189 350
Impurity G -380 717

tention models using results of two experimental runs (1%
and 2™9). The first and the second approximations provide
retention prediction much more precisely than the zero

Ekmeci¢ and Cigi¢: Application of Solvatic Model for Prediction
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Sheme 1. Input and output data for zero, first and second approximation.

Table 4. Differences of retention times at zero approximation for 1% run of rapid method development (acetonitrile as organic modifier) on all five

tested columns.

Column Difference (%)

Compound YMC Triart C18 Halo C18 Halo Phenyl-Hexyl Halo C8 Symmetry C8
Impurity A -26.3 -30.1 -16.5 -33.7 -10.9
Impurity B -55.6 -72.7 -32.7 -68.6 -82.1
Impurity C -28.6 -38.5 -17.4 -35.2 -43.5
Impurity D -27.5 -38.1 -16.3 -34.3 -42.8
Impurity E -33.7 -43.7 -18.7 -38.4 -45.7
ARIPIPRAZOLE -27.8 -37.8 -15.0 -33.2 -40.8
Impurity G -11.4 -19.6 -2.9 -17.1 -23.4
Average -30.1 -40.1 -17.1 -37.2 -41.3

Table 5. Differences of retention times at zero approximation for 1% run of rapid method development (methanol as organic modifier) on all five

tested columns.

Column Difference (%)

Compound YMC Triart C18 Halo C18 Halo Phenyl-Hexyl Halo C8 Symmetry C8
Impurity A -54 -21.6 -10.5 -26.1 -10.1
Impurity B -41.6 -56.5 -31.8 -59.7 -58.8
Impurity C -29.3 -34.8 -15.7 -394 -39.8
Impurity D -28.1 -36.9 -16.4 -41.2 -41.8
Impurity E -25.2 -31.0 -13.8 -35.2 -34.4
ARIPIPRAZOLE -23.7 -29.1 -10.9 -33.2 -32.6
Impurity G -12.5 -14.3 -0.6 -18.5 -19.1
Average -23.7 -32.0 -14.3 -36.2 -33.8

approximation. Using retention data from experimental
run, either the energy of electrostatic interaction of the an-
alyte with water (AG, . ,0) or the partial molecular vol-
ume of the analyte in water (VZ/3) can be corrected. The
results for zero approximation are presented in Table 4 and

Table 5 and for the first and second approximation in Table
6 and Table 7 respectively.

Results of the zero approximation step enable pre-
diction of approximate elution order and approximate re-
tention times. Table 4 and Table 5 (and additional tables in
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Supplementary Material) represent results for zero ap- tion step was obtained with both organic modifiers. The
proximation for all five tested columns. On phenyl-hexyl lowest matching for zero approximation step was obtained
stationary phase the highest matching for zero approxima- on C8 stationary phase. Therefore further optimization

Table 6. Difference between experimental and predicted retention times (in%) for the first and the second approximation with acetonitrile as organ-
ic modifier on all selected columns.

First approximation Second approximation

for 2"consecutive run for 3" consecutive run
YMC TRIART C18 AG fitted V fitted 2x AG fitted AG fitted + V fitted
Impurity A -2.2 -3.4 -2.4 -2.5
Impurity B no difference -2.2 -0.7 -0.7
Impurity C -0.1 0.4 -2.7 -2.7
Impurity D -0.1 0.5 -2.8 -2.8
Impurity E 0.1 0.8 -1.9 -1.9
ARIPIPRAZOLE 0.1 0.7 -2.2 -2.2
Impurity G 0.7 0.9 -0.2 -0.2
Average -0.2 -0.3 -1.8 -1.9
HALO C18 AG fitted V fitted 2x AG fitted AG fitted + V fitted
Impurity A -3.7 -5.6 -13 -14
Impurity B -14 -9.1 -13 -13
Impurity C -0.3 -1.5 no difference no difference
Impurity D -0.1 -13 0.2 0.2
Impurity E -0.4 -15 0.8 0.8
ARIPIPRAZOLE -0.4 -1.3 1.2 1.2
Impurity G -0.3 -0.5 4.7 4.7
Average -0.9 -3.0 0.6 0.6
HALO Phenyl-Hexyl AG fitted V fitted 2x AG fitted AG fitted + V fitted
Impurity A -6.3 -7.5 -1.9 -2.0
Impurity B -3.4 -9.4 0.8 0.9
Impurity C -0.7 -15 -0.7 -0.7
Impurity D -0.7 -14 -0.7 -0.7
Impurity E -0.9 -1.7 -0.4 -0.3
ARIPIPRAZOLE -1.1 -1.6 -0.5 -0.5
Impurity G -2.5 -2.6 -0.8 -0.6
Average -2.2 -3.7 -0.6 -0.6
Symmetry C8 AG fitted V fitted 2x AG fitted AG fitted + V fitted
Impurity A -85 -93 -1.2 -14
Impurity B -5.1 -17.1 -0.7 -0.7
Impurity C -13 -4.8 0.2 0.2
Impurity D -0.9 ~44 0.2 0.2
Impurity E -13 -4.6 13 1.4
ARIPIPRAZOLE -1.1 -3.8 1.8 1.8
Impurity G -0.8 -13 0.9 0.9
Average -2.7 -6.5 0.3 0.3
Halo C8 AG fitted V fitted 2x AG fitted AG fitted + V fitted
Impurity A -2.5 -53 0.6 0.7
Impurity B -1.0 -9.8 -0.4 -0.5
Impurity C -0.2 -2.2 0.1 0.1
Impurity D 0.2 -1.8 0.1 0.1
Impurity E -0.7 -2.6 0.8 0.8
ARIPIPRAZOLE -0.8 -2.2 0.7 0.8
Impurity G -1.1 -14 0.1 0.1
Average -0.9 -3.6 0.3 0.3

AG fitted = fitted energy of electrostatic interaction of the analyte with water; V fitted=fitted partial molecular volume of the analyte in water
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was done on column Symmetry C8 (first and second ap-
proximation) and it is graphically represented in Figure 2
and Figure 3. In practice, the first guess method is used

mainly for retention optimization - retention time should
be between 5 and 30 of the column zero time value. Ob-
tained results are reasonable and practically useful to pre-

Table 7. Difference between experimental and predicted retention times (in %) for the first and the second approximation with methanol as organic
modifier on all selected columns.

First approximation Second approximation
for 2"dconsecutive run for 3*¢ consecutive run

YMC TRIART C18 AG fitted V fitted 2x AG fitted AG fitted + V fitted
Impurity A -10.3 -10.9 -0.1 -0.2
Impurity B 0.4 -3.4 0.2 0.2
Impurity C 0.2 -0.9 0.5 0.5
Impurity D -0.1 -1.1 0.4 0.4
Impurity E no difference -0.9 0.2 0.2
ARIPIPRAZOLE no difference -0.8 0.2 0.2
Impurity G -0.5 -0.8 1.0 1.0
Average -1.5 2.7 0.3 0.3

HALO C18 AG fitted V fitted 2x AG fitted AG fitted + V fitted
Impurity A -1.2 -3.3 -0.2 -0.2
Impurity B 1.5 -39 -0.1 -0.1
Impurity C -0.9 -2.0 -0.3 -0.3
Impurity D -0.6 -1.8 -0.2 -0.2
Impurity E -1.1 -2.1 -0.3 -0.3
ARIPIPRAZOLE -1.2 -2.1 -0.2 -0.2
Impurity G -1.3 -1.6 2.8 2.8
Average -0.7 -24 0.2 0.2

HALO Phenyl-Hexyl AG fitted V fitted 2x AG fitted AG fitted + V fitted
Impurity A -1.6 -2.6 -0.1 -0.1
Impurity B -0.5 -2.8 -0.3 -04
Impurity C -1.6 -2.1 -0.3 -0.3
Impurity D no difference -0.6 -0.4 -0.3
Impurity E -0.7 -1.2 -0.3 -0.3
ARIPIPRAZOLE -0.7 -1.1 -0.5 -0.5
Impurity G -1.3 -1.3 -0.8 -0.8
Average -0.9 -1.7 -0.4 -0.4
Symmetry C8 AG fitted V fitted 2x AG fitted AG fitted + V fitted
Impurity A -5.1 -6.3 -0.1 -0.2
Impurity B -0.1 -9.4 no difference no difference
Impurity C -0.5 -3.0 0.1 0.1
Impurity D -0.2 -2.9 0.2 0.2
Impurity E -0.7 =27 no difference no difference
ARIPIPRAZOLE -0.7 -2.5 -0.1 -0.1
Impurity G -1.0 -1.6 -0.1 -0.1
Average -1.2 -4.0 no difference no difference
Halo C8 AG fitted V fitted 2x AG fitted AG fitted + V fitted
Impurity A 0.2 -2.3 no difference no difference
Impurity B 1.7 -4.5 -0.2 -0.1
Impurity C -0.9 -2.4 -0.2 -0.2
Impurity D -0.6 -2.1 -0.2 -0.2
Impurity E -1.3 -2.5 -0.3 -0.3
ARIPIPRAZOLE -1.3 2.4 -0.3 -0.3
Impurity G -1.5 -1.9 -0.3 -0.3
Average -0.5 -2.6 -0.2 -0.2

AG fitted = fitted energy of electrostatic interaction of the analyte with water; V fitted = fitted partial molecular volume of the analyte in water
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dict the first guess gradient just from structural formulae
and stationary/mobile phase characteristics. Software
ChromSword?® utilise for zero approximation combination
of eluents water-acetonitrile or water-methanol and sta-
tionary phase. Previously published predicted elution or-
der was the same as the experimental one as buffer with
pH 6.4 was used, which is similar as pH of water.? In our
experiments acidic pH (0.1% H;PO, pH = 2.4) was used.
Analytes are bases and have charged structures at acidic
conditions to have retention as low as possible. Addition-
ally, predicted retention times are longer than experimen-
tal ones. This can be explained as all analytes except impu-
rity A contain N atoms, which are strong bases and are
protonated at acidic pH conditions (pH = 2.4), therefore
their retention is lower than in the neutral eluent (that was
obtained in 1%, 2" and 3" run).

Results in Table 6 and Table 7 demonstrate that re-
tention prediction after the first approximation is much
more precise: maximal average difference from experi-
mental values is 6.5% with acetonitrile and 4.0% with
methanol. At this step a correction of interaction energy of
the analyte, AG with water is fitted. Difference between
predicted and experimental retention is lower if AG is fit-
ted compared to partial molecular volume, V. We consider
that the reason for this is that partial molecular volume
can be calculated from structure more precisely than ener-
gy of interaction.

After the second approximation (Table 6 and Table
7) even more precise prediction of experimental retention
times on all columns with both organic modifiers was
achieved. The average difference between predicted and
experimental values is maximal 1.9% with acetonitrile and
0.4% with methanol. For all tested compounds on all five
columns, exception is Impurity G, difference between pre-
dicted and experimental values is lower than 3% (maximal
difference is 2.8% for Impurity D on column YMC Triart
C18). Difference between predicted and experimental val-
ues is the highest (4.7%) for impurity G on column Halo

C18. Impurity G is dimeric impurity and its chemical
structure differ from other compounds and this could be
the reason.

For the second approximation step either the inter-
action energy can be fitted twice (option one) or both the
interaction energy and the partial molecular volume (op-
tion two) can be fitted. According to the results in Table 6
and Table 7 there is no significant difference between these
two options. Results show that second approximation
gives much more precise results for predicted retention for
3" consecutive run. However, both the first and second
approximations give satisfactory prediction of elution or-
der and retention time for all selected stationary phases
(C18, C8 and phenyl-hexyl).

High correlation between experimental and predict-
ed retention from the structure of examined compounds
and data from two experiments (second approximation)
on all selected columns in both cases - after use of twice
AG fitted (Table 8) or after use AG fitted + V fitted (Table
9) was obtained. The highest correlation coeflicients are
obtained with phenyl-hexyl stationary phase and the low-
est with C18 stationary phase, where R? is 0.9973 and can
be also considered as a very good result.

3. 4. Comparison of Experimental and
Predicted Chromatograms

Figure 2 and Figure 3 represent chromatograms of
aripiprazole (ARI) and its impurities (A to G as are marked
in Pharmacopoeia) on column Symmetry C8. On experi-
mental chromatogram presented in Figure 2a peaks for all
eight analytes appear. Peaks for impurity C and impurity D
are not baseline separated. That is expected, because their
chemical structure is very similar (positional isomers) and
therefore their separation is challenging. Figure 2b and
Figure 2¢ represent predicted chromatograms - for the
first and the second approximations, where only 7 chro-
matographic peaks are presented (peak for impurity F is

Table 8. Correlation between predicted and experimental retention times from the structure and data of two experiments (second approximation)

on all selected columns after use of twice AG fitted.

Column Correlation coefficient (R?)

Organic modifier YMC Triart C18 Halo C18 Halo Phenyl-Hexyl Halo C8 Symmetry C8
Acetonitrile 0.9990 0.9982 0.9998 0.9994 0.9991
Methanol 0.9998 0.9973 1.0000 1.0000 1.0000

Table 9. Correlation between predicted and experimental retention times from the structure and data of two experiments (second approximation)

on all selected columns after use of AG fitted + V fitted.

Column Correlation coefficient (R?)

Organic modifier YMC Triart C18 Halo C18 Halo Phenyl-Hexyl Halo C8 Symmetry C8
Acetonitrile 0.9991 0.9982 0.9997 0.9993 0.9990
Methanol 0.9998 0.9973 1.0000 1.0000 0.9999
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Figure 2. (a) Experimental chromatogram of 3™ run of rapid method development (b) predicted chromatogram — first approximation and (c) pre-
dicted chromatogram - second approximation on column Symmetry C8, with acetonitrile as organic modifier. Chromatographic conditions are
shown in Table 2.
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Figure 3. (a) Experimental chromatogram of 3™ run of rapid method development (b) predicted chromatogram — first approximation and (c) pre-
dicted chromatogram - second approximation on column Symmetry C8, with methanol as organic modifier. Chromatographic conditions are
shown in Table 2.
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missing as explained in paragraph 3.2.). After the first ap-
proximation there is a low resolution between peaks for
impurities A and B, but after the second approximation
step separation practically corresponds to the experimen-
tal one.

On another experimental chromatogram presented
in Figure 3a obtained with methanol as organic modifier
on column Symmetry C8 again eight peaks for all analytes
are separated. Separation of peaks for impurity C and im-
purity D (positional isomers) is better with methanol than
with acetonitrile as organic modifier but elution order is
reversed. Figure 3b and Figure 3c represent predicted
chromatograms for the first and the second approximation
correspondently. For these conditions (Figure 3b) there is
better resolution between impurities A and B than with
acetonitrile as an organic modifier (Figure 2b). After the
second approximation (Figure 2c and Figure 3c) these two
analytes are baseline separated in both cases (with acetoni-
trile or methanol as organic modifier).

4. Conclusions

The solvatic retention model of reversed-phase
high-performance liquid chromatography was applied for
prediction of aripiprazole and its impurities retention in
multi-step gradient elution mode on C18, C8 and phe-
nyl-hexyl stationary phases with acetonitrile or methanol
and 0.1% phosphoric acid mobile phases. In the zero ap-
proximation step — only from structural formulae and col-
umn/mobile phase characteristics reasonable prediction of
retention times was obtained. The average difference be-
tween experimental retention and predicted retention is
17.1% with acetonitrile and 14.3% with methanol as the
organic modifier on phenyl-hexyl stationary phase, where
highest matching was obtained. Retention data from one
experimental run (1%) were used to correct the retention
models. The first approximation step enables prediction of
retention time with maximal average difference from ex-
perimental values 6.5% with acetonitrile and 4.0% with
methanol. After the second approximation step retention
data from two runs (1% and 2"d) were used for further
fine-tuning of the retention models. The average difference
between predicted and experimental values is maximal
1.9% with acetonitrile and 0.4% with methanol. For all
tested compounds on all five columns difference between
predicted and experimental values is lower than 3%. Ex-
ception is dimeric Impurity G, where on column Halo C18
difference is 4.7%.

Some of investigated compounds, aripiprazole and
its related substances described in European Pharmaco-
poeia, have very similar chemical structure; two of them
are even positional isomers. On the other hand, some of
the compounds have very different chemical structure.
Therefore, appropriate separation of all these compounds
in one analysis represent complex problem and the opti-

misation can be time consuming. Using solvatic retention
model optimisation was successful; exception is the com-
pound with charged structure, as there is no option for
prediction of retention time of such compounds.

In the present research solvatic retention model was
investigated for prediction on different reversed stationary
phases (C18, C8 and phenyl-hexyl), while in literature
generally for reversed phase investigations C18 is used as
model phase. In our study best matching between experi-
mental and predicted retention was observed on phe-
nyl-hexyl stationary phase, which was not described so far
as model reversed phase and also comparison with C18
and C8 stationary phases was made. Additionally, there are
several published investigations using isocratic elution,
while few investigations describe results with gradient elu-
tion mode. In our research we perform experiments with
multi-step gradient and obtained quality results (average
difference between predicted and experimental values be-
low 2%) compared to the literature data.

Results of this investigation, where solvatic model
was utilised, can serve as support for further usage of this
approach for fast development and optimisation of robust
analytical methods.
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Abstract

A new vanadium(V) complex, [VOL(OMe)(MeOH)]-MeOH (1-MeOH), was prepared by the reaction of VO(acac),
with 2-chloro-N’-(5-fluoro-2-hydroxybenzylidene)benzohydrazide (H,L) in methanol. By addition of salicylhy-
droxamic acid (HSHA) to the methanolic solution of 1, a new salicylhydroxamate-coordinated vanadium(V) complex,
[VOL(SHA)]-H,0 (2-H,0), was obtained. Both complexes were characterized by elemental analysis, infrared spectros-
copy, thermal analysis and single crystal X-ray diffraction. Complex 1 crystallizes with methanol molecule as a solvate,
and complex 2 as a monohydrate. The V atoms in the complexes are in octahedral coordination. In the crystal structure
of 1-MeOH, the vanadium complexes are linked by methanol solvate molecules through intermolecular O-H:---N and
O-H---O hydrogen bonds to form chains along the ¢ axis. In the crystal structure of 2-H,O, the vanadium complexes are
linked by water molecules through intermolecular O-H---O hydrogen bonds, to form 1D chains along the a axis. The
chains are further linked through intermolecular O-H--N and O-H---O hydrogen bonds in the ¢ direction to form 2D
layers. The antimicrobial activities of the complexes against K. pneumoniae, S. aureus, P. aeroginosa, E. coli, and B. subtilis
were investigated.

Keywords: Hydrazone ligand; Salicylhdroxamate ligand; Vanadium complex; Crystal structure; Antibacterial activity.

1. Introduction

In recent years, vanadium complexes have been re-
ported to have interesting biological activities such as
normalizing the high blood glucose levels and acting as
models of haloperoxidases.! Hydrazone compounds de-
rived from the condensation reaction of aldehydes with
various hydrazides are much attractive for their struc-
tures, coordinate ability to metal atoms and extensive bio-
logical applications.? Recently, our research group has re-
ported a few vanadium complexes with hydrazone ligands
and their biological activities.? In general, V atom is read-
ily adopt octahedral coordination. Hydrazone ligands can
coordinate to the V atoms through three donor atoms.
The remaining three positions of the octahedral coordina-
tion are usually occupied by one oxo oxygen and two sol-
vent molecules, one with deprotonated and the other one
neutral.>»* The two solvent ligands are not coordinate so

strong to the V atom that they are readily substituted by
bidentate ligands, such as benzohydroxamate,® propane-
1,3-diol-2-olate or propan-1-ol-3-olate,® 2-hydroxyetha-
nolate,” efc. Salicylhydroxamic acid is a bidentate ligand,
but very few examples of vanadium(V) complexes with
this ligand have been reported. Fluoro- and chloro-substi-
tuted compounds are reported to have effective antibacte-

Scheme 1. H,L
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rial activities.® In the present paper, a new methanol and
methoxy-coordinated vanadium(V) complex,
[VOL(OMe)(MeOH)]-MeOH (1) and a salicylhydroxam-
ate (SHA) coordinated vanadium(V) complex,
[VOL(SHA)]-H,O (2), where H,L = 2-chloro-N’-(5-
fluoro-2-hydroxybenzylidene)benzohydrazide (Scheme
1), are presented and studied on their antibacterial activi-
ties.

2. Experimental

2. 1. Materials and Measurements

Commercially available 5-fluorosalicylaldehyde,
2-chlorobenzohydrazide and salicylhyroxamic acid were
purchased from Sigma-Aldrich and used without further
purification. Other solvents and reagents were made in
China and used as received. C, H and N elemental analy-
ses were performed with a Perkin-Elmer elemental
analyser. Infrared spectra were recorded on a Nicolet AV-
ATAR 360 spectrometer as KBr pellets in the 4000-400
cm™! region. Thermal stability analysis was performed on
a Perkin-Elmer Diamond TG-DTA thermal analyses sys-
tem. NMR spectra were recorded on a Bruker 500 MHz
instrument.

2. 2. Synthesis of H,L

5-Fluorosalicylaldehyde (1.0 mmol, 0.14 g) and
2-chlorobenzohydrazide (1.0 mmol, 0.17 g) were dissolved
in methanol (30 mL) with stirring. The mixture was stirred
for about 30 min at room temperature to give a clear solu-
tion. The solvent was evaporated to give colorless crystal-
line products. Yield, 96%. Analysis: Found: C 57.6%, H
3.5%, N 9.5%. Calculated for C,4H,,CIFN,0,: C 57.4%, H
3.4%, N 9.6%. IR data (KBr, cm™): v 3372 (w, OH), 3232
(w, NH), 1651 (s, C=0), 1619 (s, C=N). UV-Vis (MeOH,
nm): A 225, 289, 305, 330, 405. 'H NMR (d°-DMSO, ppm)
812.16 (s, LH, OH), 10.77 (s, 1H, NH), 8.49 (s, 1H, CH=N),
7.61-7.42 (m, 5H, ArH), 7.17 (d, 1H, ArH), 7.03 (d, 1H,
ArH). *CNMR (d°-DMSO, ppm) 8 162.85, 156.78, 154.91,
146.62, 135.23, 132.08, 131.24, 130.02, 128.99, 127.60,
120.31, 120.25, 118.82, 114.13.

2. 3. Synthesis of [VOL(OMe)(MeOH)]-MeOH

(1)

A methanolic solution (10 mL) of [VO(acac),] (0.1
mmol, 26.5 mg) was added to a methanolic solution (10
mL) of H,L (0.1 mmol, 29.2 mg) with stirring. The mixture
was stirred for 30 min at room temperature to give a brown
solution. The resulting solution was allowed to stand in air
for a few days. Brown block-shaped crystals suitable for
X-ray single crystal diffraction were formed at the bottom
of the vessel. The isolated products were washed three
times with cold ethanol, and dried in air. Yield, 72%. Anal-

ysis: Found: C 44.9%, H 4.4%, N 6.2%. Calculated for
C,,H,4CIFN,O,V: C 45.1%, H 4.2%, N 6.2%. IR data (KBr,
cm™1): v 3437 (m, OH), 1607 (s, C=N), 981 (V=0). UV-Vis
(MeOH, nm): A 270, 325, 413. 'H NMR (d°-DMSO, ppm)
0 8.88 (s, 1H, CH=N), 7.83 (d, 1H, ArH), 7.61-7.20 (m,
5H, ArH), 6.94 (d, 1H, ArH), 5.26 (s, 3H, CHj;), 3.94 (s,
3H, CHj3). 3C NMR (d°-DMSO, ppm) & 171.50, 160.25,
156.55, 154.68, 132.52, 132.25, 131.72, 131.35, 131.12,
127.60, 120.73, 118.19, 117.97, 117.78, 74.54, 49.07. 5'V
NMR (d5-DMSO, ppm) & ~555.

2. 4. Synthesis of [VOL(SHA)]-H,O (2)

A methanolic solution (10 mL) of salicylhydroxamic
acid (0.1 mmol, 15.3 mg) was added to a methanolic solu-
tion (10 mL) of 1 (0.1 mmol, 45.3 mg) with stirring. The
mixture was stirred for 30 min at room temperature to give
a deep brown solution. The resulting solution was allowed
to stand in air for a few days. Brown block-shaped crystals
suitable for X-ray single crystal diffraction were formed at
the bottom of the vessel. The isolated products were
washed three times with cold ethanol, and dried in air.
Yield, 51%. Analysis: Found: C 47.7%, H 3.0%, N 7.8%.
Calculated for C,;H;cCIFN;0,V: C 47.8%, H 3.1%, N
8.0%. IR data (KBr, cm™): v 3454 (m, OH), 3278 (w, NH),
1607 (s, C=N), 979 (V=0). UV-Vis (MeOH, nm): A 266,
327, 408. 'H NMR (d°-DMSO, ppm) 8 12.16 (s, 1H, OH),
12.10 (s, 1H, NH), 9.13 (s, 1H, CH=N), 7.71-7.57 (m, 4H,
ArH), 7.48-7.38 (m, 3H, ArH), 7.01-6.87 (m, 4H, ArH).
13C NMR (d°-DMSO, ppm) 8 163.70, 160.89, 157.36,
156.50, 155.75, 151.79, 134.93, 132.62, 131.20, 130.89,
130.80, 129.88, 128.99, 127.56, 122.89, 119.97, 119.72,
118.82,118.15,117.93,115.35. 'V NMR (d°-DMSO, ppm)
8 -553.

2. 5. X-ray Crystallography

Diffraction intensities for the complexes were col-
lected at 298(2) K using a Bruker D8 VENTURE PHO-
TON diffractometer with MoKa radiation (1= 0.71073 A).
The collected data were reduced using the SAINT pro-
gram,’ and multi-scan absorption corrections were per-
formed using the SADABS program.!? The structures were
solved by direct method, and refined against F? by full-ma-
trix least-squares method using the SHELXTL.! All of the
non-hydrogen atoms were refined anisotropically. The co-
ordinated methanol hydrogen atom in 1-MeOH and the
amino hydrogen atom in 2-H,O were located from differ-
ence Fourier maps and refined isotropically, with O-H and
N-H distances restrained to 0.85(1) A and 0.90(1) A, re-
spectively. All other hydrogen atoms were placed in ideal-
ized positions and constrained to ride on their parent at-
oms. The crystallographic data for the complexes are sum-
marized in Table 1. Selected bond lengths and angles are
given in Table 2. Hydrogen bonding information is listed
in Table 3.
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Table 1. Crystallographic data and refinement parameters for the

Table 2. Selected bond distances (A) and angles (°) for the complex-

es

complexes
1-MeOH 2.H,0

Chemical formula C7HoCIN,O4V  C,H(CIEF-
N;0,V
Mr 452.7 527.8
Crystal color, habit Brown, block Brown, block
Crystal system Monoclinic Monoclinic
Space group Cc P2,/c
Unit cell parameters
a(A) 17.938(1) 7.577(2)
b(A) 12.072(1) 23.119(3)
c(A) 10.250(1) 12.393(2)
B 98.617(2) 97.507(2)
V (A3) 2194.5(3) 2152.4(6)
Z 4 4
Dy (g em™) 1.370 1.629
Temperature (K) 298(2) 298(2)
p (mm1) 0.614 0.644
F(000) 928 1072
Number of unique data 3579 3800
Number of observed data 2756 2667

[I>20(D]
Number of parameters 259 317
Number of restraints 3 4

Ry, wR, [1>20(I)]
R;, wR, (all data)
Goodness of fit on F?

0.0656, 0.1666
0.0890, 0.1833
1.046

0.0410, 0.0808
0.0738, 0.0926
1.011

V(1)-0(1) 1.849(4)  V(1)-0(2) 1.975(4)
V(1)-0(3) 1.580(5) V(1)-0O(4) 1.747(4)
V(1)-N(1) 2.129(5)  V(1)-O(5) 2.289(5)
0(3)-V(1)-0(4) 102.1(2) 0O(3)-V(1)-O(1)  100.2(2)
0O(4)-V(1)-0(1) 103.2(2) O(3)-V(1)-0(2) 96.6(2)
0O(4)-V(1)-0(2) 93.5(2) 0O(2)-V(1)-0(1) 153.1(2)
0(3)-V(1)-N(1)  94.8(2) O(4)-V(1)-N(1)  160.2(2)
O(D-V(1)-N(1)  83.6(2) 0O(2)-V(1)-N(1) 74.2(2)
O(3)-V(1)-0O(5) 175.5(2) 0(4)-V(1)-0(5) 82.1(2)
O(1)-V(1)-0(5) 80.3(2) 0O(2)-V(1)-0(5) 81.4(2)
N(1)-V(1)-0(5)  80.8(2)
2

V(1)-0(1) 1.863(2)  V(1)-0(2) 1.942(2)
V(1)-0(3) 2.185(2)  V(1)-O(4) 1.872(2)
V(1)-N(1) 2081(2)  V(1)-0(6) 1.577(2)
0(6)-V(1)-0(1) 99.2(1) 0O(6)-V(1)-0(4) 95.6(1)
O(4)-V(1)-0O(1) 107.8(1) 0O(6)-V(1)-0(2) 102.0(1)
O(1)-V(1)-0(2) 150.6(1)  O(4)-V(1)-0(2) 90.2(1)
O(6)-V(1)-N(1) 95.8(1) O(1)-V(1)-N(1) 83.3(1)
O(4)-V(1)-N(1) 162.5(1) O(2)-V(1)-N(1) 74.5(1)
0(6)-V(1)-0(3) 171.2(1)  O(1)-V(1)-0(3) 81.4(1)
0(4)-V(1)-0(3) 76.0(1) 0O(2)-V(1)-0(3) 80.7(1)
N(1)-V(1)-0(3) 93.0(1)

Table 3. Hydrogen bond distances (A) and bond angles (°) for the complexes

D-H--A d(D-H), A d(H.-A),A  d(D--A),A Angle (D-H.-A),°
1-MeOH

0O(5)-H(5)--0(6)! 0.85(1) 1.79(2) 2.626(7) 166(8)
0O(6)-H(6)--N(2)il 0.82 2.19 2.790(7) 131
2-H,0

0O(5)-H(5)--0(7) 0.82 1.79 2.607(3) 171
N(3)-H(3)--O(5) 0.90(1) 1.99(3) 2.608(3) 125(3)
N(3)-H(3)--O(4)ii 0.90(1) 2.59(3) 3.310(3) 138(3)
O(7)-H(7A)--O(1)¥ 0.85(1) 2.04(2) 2.853(3) 160(4)
O(7)-H(7A)--O(3)¥ 0.85(1) 2.61(3) 3.225(3) 131(3)
O(7)-H(7B)--0O(6)iii 0.85(1) 2.23(3) 2.808(3) 125(3)
O(7)-H(7B)--N(2)" 0.85(1) 2.47(2) 3.183(3) 142(3)

Symmetry codes: i) x, -1 + y, z;il) x, 1 -y, =112 + z;iii) 1 - x, -y, 1 -z iv) 2 - x, -y, 1 - z;

v)x, y, -1 +z

3. Results and Discussion

Replacement of two acetylacetonate ligands in
[VO(acac),] by H,L in methanol resulted in the formation
of 1 (Scheme 2). The complex was further reacted with sal-
icylhydroxamic acid to give complex 2 (Scheme 2). The
latter complex can also be directly prepared by the reac-
tion of H,L, salicylhydroxamic acid and [VO(acac),] in
methanol. The VIV in [VO(acac),] was oxidized to VY by
air during the reaction. Both complexes are soluble in

DME DMSO, methanol, ethanol, and acetonitrile, insolu-
ble in water, chloroform and dichloromethane. Molar con-
ductance of complexes 1 and 2 at the concentration of 10
M are 17 and 33 Q7' cm? mol}, respectively, indicating
they are non-electrolytes.'?

3. 1. Crystal Structure Description of 1-MeOH

The molecular structure and atom numbering scheme
of complex 1 is shown in Figure 1. The V atom in the com-
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Scheme 2. The synthesis of the complexes

plex is in octahedral coordination, which is coordinated by
one 0xo oxygen, one neutral and one deprotonated metha-
nol ligands, and the three donor atoms of the doubly depro-
tonated hydrazone ligand. The neutral methanol ligand is
coordinated trans to the oxo oxygen, which is similar to
those observed in the solvent coordinated vanadium com-
plexes.®** The vanadium to terminal oxo group (O(3))
bond length for the complex (1.580(5) A) is within normal
range for oxovanadium(V) complexes.!* The short
V(1)-O(3) distance indicates the presence of a vanadium-
oxygen double bond.! The angular distortion in the octa-
hedral environment around V comes from the five- and
six-membered chelate rings taken by the hydrazone ligand,
with angles of 83.6(2)° and 74.2(2)°. Distortion of the octa-
hedral coordination can be observed from the coordinate
bond angles, ranging from 74.2(2) to 103.2(2)° for the per-
pendicular angles, and from 153.1(2) to 175.5(2)° for the
diagonal angles. Relative to the equatorial plane defined by
O(1), 0(2), O(4) and N(1), the vanadium atom is displaced
toward the axial oxygen atom O3 by 0.291(1) A. The dihe-
dral angle between the two benzene rings is 83.6(3)°. The
double deprotonated form of the hydrazone ligand is con-
sistent with the observed O2-C8 and N2-C8 bond lengths
0f 1.292(7) A and 1.302(7) A, respectively. This is in agree-
ment with reported vanadium complexes containing the
enolate form of hydrazone ligands.*!3®

In the crystal of 1, the vanadium complexes are
linked by methanol molecules through intermolecular
O(5)-H(5)--O(6) and O(6)-H(6)-+-N(2) hydrogen bonds,
to form chains along the ¢ axis (Figure 2).

3. 2. Crystal Structure Description of 2-H,0

The molecular structure and atom numbering scheme
of complex 2 is shown in Figure 3. The V atom in the com-

plex is in octahedral coordination, which is coordinated by
one oxo oxygen, one hydroxyl and one carbonyl oxygen at-
oms of SHA ligand, and the three donor atoms of the hydra-
zone ligand. The carbonyl oxygen atom is coordinated trans
to the oxo oxygen, with the bond length much longer than
the remaining ones. The vanadium to terminal oxo group
(0(6)) bond length for the complex (1.577(2) A) is compara-
ble to that in complex 1, and within normal range for oxova-
nadium(V) complexes.!> The short V(1)-O(6) distance indi-
cates the presence of a vanadium-oxygen double bond.'* The
coordinate bond lengths in the complex are comparable to
those observed in 1 and the oxovanadium(V) complexes
with octahedral coordination.* The angular distortion in the
octahedral environment around V comes from the five- and
six-membered chelate rings taken by the hydrazone ligand,
with angles of 83.34(9)° and 74.47(8)°. Distortion of the oc-
tahedral coordination can be observed from the coordinate
bond angles, ranging from 74.5(1) to 107.8(1)° for the per-
pendicular angles, and from 150.6(1) to 171.2(1)° for the di-
agonal angles. Relative to the equatorial plane defined by
O(1), O(2), O(4) and N(1), the vanadium atom is displaced
toward the axial oxygen atom O3 by 0.268(1) A. The dihedral
angle between the substituted benzene rings is 21.0(3)°. The
double deprotonated form of the hydrazone ligand is consist-
ent with the observed 02-C8 and N2-C8 bond lengths of
1.302(3) A and 1.297(3) A, respectively. This is in agreement
with reported vanadium complexes containing the enolate
form of hydrazone ligands. %13

In the crystal of 2, the vanadium complexes are
linked by water molecules through intermolecular O(7)-
H(7B)--0O(6) and O(7)-H(7A)--O(1) hydrogen bonds, to
form 1D chains along the a axis. The chains are further
linked through intermolecular O(5)-H(5)--O(7) and
O(7)-H(7A)--O(3) hydrogen bonds in the ¢ direction, to
form 2D layers (Figure 4).
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Figure 1. ORTEP plot of the crystal structure of 1. Displacement
ellipsoids of non-hydrogen atoms are drawn at the 30% probability
level.

Figure 2. Molecular packing diagram of 1. Viewed along the a axis.
Hydrogen atoms not related to hydrogen bonding are omitted. Hy-
drogen bonds are shown as dashed lines.

Figure 3. ORTEP plot of the crystal structure of 2. Displacement
ellipsoids of non-hydrogen atoms are drawn at the 30% probability
level.

3. 3. IR and Electronic Spectra

The hydrazone ligand showed stretching bands at-
tributed to C=0, C=N, C-OH and NH at about 1651,
1619, 1155 and 1220, and 3232 cm™!, respectively. The
complexes exhibit typical bands at about 980 cm™!, as-

Figure 4. Molecular packing diagram of 2. Viewed along the ¢ axis.
Hydrogen atoms not related to hydrogen bonding are omitted. Hy-
drogen bonds are shown as dashed lines.

signed to the V=0 vibration.!® In the spectrum of 1, the
bands due to vc_p and vy were absent, but new C-O
stretch appeared at 1253 cm™. This suggests occurrence of
keto-imine tautomerization of the hydrazone ligand dur-
ing complexation. The same phenomenon should occur in
complex 2. But the existence of vyy at 3278 cm™ made an
interruption. The vc_y absorption observed at 1619 cm™!
in the free hydrazone ligand shifted to 1607 cm™! for both
complexes upon coordination to the V atoms.'® The weak
peaks in the low wave numbers in the region 400-650
cm™! may be attributed to V-O and V-N bonds in the
complexes.

Methanol solutions of the complexes are brown-yel-
low in color. These solutions have been used to record the
electronic spectra. The hydrazone ligands and their vana-
dium(V) complexes have bands in the range 205-240 and
300-330 nm, which can be assigned as n->m* and n>m*
transitions, respectively. All bands shift to lower energy in
complexes indicating the coordination of ligands to the va-
nadium ions. The shoulder at about 270 nm for the com-
plexes corresponds to LMCT band of V=0 which it is ob-
served at 274 nm for [VO(acac),].1

3. 4. Thermal Property

Differential thermal and thermal gravimetric analy-
ses were conducted to examine the stability of the com-
plexes. For 1 (Figure 5), the first step started at 50 °C and
ended at 160 °C, with a weight loss of 14.0%, might be
caused by the loss of the lattice and coordinated neutral
methanol molecules. Then the complex continued to de-
compose, until 470 °C, corresponding to the loss of the
remaining parts of the ligands, and formation of V,0s. The
total weight loss of 78.5% is in agreement with the ideal
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value of 79.9%. For 2 (Figure 6), this complex is not very
stable in air at room temperature. It might have lost the
lattice water molecules before the thermal analysis. The
complex started to decompose at 109 °C and completed at
470 °C, corresponding to the loss of the hydrazone and sal-
icylhdroxamate ligands, and formation of V,QOs. The total
weight loss of 83.7% is in agreement with the ideal value of
85.5%.

Figure 5. DT-TGA curves of 1.

Figure 6. DT-TGA curves of 2.

3. 5. Antibacterial Activity

The free benzohydrazone and the vanadium com-
plexes were assayed for in vitro antibacterial activity
against K. pneumoniae, S. aureus, P. aeroginosa, E. coli, and
B. subtilis at 50 ug mL™! using ethanol as solvent and con-
trol, and using tetracyclin as the standard drug. The mini-
mum inhibitory concentrations (MIC) were determined

by broth micro-dilution method.!” The observed MIC val-
ues in pg mL! are reported in Table 4. The antibacterial
activity was evaluated by measuring the zone of inhibition
in mm. Ethanol had no antibacterial activity on the bacte-
ria at the concentration studied. The results revealed that
the hydrazone compound and the two complexes showed
from weak to effective activities against the tested micro-
organisms. In general, the complexes showed higher activ-
ities than the free aroylhydrazones. Such an enhancement
in the activity of metal complexes against certain specific
microorganisms may be explained on the basis of Over-
tone’s concept and Tweedy’s chelation theory.!® The least
MIC with 11 pg mL~! was observed for complex 1 against
S. aureus. The activity on B. subtilis and S. aureus of the
free hydrazone is less than N-(5-chloro-2-hydroxyben-
zylidene)-4-hydroxybenzohydrazide (H,L), but on E. coli,
the free hydrazone is higher than the above mentioned
compound.'® The activity of the complexes on S. aureus
and E. coli is similar to the vanadium complex with L and
2-hydroxybenzoate ligands, while on B. subtilis, the com-
plexes are much less than the vanadium complex men-
tioned above.!” Thus, more work need to be done to find
the relationship between the structures and the antibacte-
rial activities.

4. Supplementary Material

CCDC-978393 for 1 and 978394 for 2 contain the
supplementary crystallographic data for this paper. These
data can be obtained free of charge at http://www.ccdc.
cam.ac.uk/const/retrieving.html or from the Cambridge
Crystallographic Data Centre (CCDC), 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44(0)1223-336033 or
e-mail: deposit@ccdc.cam.ac.uk.
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Nov vanadijev(V) kompleks, [VOL(OMe)(MeOH)]-MeOH (1:MeOH), smo pripravili z reakcijo VO(acac), z
2-kloro-N’-(5-fluoro-2-hidroksibenziliden)benzohidrazidom (H,L) v metanolu. Z dodatkom salicilhidroksamske kis-
line (HSHA) k metanolni raztopini 1, smo izolirali nov salicilhidroksamato vanadijev(V) kompleks, [VOL(SHA)]-H,O
(2-H,0). Oba kompleksa smo okarakterizirali z elementno analizo, infrarde¢o spektroskopijo, termi¢no analizo in rent-
gensko monokristalno analizo. Kompleks 1 kristalizira z molekulo metanola kot solvatom in kompleks 2 kot hidrat.
V kompleksih so V atomi oktaedri¢no koordinirani. V kristalni strukturi 1-MeOH so vanadijevi kompleksi povezani
z molekulo metanola preko intramolekularnih O-H:-N in O-H--O vodikovih vezi v verige vzdolZ osi c¢. V kristalni
strukturi 2-H,0O so vanadijevi kompleksi povezani z molekulo vode preko intermolekularnih O-H---O vodikovih vezi v
verige vzdolZ osi a. Nadalje so verige povezane v plasti preko intermolekularnih intermolekularnih O-H---N in O-H---O
vodikovih vezi vzdolZ osi ¢. Dolo¢ili smo tudi antimikrobno aktivnost obeh kompleksov proti K. pneumoniae, S. aureus,

P. aeroginosa, E. coli in B. subtilis.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
Creative Commons Attribution 4.0 International License

Liu et al.: Synthesis, Spectroscopic Characterization, Crystal ...

977


https://doi.org/10.1016/j.ejmech.2012.10.011
https://doi.org/10.1016/j.bmc.2011.04.027
https://doi.org/10.1134/S1070328419020118
https://doi.org/10.1016/j.ica.2011.11.039
https://doi.org/10.1134/S1070328418110052
https://doi.org/10.1016/j.inoche.2011.01.038
https://doi.org/10.1007/s11243-011-9517-8
https://doi.org/10.1016/j.poly.2008.07.024
https://doi.org/10.1016/S0277-5387(98)00154-5
https://doi.org/10.1039/a801355a
https://doi.org/10.1016/j.poly.2011.12.022
https://doi.org/10.1071/CH11424
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1016/S0010-8545(00)80009-0
https://doi.org/10.1007/s11224-010-9589-7
https://doi.org/10.1016/j.inoche.2019.05.011
https://doi.org/10.1016/j.ica.2010.04.046
https://doi.org/10.1002/zaac.201800060
https://doi.org/10.1080/00958972.2018.1533959
https://doi.org/10.1023/A:1007132408648
https://doi.org/10.1088/0370-1328/78/6/311
https://doi.org/10.1080/15533174.2014.900791

978

DOI: 10.17344/acsi.2019.5242

Acta Chim. Slov. 2019, 66, 978-986

Scientific paper

Synthesis and Characterization
of High-Efficiency Red Phosphorescent Iridium (III)
Complexes with 1-(4-(Trifluoromethyl)phenyl)isoquinoline
Ligand

Zheng Zhao,! Xiao-Han Yang,! Zi-Wen Tao,! Han-Ru Xu,! Kai Liu,’
Guang-Ying Chen,? Zheng-Rong Mo, Shui-Xing Wu,! Zhi-Gang Niu,!?
and Gao-Nan Li"*

! Key Laboratory of Electrochemical Energy Storage and Energy Conversion of Hainan Province,
College of Chemistry and Chemical Engineering, Hainan Normal University, Haikou 571158, China

2 Key Laboratory of Tropical Medicinal Plant Chemistry of Ministry of Education, Hainan Normal University,
Haikou 571158, China

* Corresponding author: E-mail: ligaonan2008@163.com (G.-N. Li)

Received: 05-05-2019

Abstract

Two new tfmpiq-based bis-cyclometalated iridium(III) complexes, [(tfmpiq),Ir(imdzppo)] (2a) and [(tfmpiq),Ir(idzpo)]
(2b) (where tfmpiq = 1-(4-(trifluoromethyl)phenyl)isoquinoline, imdzppo = 2-(imidazo[1,2-a]pyridin-2-yl)phenol,
idzpo = 2-(2H-indazol-2-yl)phenol), have been synthesized and fully characterized. The single crystal structure of 2b
has been determined. The relationship between the structures and photophysical properties of both complexes are con-
sidered, and the DFT calculations have been used to further support the deduction. These Ir(III) complexes emit red light
with quantum yields of 39.9-51.9% in degassed CH,Cl, solution at room temperature. Also, their emission originates
from a hybrid >MLCT/*LLCT/’LC excited state. All these results show that iridium(III) complexes 2a-2b are suitable for

red-phosphorescent materials in OLEDs.

Keywords: Iridium(IIT) complex; 1-(4-(Trifluoromethyl)phenyl)isoquinoline; Red phosphorescence; DFT calculation

1. Introduction

Organic light-emitting diodes (OLEDs) have attract-
ed great attention on the development of modern opto-
electronic technologies such as full-color displays and sol-
id-state lighting sources.!”> Particularly, cyclometalated
iridium(III) complexes ([Ir(CAN);] or [(CAN),Ir(LX)])
are the most valuable emitting materials in the fabrication
of OLEDs, owing to their relatively short excited-state life-
time, high phosphorescence efficiency and excellent col-
or-tuning capability.*> As compared to other colors, red
electrophosphorescent emitting phosphors are difficult to
maintain high device efficiency, since their quantum effi-
ciencies tend to decrease as the emission wavelength in-
creases in accordance with the energy gap law.58 Thus, the
design and syntheses of highly efficient red-emitting iridi-
um complexes remain a challenge.

1-Phenylisoquinoline (piq) is one typical ligand
framework to construct red iridium complexes. A large
number of pig-based Ir(III) complexes have been reported
during the past decade.”!* Among these examples, iridi-
um complexes of fluorinated phenylisoquinoline show
strong electroluminescence brightness and efficiency. This
is because the fluorine groups could not only modify the
electronic properties but also decrease the rate of nonra-
dioactive deactivation and improve phosphorescence
quantum yields."* Therefore, in 2006, K.-H. Fang and
co-workers first reported Ir(tfmpiq),acac (acac = acetylac-
etonate) complex, which emitted red phosphorescence
with a wavelength maximum at 631 nm, and the quantum
yield was up to 31%.'° Subsequently, in 2014, S. Zhang et
al. developed red Ir(tfmpiq),tpip complex (tpip = tetrap-
henylimidodiphosphinate), which achieved emission at
622 nm with quantum efficiency of 15%.1° In the same
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year, we employed 2,2-bipyridine as the ancillary ligand to
synthesize Ir(tfmpiq),bipy complex, which exhibited a
maximum emission peak at 594 nm with quantum yield of
14%.17 Recently, in 2016, S. Aoki group reported tris-cy-
clometalated iridium complex, Ir(tfpiq);, which displayed
red phosphorescence at 600 nm with quantum yield of
25%.18

However, these conventional ancillary ligands used
in tfmpiq-based iridium (III) complexes didn’t show sig-
nificantly red-shift with high quantum efficiencies. Thus,
we wanted to attempt other types of ancillary ligands for
Ir(tfmpiq),(LX) complexes, aiming to increase quantum
efficiencies and further reduce the energy gap to reach to
longer wavelength region. Our group previously reported
four btp-based deep-red phosphorescent iridium(III)
complexes with different ancillary ligands.'” Among them,
the Ir(III) complex with the picolinic acid as ancillary li-
gand could achieve a more red-shift relative to ones with
NAN ancillary ligands. The N"O-type ancillary ligand
containing —~OH group could dramatically raise the high-
est occupied molecular orbital (HOMO) level and lead to
a narrow HOMO-LUMO energy gap. Unfortunately, the
quantum vyield is very low (12%), as results of the fluo-
rine-free main ligands in [Ir(btq),pic] complex.

Herein, we chose fluorinated 1-phenylisoquinoline
(tfmpiq) as the cyclometalated ligand and N"O-type li-
gand (imdzppo/idzpo) as the ancillary ligand to synthe-
size two iridium(III) complexes (Scheme 1). Their photo-
physical and electrochemical properties are investigated,
and the lowest-energy electronic transitions and the low-
est-lying triplet excited state are calculated with density
functional theory (DFT) and time-dependent DFT (TD-
DFT).

Scheme 1. Synthetic routes of Ir(III) complexes 2a-2b.

2. Experimental
2. 1. Materials and Instrumentations

IrCl; - 3H,0 was purchased from Energy Chemical
and all reagents were used without further purification un-
less otherwise stated. All solvents were dried using stan-
dard procedures. Solvents used for electrochemistry and
spectroscopy were spectroscopic grade. The target ligands,
1-(4-(trifluoromethyl)phenyl)isoquinoline (1),2° 2-(imid-
azo[1,2-a]pyridin-2-yl)phenol (a)*! and 2-(2H-indazol-2
-yl)phenol (b)?? were prepared according to the literature
procedures.

'H NMR spectra were recorded on a Bruker AM 400
MHz instrument. Chemical shifts were reported in ppm
relative to Me,Si as internal standard. MALDI-TOF-MS
spectra were recorded on a Bruker Autoflex™ TM TOF/
TOF instrument. Elemental analyses were performed on a
Vario EL Cube Analyzer system. UV-vis spectra were re-
corded on a Hitachi U3900/3900H spectrophotometer.
Fluorescence spectra were carried out on a Hitachi F-7000
spectrophotometer in deaerated CH,Cl, solutions at 298 K
and 77 K.

Cyclic voltammetry (CV) was performed on a CHI
1210B electrochemical workstation, with a glassy carbon
electrode as the working electrode, a platinum wire as the
counter electrode, an Ag/Ag* electrode as the reference
electrode, and 0.1 M n-Bu,NCIO, as the supporting elec-
trolyte.

2. 2. Synthesis of (tfmpiq),Ir(imdzppo) (2a)

A mixture of IrCl;-3H,0 (295 mg, 0.84 mmol) and
the 1-(4-(trifluoromethyl)phenyl)isoquinoline (500 mg,
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1.82 mmol) in 15 mL of 2-ethoxyethanol and H,O (v:v =
2:1) was heated at 120 °C under nitrogen for 12 hours.
Upon cooling to room temperature, the orange-red pre-
cipitate was collected by filtration and washed with cooled
ether and MeOH. After drying, the crude product of
chloro-bridged dimer complex [(tfmpiq),Ir(p-Cl)], was
used directly in next step without further purification.
Then a slurry of the crude chloro-bridged dimer (100 mg,
0.065 mmol), 2-(imidazo[1,2-a]pyridin-2-yl)phenol (35
mg, 0.16 mmol) and Na,CO; (55 mg, 0.52 mmol) in
2-ethoxyethanol (10 mL) was heated at 120 °C under ni-
trogen for 10 hours. After the solvent was removed, the
mixture was poured into water and extracted with CH,Cl,
three times, and then evaporated. The residue was purified
by flash column chromatography (petroleum ether : di-
chloromethane = 5:1~1:1) to afford the iridium complex
2a as a red solid (55 mg, yield: 45%). 'H NMR (400 MHz,
CDCL,) § (ppm) 8.95 (d, J = 8.0 Hz, 1H), 8.92 (d, ] = 6.4
Hz, 1H), 8.78 (d, ] = 4.8 Hz, 2H), 8.29 (s, 1H), 8.24 (d, ] =
8.0 Hz, 1H), 7.81-7.92 (m, 10H), 7.71-7.75 (m, 3H), 7.38-
7.40 (m, 2H), 7.18 (d, J = 4.8 Hz, 2H), 7.08-7.10 (m, 2H),
6.61 (d, ] = 6.4 Hz, 1H), 6.21 (s, 1H). MALDI-TOF calcd
for CyusH, FeIrN,O: 946.172 ([M+H]*). Found: 946.504.
Anal. Calcd. for C4sH,,FIrN,O: C 57.14, H 2.88, N 5.92.
Found: C 57.10, H 2.97, N 5.89.

2. 3. Synthesis of (tfmpiq),Ir(idzpo) (2b)

Complex 2b (52 mg, yield: 46%) was obtained by the
method similar to the preparation of 2a using 2-(2H-inda-
zol-2-yl)phenol instead of 2-(imidazo[1,2-a]pyridin-2-yl)
phenol. 'H NMR (400 MHz, CDCl;) § (ppm) 9.01 (d, ] =
8.4 Hz, 1H), 8.87 (d, ] = 6.4 Hz, 1H), 8.84 (d, J = 8.4 Hz,
1H), 8.49-8.51 (m, 2H), 8.25 (d, ] = 6.4 Hz, 1H), 8.18 (d, J
=8.4 Hz, 1H), 7.87-8.89 (m, 1H), 7.67-7.83 (m, 5H), 7.61
(d,J=8.4Hz,1H),7.35(d,J=6.4Hz, 1H), 7.30 (dd, J= 1.6
Hz, 8.4 Hz, 1H), 7.13-7.15 (m, 2H), 7.04-7.09 (m, 2H),
6.85-6.88 (m, 1H), 6.69-6.73 (m, 1H), 6.44-6.48 (m, 1H),
6.32-6.36 (m, 1H), 6.16-6.21 (m, 2H). MALDI-TOF calcd
for CusH,,F(IrN,O: 946.172 ([M+H]*). Found: 946.386.
Anal. Calcd. for C4;5H,,F¢IrN,O: C 57.14, H 2.88, N 5.92.
Found: C 56.97, H 2.81, N 5.99.

2. 4. Crystallographic Studies

X-ray diffraction data were collected with an Agilent
Technologies Gemini A Ultra diffractometer equipped
with graphite-monochromated Mo-Ka radiation (A =
0.7107 A) at room temperature. Data collection and re-
duction were processed with CrysAlisPro software.?® The
structure was solved and refined using full-matrix least-
squares based on F? with program SHELXS-97 and
SHELXL-972* within Olex2.?° Crystallographic data (ex-
cluding structure factors) for the structural analysis have
been deposited with the Cambridge Crystallographic
Data Center as supplementary publication No. CCDC

1836887 (2b). Copies of the data can be obtained free of
charge via www.ccdc.ac.uk/conts/retrieving.html (or
from The Director, CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK, Fax: +44-1223-336-033. E-mail: deposit@
ccde.cam.ac.uk.).

2. 5. Computational Method

All calculations were carried out with Gaussian 09
software package.’® The density functional theory (DFT)
and time-dependent DFT (TD-DFT) were employed with
no symmetry constraints to investigate the optimized ge-
ometries and electron configurations with the Becke
three-parameter Lee-Yang-Parr (B3LYP) hybrid density
functional theory.?’-?° The LANL2DZ basis set was used
for the iridium(III), whereas the 6-31G* basis set was ad-
opted for the ligands. Solvent effects were considered with-
in the SCRF (self-consistent reaction field) theory using
the polarized continuum model (PCM) approach to mod-
el the interaction with the solvent.3%3!

3. Results and Discussion

3. 1. Synthesis and Characterization

Scheme 1 outlines the synthetic routes for iridium
complexes 2a-2b investigated in this work. The main li-
gand, 1-(4-(trifluoromethyl)phenyl)isoquinoline (tfmpiq),
was prepared from the synthesis of 1-chloroisoquinoline
and (4-(trifluoromethyl)phenyl)boronic acid according to
the literature procedure.?’ The two constitutional isomer
ligands, 2-(imidazo[1,2-a]pyridin-2-yl)phenol (imdzppo)
and 2-(2H-indazol-2-yl)phenol (idzpo), were formed by
an Ortoleva-King reaction and a P!//PV = O redox cycling
reaction, respectively.2"?? Complexes 2a-2b were obtained
in moderate yields from the above ligands by a conven-
tional two-step reaction. In the first step, a chloro-bridged
dimer was formed by the reaction of iridium trichloride
hydrate with an excess of main ligand. Then this dimmer
was cleaved via treatment with ancillary ligand in the pres-
ence of Na,COj to produce the heteroleptic iridium com-
plex. The two complexes were structurally characterized
by 'H NMR spectroscopy, mass spectrometry and elemen-
tal analysis.

3. 2. Structural Description

The crystal of 2b was obtained by slow evaporation
of CH,Cl,/MeOH solution and the structure was deter-
mined through X-ray diffraction analysis (Fig. 1a). The
crystallographic data and structure refinement details are
listed in Table 1; selected bond lengths and bond angles are
collected in Table 2.

As shown in Fig. 1a, the Ir(III) adopts a distorted oc-
tahedral geometry with the C"N ligands in cis-C,C’ and
trans-N,N’ configurations. The average distance of Ir-C
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a) b)

Fig. 1. (a) ORTEP view of 2b with the atom-numbering scheme at the 50% probability level. Hydrogen atoms and solvent molecules are omitted for
clarity. (b) Selected non-covalent contacts of the C-H---O, C-H---F and C-H---N types (dashed red lines). Atoms involved in hydrogen bonds are

shown as balls of arbitrary radii. All other atoms and covalent bonds are represented as wires or sticks.

bonds (Ir-C,, = 1.989 A) is shorter than that of the Ir-N
bonds (Ir-N,, = 2.082 A), as reported in other iridium(III)
complexes.>>¥ Notably, bonds between iridium and the
NAO ligand (Ir-N3 = 2.156 A, Ir-O1 = 2.153 A) are longer
than those between iridium and the CAN ligands (Ir-C15
= 1.985A, Ir-C31 = 1.993A, Ir-N1 = 2.040 A, Ir-N2 =
2.051 A), resulting from strong trans influence of the car-
bon donors.* The angles of atoms on the para positions of
the octahedron range from 171.61(18)° to 172.59(17)°,
which are close to straight lines. For comparison, the two
C-Ir-N bite angles of the C"N ligand are 79.23° and
79.47°, while the N-Ir—O bite angle of the ancillary ligand
is 82.78°. This may be due to the rigid effect of the
five-membered ring at the metal center.® In addition, the
hydrogen-bonding interactions in the crystal structure are

Table 1. Crystallographic data for complex 2b - H,O.

Empirical formula CysHyoFgIrN,O,
M, (g/mol) 963.92
Crystal system Monoclinic
Space group P2,/c

a(A) 12.5501(5)
b(A) 18.1261(7)
c(A) 16.6857(5)
a (%) 90

B () 95.252(3)

y (°2 90

V(A3 3779.8(2)
VA 4

Dcalcd (Mg/mS) 1.694
F(000) 1896
Absorption coefficient (mm™!) 3.607

Ry 0.0354
GOF (F?) 1.026

R;%, wR,P (I>20(1))
R;%, wR,P (all data)

0.0378, 0.0796
0.0592, 0.0909

Ry = SIEJ-FUSIE| R, = (Ew(E-F 2 Sw(E )]

Table 2. Selected bond distances (A) and angles (°) for complex 2b -
H,0.

Ir1-N1 2.040(4) Ir1-N3 2.156(4)

Ir1-01 2.153(4) Ir1-C31 1.993(5)

Ir1-N2 2.051(4) Ir1-C15 1.985(5)
N1-Ir1-O1 93.51(15) C31-Ir1-N2 79.47(19)
NI-Ir1-N2  172.47(17) C31-Ir1-N3 171.61(18)
O1-Ir1-N3 82.78(15) C15-Ir1-01 172.59(17)
C31-Ir1-O1  90.02(17) C15-Ir1-N3 98.77(17)
C15-Ir1-N1  79.23(19) C15-Ir1-C31 88.93(19)

Table 3. Hydrogen bonding arrangements for complex 2b - H,O (A, °).

D-H--A D-H H-A DA D-H--A
C1-H1--01 0.93 2.52 3.075(6) 118
Cl2-HI12--F2 0.93 242 2.732(1) 100
C30-H30-N1  0.93 2.58 3.091(6) 115

presented in Fig. 1b and the details are summarized in Ta-
ble 3. From Fig. 1b, the three selected non-covalent con-
tacts of the C-H--O, C-H--F and C-H--N types are at-
tributed to intramolecular hydrogen bonds, making three
five-membered rings, respectively.

3. 3. Electronic Absorption Spectra

The UV-vis absorption spectra of complexes 2a-2b
measured in CH,Cl, solution at room temperature are
depicted in Fig. 2, and the data are provided in Table 4.
The absorption spectra reveal strong absorption bands
below 400 nm, which are assigned to intraligand m-m*
transitions centered on the C"N main ligand and the N"O
ancillary ligand. The weak absorption bands extending
from 400 nm to 550 nm are attributed to the metal to li-
gand 'MLCT/®*MLCT transitions.>** In comparison
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Table 4. Photophysical and electrochemical data of 2a-2b.

Complex Absorption® Emission Oer®  E,* HOMO? HOMO¢
At (nm) Aaw Sam) AE @mm)P (%) (V) (V) (eV)
2a 237,293, 360, 399, 464 618, 662(sh) 621, 666(sh) 399 0.87 -5.67 -4.91
2b 234, 288, 342, 397,477 628,670(sh) 630, 680(sh) 519 1.05 -5.85 -5.20

“Data were collected from degassed CH,Cl, solutions at 298 K. *Data were collected from degassed CH,Cl, solutions at 77
K. “fac-Ir(ppy)s as referenced standard (0.4).*' ZHOMO energies are deduced from the equation HOMO = - (E,,+ 4.8 eV).

¢Obtained from theoretical calculations.

Fig. 2. Electronic absorption spectra of 2a-2b in CH,Cl, at room
temperature.

with 2a, the lowest lying absorption band for complex 2b
is slightly red-shifted, presumably depending on the dif-
ferent N-heterocycle ancillary ligands. This assumption
will be proved by electrochemistry analyses and DFT cal-
culations.

3. 4. Emission Properties

Photoluminescence (PL) emission spectra of com-
plexes 2a-2b in degassed CH,Cl, solution at 298 K and 77
K are displayed in Fig. 3 and the corresponding data are
also summarized in Table 4. In both cases, the emission
spectra show the broad emission maxima at 618-628 nm
together with a shoulder peak at 662-670 nm, which makes
them red emitters. For their emission, the excited states are
attributed to a mixing of MLCT and >LC state.*° As seen,
the emission band of 2b is also red-shifted relative to 2a, in
good agreement with absorption analyses. When the tem-
perature is decreased to 77 K, the emission maxima of 2a—
2b are a slightly bathochromic shift compared to the 298 K
spectra, as reported in our earlier literature.!® Clearly, these
complexes exhibit vibronic bands at 77 K, which again
demonstrate that their emission states are hybrid states
with *MLCT and 3LC characters.

Phosphorescence relative quantum yields (®,,,) of 2a
and 2b in dichloromethane solution at room temperature
were measured to be 39.9 and 51.9% (Table 4) respectively,

Fig. 3. Normalized emission spectra of 2a-2b in degassed CH,Cl,
solution at 298 K (left) and 77 K (right).

using typical phosphorescent fac-Ir(ppy); as a standard
(Dery = 0.40).4! As expected, complexes 2a-2b have rela-
tively high quantum yields, due to the effect of fluorinated
backbones.*?*3 Specially, the quantum efficiency of 2b is
larger than that of 2a. The results manifest nitrogen atoms
at 1,2-positions are more effective than 2,8-positions.

3. 5. Theoretical Calculations

Density functional theory (DFT) and time-depen-
dent DFT (TDDFT) calculations have been performed for
complexes 2a-2b to gain insights into the lowest-energy
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electronic transitions. The most representative molecular
frontier orbital diagrams for these complexes are present-
ed in Fig. 4. The calculated spin-allowed electronic transi-
tions are provided in Table 5, as well as compared with the
experimental absorption spectra data. The electron densi-
ty distributions are summarized in Table S1.

As shown in Fig. 4, the HOMOs of these complexes
are mainly localized on the metal center and the phenyl
ring of ancillary ligands, whereas the LUMOs are primari-
ly dominated on the whole C'N ligands. Besides, the
HOMO-1 of complex 2a is located on iridium ion, the cy-
clometalated ligands and a little part of the ancillary li-
gands. The theory calculations of DFT reveal that the low-
est-energy spin-allowed transitions of 2a-2b are derived
from HOMO/HOMO-1-LUMO and HOMO-LUMO
transitions (Table 5), consequently assigned to metal-to-li-
gand charge transfer transitions and ligand-to-ligand n-n"
transitions. These calculations support the photophysical
properties discussed above.

To gain the origins of emission for complexes 2a-2b,
we also employed the DFT calculations to investigate the
triplet excited-state characters. The results of the TD-DFT
calculations for the triplet states are listed in Table 6. For
both the studied complexes, the two lowest lying triplet
states (T, and T,) are predominantly from HOMO-LU-
MO, HOMO-1-LUMO, HOMO-LUMO+1, HO-
MO-1-LUMO+1 HOMO-2-LUMO and HOMO-3-LU-
MO transitions. According to electron density distribu-
tions in Table S1, the HOMOs are mainly localized at the
ancillary ligands, while LUMOs/LUMO+1s at the C"N li-
gands. The HOMO-1s/HOMO-2s/HOMO-3s are com-
posed of Ir d-orbital, C"N ligands and ancillary ligands.
Thereby, both of the two lowest-lying triplet states (T, and
T,) have a mixed 3MLCT/*LLCT/?LC character for the two

Fig. 4. The frontier molecular orbital diagrams of complexes 2a-2b
from DFT calculations.

complexes, except T, of 2a with limited MLCT contribu-
tion. The lowest-lying triplet states of 2a have similar tran-
sition paths with those of 2b, indicating that the different
positions of N atoms on ancillary ligands have no obvious
effect on emissive behavior.

3. 6. Electrochemical Properties

The electrochemical behaviors of both iridium com-
plexes were investigated by cyclic voltammetry and the
electrochemical waves are shown in Fig. 5. The respective
electrochemical data and estimated HOMO energy levels
are also reported in Table 4. Complexes 2a-2b exhibit a

Table 5. Major configuration, transition characters, oscillator strength and calculated/experimental absorption wavelengths for 2a-2b.

. . " Oscillation Calcd Exptl
Complex Major Configuration Transition Character Strength (nm) (nm)
2a S HOMO > LUMO (93%) LLCT Tlimdzppo™ n*tfmgiq 0.0308 576 464
S, HOMO-1 - LUMO (94 %) MLCT/LC A7t/ Tfinpiq™ T thmpiq 0.0401 501
2b S HOMO > LUMO (91%) MLCT/LLCT AT/ Tidapo T tfmpiq 0.0641 526 477
Table 6. Contribution of triplet transitions and transition characters for complexes 2a-2b.
Complex Major Configuration Transition Character
2a T HOMO > LUMO (57 %) SLLCT Tlidzpo™ T tmpiq
HOMO-1 - LUMO (26 %) SMLCT/?LC At/ Tyginpiq™ T thimpiq
T, HOMO > LUMO+1 (61%) SLLCT Tlidzpo™ T tmpiq
HOMO - LUMO (15%) SLLCT Tlidzpo™ T tfmpiq
2b T HOMO > LUMO (31 %) SMLCT/*LLCT At/ Timdzppo™ T tmpiq
HOMO-1 - LUMO (30% ) SMLCT/*LLCT/’LC Aty Tyginpiq! Timdzppo™ T thmpiq
T, HOMO-1 - LUMO+1 (25% ) SMLCT/*LLCT/’LC Aty Tyginpiq! Timdzppo™ T thmpiq
HOMO-2 > LUMO (14% ) SMLCT/*LLCT/’LC Aty Tginpiq! Timdzppo™ T thmpiq
HOMO-3 > LUMO (12% ) SMLCT/*LLCT/’LC Aty Tyginpiq! Timdzppo™ T thmpiq
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Fig. 5. Cyclic voltammograms for complexes 2a-2b in CH,Cl, solu-
tion containing n-Bu,NClO, (0.1 M) at a sweep rate of 100 mV/s.

quasi-reversible/irreversible oxidation peak (E,,) at 0.87
and 1.05 V, respectively. As inferred from DFT calcula-
tions (Table S1), the HOMOs are mainly localized on the Ir
ion (13.88 % for 2a, 24.74 % for 2b) and ancillary ligands
(75.74 % for 2a, 58.06 % for 2b). Therefore, the oxidation
is assigned to Ir(III) to Ir(IV) with some contribution from
ancillary ligand. On the basis of the potentials of the oxida-
tion, the HOMO energy is deduced by the equation Eygpo
= —(Ey + 4.8 €V),** and the trend is quite consistent with
theoretical calculation values (Table 4). As it can be seen
from these results, through changes of nitrogen atoms
from 2,8-positions to 1,2-positions, the HOMO level of 2b
is more stable and the oxidation process is more difficult
than those of analogue 2a.

4. Conclusions

In conclusion, two red-emitting iridium(III) com-
plexes (2a-2b) equipped with tfmpiq cyclometalated li-
gand and imdzppo/idzpo ancillary ligand, have been suc-
cessfully synthesized and characterized. Their photophysi-
cal properties, electrochemical behaviors and theoretical
calculations have been systematically studied. The calcu-
lated absorptions of the two complexes 2a-2b are in full
agreement with the experimental data, which indicate that
the lowest lying absorptions are assigned to MLCT/LLCT
transitions. Both Ir(III) complexes exhibit red phospho-
rescence in dichloromethane solution at 298 K and at 77 K,
and the lowest lying triplet excited states have a mixed
SMLCT/’LLCT/®LC character. By changing the positions
of N atoms in the ancillary ligand, we have confirmed
complex 2b had a further red-shift relative to 2a in the
emission spectra. These research results will facilitate the
design of new piqg-based ligands for red-emitting iridium
complexes.
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Povzetek

Sintetizirali smo dva nova bis-ciklometalirana iridijeva(III) kompleksa s tfmpiq ligandom, [(tfmpiq),Ir(imdzppo)] (2a)
in [(tfmpiq),Ir(idzpo)] (2b) (tfmpiq = 1-(4-(trifluorometil)fenil)izokinolin, imdzppo = 2-(imidazo[1,2-a]piridin-2-il)
fenol, idzpo = 2-(2H-indazol-2-il)fenol), in ju okarakterizirali. Dolo¢ili smo monokristalno strukturo 2b. Dolo¢ili smo
razmerje med strukturo in fotofizikalnimi lastnostmi obeh kompleksov podprto tudi z DFT izrac¢uni. Ir(IIT) kompleksa
emitirata rdeco svetlobo s kvantnim izkoristkom 39.9-51.9 % v degaziranem CH,Cl, pri sobni temperaturi. Emisija
izvira iz hibridnega *MLCT/’LLCT/?LC vzbujenega stanja. Vsi ti rezultati kazejo, da sta iridijeva(IlI) kompleksa 2a-2b
primerna kot rdeca fosforescentna materiala v OLED.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
Creative Commons Attribution 4.0 International License
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Abstract

Liquid-liquid extraction-chromogenic systems for vanadium(V) based on xylometazoline hydrochloride (XMZ) and
azo derivatives of resorcinol (ADRs) were studied. The following ADRs were used: 4-(2-thiazolylazo)resorcinol (TAR),
5-methyl-4-(2-thiazolylazo)resorcinol (MTAR), and 6-hexyl-4-(2-thiazolylazo)resorcinol (HTAR). Concentration of the
reagents, pH of the aqueous medium and shaking time were subjects of optimization experiments. The chloroform-ex-
tracted ternary complexes were of composition 1:1:1. The molar absorptivity coefficients (¢;), absorption maxima (1),
constants of extraction (Log K), and fractions extracted (E%) were found to be 553 = 2.50 x 10* dm? mol-! cm™!, Log K
=3.5,and E = 96% (ADR = TAR); 559 = 1.88 x 10* dm® mol™! cm™!, Log K = 3.4, and E = 98% (ADR = MTAR); and ¢,
=2.62 x 10*dm?> mol~! cm™}, Log K=5.0, and E = 99.5% (ADR = HTAR). The Sandell’s sensitivities and Beer’s law limits
were determined as well.

Keywords: 6-Hexyl-4-(2-thiazolylazo)resorcinol; 5-Methyl-4-(2-thiazolylazo)resorcinol; 4-(2-Thiazolylazo)resorcinol;
xylometazoline hydrochloride; ion-association; ternary complex

1. Introduction

Vanadium, atomic number 23, is the first in the line of
essential trace metals (V — Zn) located in the first transition
row of the periodic table. It can exist in a variety of oxida-
tion states (-I, 0, I, II, III, IV, and V), in monomeric, oligo-
meric and polymeric species, and is the fifth most abundant
transition element in the Earth’s crust.! Vanadium can enter
the environment because of natural processes, such as rock
weathering, sediment leaching, volcanic activity, aeolian
dust, marine aerosols formation, and wild forest fires.>> At
the levels, provided by these processes, it is considered to be
health-promoting,* but it can become toxic in accordance
with Paracelsus’ principle “the dose makes the poison”. Se-
rious health hazards are associated with elevated vanadium
concentrations;>” they are typically related to V(V), the
most toxic®® and one of the most common vanadium’s oxi-
dation states in the earth’s surface systems.*!?

Large amounts of V(V) have been released in the bio-
sphere because of industrial growth. The main sources of
anthropogenic vanadium are the combustion of fossil fuels
(especially oil), mining, processing of ores, production of
steel alloys, glass, ceramics, rubber, redox batteries and dyes,
application in catalysts for large-scale processes, fertilizing
and recycling of domestic waste.>>11:12 At present, vanadi-

um has the highest anthropogenic enrichment factor of all
trace elements in the atmosphere; it ranks fourth in this fac-
tor for global rivers (after antimony, cadmium and nickel).!?
Many organic reagents have been applied for vanadi-
um preconcentration and determination.1%141¢ Among
the most promising and widely used are the azo dyes.®!5-24
Azo derivatives of resorcinol (ADR), such as 4-(2-pyr-
idylazo)resorcinol (PAR),?*?> 4-(2-thiazolylazo)resorcinol
(TAR),%*?”  and  5-methyl-4-(2-thiazolylazo)resorcinol
(MTAR)®% form ternary complexes it the presence of cat-
ionic ion-association reagents (CIAR). Their composition,
stability, and extraction-chromogenic characteristics de-
pend on the particular pair of reagents. The composition,
for example, can be 1:1:1,2628 2:2:2,2° 1:2:3%> or 1:2:1%
(V:ADR:CIAR). The differences are explained by the possi-
bility of interactions (H-bonding) between ADR and CIAR
or between CIAR and the VO, group,” which is generally
stable2631:32 but under certain conditions is prone to lose an
oxygen atom. Moreover, V(V) is stereochemically flexi-
ble;*3-% the same is true for ADRs which have many con-
formers®* and can be tridentate, bidentate, and even
monodentate ligands®” depending on the environment.
Xylometazoline hydrochloride (XMZ) is a substance
widely used in the pharmaceutical industry and included
in WHO Model List of Essential Medicines.*® From a
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Table 1. Reagents in the present study.

Formula Name CAS number Molar mass
Xylometazoline hydrochloride (XMZ) 1218-35-5 280.84
4-(2-thiazolylazo)resorcinol (TAR) 2246-46-0 221.24
5-methyl-4-(2-thiazolylazo)resorcinol (MTAR) 37422-56-3 235.26
6-hexyl-4-(2-thiazolylazo)resorcinol (HTAR) 14383-66-5 305.402

chemical point of view, it can be classified as a cationic
ion-association reagent.’** Various extraction-chromo-
genic systems containing transition metals, XMZ and PAR
have been described in the literature.**-** However, to the
best of our knowledge, there are no reports involving both
XMZ and thiazolylazo reagents. In the present paper, we
discuss three liquid-liquid extraction-chromogenic sys-
tems containing V(V), XMZ and thiazolylazo dye {TAR,
MTAR or 6-hexyl-4-(2-thiazolylazo)resorcinol (HTAR)}.
In contrast to TAR and MTAR, which have been the sub-
ject of many experimental and theoretical studies,?6:31:36:4>
HTAR is unexplored reagent. According to the manufac-
turer, this reagent is part of a collection of rare and unique
chemicals. Its formula, along with the formulae of the oth-
er reagents, is shown in Table 1.

2. Experimental

2. 1. Reagents and Apparatus

V(V) solution (2 x 10 mol dm=3) was prepared
from NH,VOj; (puriss. p.a., VEB Laborchemie Apolda,
Germany). XMZ and ADRs (TAR, 97%; MTAR, 95%; and
HTAR) were purchased from Merck. XMZ was dissolved
in water; the obtained solutions (2 x 102 and 2 x 10~ mol
dm™) were kept in dark-glass vessels.**** Aqueous solu-
tions of ADRs (2.0 x 107> mol dm~?) were prepared in the
presence of KOH (1-2 pellets per 100 cm?).2® The acidity

Table 2. Optimum operating conditions.

of the aqueous phase was set by ammonium acetate buffer
(prepared by mixing 2.0 mol dm~2 solutions of CH;COOH
and ammonia). The pH of the buffer solutions was mea-
sured using a WT'W InoLab 7110 (Germany) instrument
with an accuracy of £0.001 pH units. Absorbance was read
using a Ultrospec3300 pro UV-Vis spectrophotometers
(UK), equipped with 1-cm path-length glass cuvettes. Dis-
tilled water and additionally distilled commercial chloro-
form (p. a.) were used throughout the work.

2. 2. General Procedure

Solutions of V(V), buffer (pH 3.8-6.8), ADR and
XMZ were placed into a separatory funnel. The resulting
mixture was diluted with water to a total volume of 10 cm®.
Then 10 cm? of chloroform were added and the funnel was
shaken for a fixed time interval (up to 10 min). After a
short wait for phase separation (5-10 seconds), a portion
of the chloroform extract was transferred through a filter
paper into the cuvette. The absorbance was measured
against chloroform or simultaneously prepared blank
(containing all the reagents except for vanadium).

2. 3. Determination of the Distribution Ratios
and Fractions Extracted

The distribution ratios D were calculated by the for-
mula D = A;/(A; - A;), where A, is the absorbance ob-

Extraction Amax pH CADR> CXM2> Extraction
system nm mol dm™3 mol dm™ time, min
V(V) - TAR - XMZ 553 4.7 3.0x 10 6.0 x 1073 1.0
V(V) - MTAR - XMZ 550 4.7 4.0x 107 8.0x 1073 1.5
V(V) - HTAR - XMZ 554 5.1 2.0x 10 40x 1073 8.0

Hristov et al.: Extraction-Chromogenic Systems for Vanadium(V) ...
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tained after a single extraction (under the optimal ex-
traction conditions, Table 2), and A; is the absorbance
obtained after a triple extraction under the same condi-
tions. The final volume in both cases (single extraction and
triple extraction) was 25 cm?282° The fractions extracted
were calculated by the formula E% =100 x D / (D +1).

3. Results and Discussion

3. 1. Extraction-Spectrophotometric
Optimization

In a slightly acidic aqueous-ethanolic medium (pH
4.5-5.5), TAR and MTAR react with V(V)*46 to give
red-colored anionic species. In the presence of CIAR, such
as tetraphenylarsonium chloride, triphenylmethylarsoni-
um iodide, tetraphenylphosphonium chloride, and tetra-
zolium salts?”2*4748 and replacing ethanol with a wa-
ter-immiscible solvent (e. g., chloroform), ternary
ion-association complexes are formed. Preliminary inves-
tigations on the V(V) - ADR - XMZ - water - chloroform
systems (where ADR = TAR, MTAR or HTAR) confirmed
our expectations for hydrophobic, intensely colored and
well chloroform-extractable complexes. Spectra of these
complexes are shown in Fig. 1. The absorption maxima
(Apay) in chloroform are located at 552-553 nm (TAR
complex), 549-550 nm (MTAR complex) and 553-554 nm
(HTAR complex). One can judge that HTAR (spectrum 3)
and TAR (spectrum 1) ensure higher molar absorptivity
than MTAR (spectrum 2). The blank at A, is the lowest
when ADR = TAR (spectrum 1’) and the highest when
ADR = MTAR (spectrum 2’). The latter, however, is sig-
nificantly lower than the blank for the similar system,?

Figure 1. Absorption spectra in chloroform of the V(V) - ADR -
XMZ complexes against blanks (1-3; cy(y) = 4 x 107> mol dm™3)
and blanks (ADR - XMZ) against chloroform (1" - 3’). (1, I’) ctar
=3x10"*mol dm=>, cxyz = 6 x 1073 mol dm =3, pH 4.7, extraction
time t = 1 min; (2, 2”) cyrar = 4 X 1074 mol dm™3, cxpz = 8 x 1073

mol dm™3, pH 4.7, extraction time t = 2 min; (3, 3°) cypag =2 x 107
mol dm=, cxyz = 4 x 107 mol dm~3, pH 5.1, extraction time t = 8
min;

containing Aliquat 336 instead of XMZ and isobutanol in-
stead of chloroform.

The effect of pH of the aqueous phase on the com-
plex formation and extraction is shown in Fig. 2. The ab-
sorbance is maximal over the broadest pH range (4.1-5.6)
for ADR = TAR (curve 1). The left part of this curve re-
sembles the left part of the curve with MTAR (curve 2).
Further experiments with TAR and MTAR were per-
formed at pH 4.7. The optimal pH for the system with
HTAR appears to be 5.1; the absorbance in this case
abruptly decreases at pH > 5.6 (curve 3). In all experiments
ammonium acetate buffer (1 cm?) was used; it exhibits
high buffering capacity at the optimal pH values.*

The effect of ADR and XMZ concentrations on the
absorbance is shown in Fig. 3 and Fig. 4 respectively. The
selected optimal concentrations are shown in Table 2.
Maximal absorbance is achieved easily (with the lowest re-

Figure 2. Absorbance of the V(V) - ADR - XMZ complexes vs pH
of the aqueous phase, cy = 2 x 107> mol dm™3. (1) crpg = 3 x 107*
mol dm™3, cxyz = 6 x 1073 mol dm™3, extraction time t = 1 min; (2)
cmtar = 4 X 107 mol dm™3, cxpz = 8 x 1073 mol dm™3, extraction
time t = 2 min; (3) cypar = 2 X 107 mol dm™3, cxpz = 4 x 1073 mol
dm™3, extraction time t = 8 min;

Figure 3. Effect of ADR concentration on the absorbance, ¢y = 2 x
107> mol dm™ (1) expz = 6 x 1073 mol dm~3, pH 4.7, extraction
time t = 1 min; (2) cxyz = 8 x 107> mol dm™3, pH 4.7, extraction
time t = 2 min; (3) cxyz = 4 x 107> mol dm™3, pH 5.1, extraction
time t = 8 min.
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3. 2. Molar Ratios, Composition and Stability

The molar ADR-to-V(V) and XMZ-to-V (V) ratios
were determined by different methods from the experi-
mental results presented in Figs. 3-5. The following meth-
ods were used: the mobile equilibrium method,>® the
straight-line method of Asmus,>! the molar ratio meth-

Figure 4. Effect of XMZ concentration on the absorbance, ¢y = 2 x
107> mol dm™3 (1) crpr = 3 X 10~ mol dm~3, pH 4.7, extraction time
t =1 min; (2) cyrag = 4 X 107 mol dm =3, pH 4.7, extraction time t
=2 min; (3) cyrar = 2 X 107 mol dm~3, pH 5.1, extraction time t =
8 min.

Figure 6. Straight lines obtained by the mobile equilibrium method
for ADR-to-V(V) (lines 1-3) and XMZ-to-V(V) (lines 1’-3’). The
experimental conditions are given in Fig. 3 and Fig. 4, respectively.
Straight lines equations: (1) y = 0.98x + 4.95, R?=0.9984; (1) y =
1.13x + 3.97, R = 0.9967; (2) y = 1.09x + 4.90, R? = 0.9943; (2’) y =
1.01x + 3.42, R? = 0.9940; (3) y = 1.13x + 6.01, R? = 0.9840; (3) y =
1.07x + 5.74, R?= 0.9637.

Figure 5. Determination of the XMZ-to-vanadium(V) molar ratio
by the Job’s method of continuous variations, cxyz + cyv) = 1.0 X
10 mol dm>. (1) cpag = 3 x 107 mol dm=3, pH 4.7, extraction
time t = 1 min; (2) cyrag = 4 X 107 mol dm3, pH 4.7, extraction
time t = 1.5 min; (3) cypar = 2 X 107 mol dm =3, pH 5.1, extraction
time t = 8 min.

agents concentrations) for the system with HTAR (curves
3 in Figs. 3 and 4). However, the complex with this reagent
is extracted most slowly (Table 2). The time required for
shaking in this case (8 min) is comparable to that recom- Figure 7. Application of the molar ratio method for the determina-

mended when using tetraphenYIPhOSPhOHium or tetrap- tion of the HTAR-to-V(V) molar ratio. The experimental condi-
henylarsonium chloride (10 min).*’ tions are given in Fig. 3, line 3.

Table 3. Molar ratios in the ternary V(V) — TAR — XMZ complexes obtained by different methods

Molar ratio Mobile Asmus’ Job’s Molar ratio
equilibrium method method method method

TAR:V 1:1 1:1 - Not applicable
MTAR:V 1:1 1:1 - Not applicable
HTAR:V 1:1 1:1 - 1:1
XMZ:V (V- TAR - XMZ) 1:1 1:1 1:1 Not applicable
XMZ:V (V- MTAR- XMZ) 1:1 1:1 1:1 Not applicable
XMZ:V (V- HTAR - XMZ) 1:1 1:1 1:1 1:1

Hristov et al.: Extraction-Chromogenic Systems for Vanadium(V) ...



Acta Chim. Slov. 2019, 66, 987-994

Figure 8. Application of the straight-line method of Asmus for the
determination of the XMZ-to-V(V) molar ratio in the extraction
system containing MTAR. The experimental conditions are given in
Fig. 4, line 2.

0d,’? and the Job’s method of continuous variations.>® As
can be concluded from Table 3, and also from Figs. 5-8, all
ternary complexes have a composition of 1:1:1. Such a
composition was reported for the V(V) ternary complexes
with the couples PAR — XMZ,*3 TAR - tetraphenylarsoni-
um chloride,*” TAR - tetraphenylphosphonium chlo-
ride,*” and MTAR - Aliquat336.28 The complex involving
HTAR appears to be the most stable: the molar ratio meth-
od can be applied only to it, Table 3. The isomolar series
(Fig. 5) and the straight lines obtained by the mobile equi-
librium method (Fig. 6) are also in agreement with this
conclusion; curve 3 in Fig. 5 is characterized by a well-de-
fined peak, and curves 3 and 3’ in Fig. 6 have the largest
y-intercept values.

3.3. Chemical Equations and Extraction
Characteristics

The formation and extraction of the ternary com-
plexes can be represented in several successive steps. The
first step is the formation of binary V(V) - ADR complex-
es in aqueous phase (Eq. 1).

VO3_(aq) + HZL(aq) = [VOZL]_(aq) + HZO (1)

This equation is based on information concerning
the state of V(V)>**> and ADRs (TAR>® and MTARY’) at
the reaction conditions. Although ADRs can stabilize low
oxidation state metal centers,”®*® V(V) is not reduced in
their presence. This is evidenced by differences in the spec-
tral characteristics and optimal pH intervals of existence
of V(IV)- and V(V)-ARD complexes.3”4¢% Furthermore,
ADRs have been successfully used for V(IV)/V(V) specia-
tion. #191561 In this case, the main concern is to prevent the
oxidation of V(IV) by the oxygen in air, which starts at ca.
pH > 2 and is rather fast in neutral and alkaline medium.!°

TAR and MTAR can be considered as triprotic acids.
Deprotonated forms of these ADRs are stable in alkaline
media (pK; (tar) = 93,°° 2 pK; (mrar) = 11.8%7). Monopro-
tonated forms of TAR and MTAR predominate in neutral
and weakly acidic solutions (pK; (rag) = 6.0;°%%* pK, (vrag) =
5.6”7); the proton is bound to the oxygen atom in ortho-po-
sition to the azo group. The neutral forms (H,L) predomi-
nate at lower pH values. They attach an additional proton (at
the nitrogen atom of the thiazole ring) in a highly acidic en-
vironment (pK3 (tar) = 1.25). There is no information in the
literature about the pKj; (rrag) nor for the protonation con-
stants of HTAR. However, considering the similar behavior
of the blank samples TAR - XMZ, MTAR - XMZ and HTAR
- XMZ (Fig. 1), one can assume that these reagents are also
in their neutral H,L forms at the optimum pH.

The next steps, ion-association and extraction can be
represented simultaneously by Eq. 2.

[VOZL] 7(aq) + XMZ*Cl~ (aq) =

(XMZ")[VO,L] grg) + CI @

(aq)

In it, XMZ and its cation are denoted as XMZ*Cl~
and XMZ*, respectively. The conditional equilibrium con-
stants characterizing Eq. 2 were calculated by two indepen-
dent methods: the mobile equilibrium method> (Fig. 6,
straight lines 1} 2" and 3’) and the Likussar-Boltz method.®
The values obtained by these methods are statistically iden-
tical (Table 4). The extraction constant K for the system in-
volving HTAR is the highest. The same is true for the other
characteristics listed in Table 4, the distribution ratio D and

Table 4. Calculated values of the extraction constants (K), distribution ratios (D) and fractions extracted (E%) at

the optimum conditions.

Extraction system LogK LogD E%
35+01(N=3)?
_ _ 15+03(N=4 9% +2(N=4
V(V) - TAR - XMZ 3524007 (N=7)b ( ) ( )
33+0.1(N=3)?
_ _ 1.6+02(N=6 98+1(N=6
V(V) - MTAR - XMZ 3394 0.06 (N = 10) b ( ) ( )
- a
V(V) - HTAR - XMZ 50+0.1(N=3) 24403 (N=3) 99.5+0.3 (N = 3)

54+05(N=5)b

@ Calculated by the Likussar-Boltz method ® Calculated by the molar equilibrium method (Fig. 6)
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Table 5. Characteristics concerning the application of the ternary complexes for extraction-spectrophotometric determination of vanadium(V).

Analytical characteristics

V(V) - TAR - XMZ

V(V) - MTAR - XMZ V(V) - HTAR - XMZ

Molar absorptivity (¢), dm? mol-! cm™! 2.50 x 10*
Sandell’s sensitivity, ng cm™> 2.0
Adherence to Beer’s law, pg cm™ 0.03-3.6

Linear regression equation y = ax + b

Standard deviations of the slope (a) 0.004; 0.007
and y-intercept (b)

Limit of detection (LOD), ug cm™ 0.007
Limit of quantitation (LOQ), ug cm™3 0.021
Standard deviation of the blank 0.001

y = 0.486x + 0.001
(R?=0.9997; N = 8)

1.88 x 104 2.62 x 10*
2.8 2.0
0.3-3.1 0.07-5.1

y = 0.370x-0.006
(R?=0.9992; N = 8)

y =0.513x-0.013
(R?=0.9991; N = 8)

0.004; 0.007 0.006; 0.017
0.10 0.019
0.30 0.058

0.011 0.003

fraction extracted E%. This is related to the highest hydro-
phobicity and molecular mass (Table 1) of this reagent.

3. 3. Beer’s Law and Analytical Characteristics

The dependences between the concentration of V(V)
in aqueous phase and absorbance of the extracted ternary
complexes were studied under the optimum conditions
(Table 2). The linear regression equations and some atten-
dant parameters are listed in Table 5: molar absorptivities,
Sandell’s sensitivities, Beer’s law limits and standard devia-
tion of the slopes, y-intercepts and blanks. The limits of
detection (LODs) and quantitation (LOQs) were calculat-
ed as 3.3- and 10-times standard deviation of the blank
divided by the slope.**

4. Conclusions

Ternary well chloroform-extractable complexes are
formed in systems containing vanadium(V), thiazolylazo
derivatives of resorcinol (TAR, MTAR, HTAR), and xy-
lometazoline hydrochloride. They have a composition of
1:1:1 and can be represented by the general formula
(XMZ*)[VO,(ADR)], where ADR is in its doubly depro-
tonated form (ADR?"). The complexes have good ex-
traction-spectrophotometric characteristics. The most ex-
tractable (E = 99.5%) and intensively colored (¢ = 2.62 x
10* dm3 mol™! cm™) is the complex of HTAR. The TAR
complex is also advantageous. It is formed in the widest
pH range, and the absorbance of the blank at A, for this
reagent is the lowest and repeatable. The latter, along with
its high molar absorptivity (95% of that for the HTAR
complex), provides the lowest LOD and LOQ values. An-
other advantage of the extraction system containing TAR
is the shortest time of extraction.
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Povzetek

Proucevali smo kromogen sistem ekstrakcije tekocina-tekocina za spojine vanadija (V) na osnovi ksilometazolin hi-
droklorida (XMZ) in azo derivate resorcinola (ADR). Uporabili smo naslednje ADR: 4- (2-tiazolilazo) resorcinol (TAR),
5-metil-4- (2-tiazolilazo) resorcinol (MTAR) in 6-heksil-4- (2-tiazolilazo) resorcinol (HTAR) . Koncentracija reagentov,
pH vodnega medija in Cas stresanja so bili predmet optimizacijskih poskusov. Ternarni kompleksi, ekstrahirani s kloro-
formom, so bili sestavljeni 1: 1: 1. Dolo¢ili smo molarne absorbcijske koeficiente (¢,), absorpcijske maksimume (), kon-
stante ekstrakcije (Log K) in deleZ ekstrahirane frakcije (E %): €553 = 2.50 x 10* dm?® mol™! cm™!, Log K = dm?® mol"! cm™},
Log K=3.4,and E = 98 % (ADR = MTAR); and ¢55, = 2.62 x 10* dm® mol™! cm™!, Log K = 5.0, and E = 99.5 % (ADR =
HTAR). Dolo¢ili smo tudi Sandellovo obcutljivosti in omejitve Beerovega zakona.
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Abstract

Two new oxidovanadium(V) complexes, [VOL'L] (1) and [VOL?L]-CH;O0H (2-CH;OH), where L! and L? are the dian-
ionic form of N*-(3-bromo-2-hydroxybenzylidene)picolinohydrazide (H,L!) and 2-chloro-N*-(2-hydroxy-3-methoxy-
benzylidene)benzohydrazide (H,L2), respectively, and L is the monoanionic form of 2-hydroxybenzohydroxamic acid
(HL), were prepared and characterized by elemental analysis, infrared and electronic spectroscopy. Structures of the
complexes were further confirmed by single crystal X-ray determination. The V atoms in the complexes are in octahedral
coordination. The hydrazone ligands coordinate to the V atoms through the phenolate O, imino N, and enolate O atoms.
The hydroxamate ligand coordinates to the V atom through the carbonyl and hydroxy O atoms. The complexes show
effective antibacterial activity against B. subtilis, S. aureus and E. coli. The presence of Cl substitute group in the complex

may enhance the antibacterial activity.

Keywords: Hydrazone; hydroxamate; oxidovanadium complex; crystal structure; antibacterial activity

1. Introduction

Schiff bases and their metal complexes have received
considerable interest in coordination, catalytic, biological
and medicinal chemistry.! Vanadium acts as essential role
in humans and many living organisms. The biological and
pharmacological effects of vanadium element include co-
ordination capability and chemical similarity between va-
nadate and phosphate.? Some inorganic vanadates show
insulin-mimetic properties, as well as antitumor activities.
A number of vanadium complexes with various types of
organic ligands are reported to possess interesting antidia-
betic activity.’ In pursuit of new vanadium compounds
with decreased toxic side effects and enhanced bioavail-

ability, a great number of organic ligands and vanadium
complexes have been investigated.* The metal complexes
of vanadium have the ability to normalize blood glucose
level, thus, they can act as models of the haloperoxidases.”
Moreover, the metal complexes of vanadium possess inter-
esting antimicrobial activities.® In recent years, much at-
tention has been focused on the biological properties of
vanadium complexes.” Some metal complexes of vanadi-
um with hydrazone ligands have been reported for their
antibacterial activities by our research group.? In pursuit of
new vanadium-based biocidal agents, we report here two
new vanadium(V) complexes, [VOL'L] (1) and [VOL?L] -
CH;0H (2 - CH;0H), with the hydrazone ligands
N’-(3-bromo-2-hydroxybenzylidene)picolinohydrazide
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(H,LY)) and  2-chloro-N’-(2-hydroxy-3-methoxyben-
zylidene)benzohydrazide (H,L?), and 2-hydroxybenzohy-
droxamic acid (HL).

2. Experimental

2. 1. Materials and Measurements
3-Bromo-2-hydroxybenzaldehyde, 2-hydroxy-3-me-
thoxybenzaldehyde, picolinohydrazide and 2-chlorobenzo-
hydrazide were purchased from Aldrich and used as ob-
tained. Other solvents and reagents were made in China and
used as received. C, H and N elemental analyses were per-
formed with a Perkin-Elmer 240 elemental analyzer. Infra-
red spectra were recorded on a Nicolet AVATAR 360 spec-
trometer as KBr pellets in the 4000-400 cm™ region. UV-
Vis spectra were recorded on a Lambda 900 spectrometer.

2. 2. Synthesis of Complex 1

3-Bromo-2-hydroxybenzaldehyde (0.10 mmol, 20.0
mg) and picolinohydrazide (0.10 mmol, 13.7 mg) were
dissolved in ethanol (15 mL). Mixture was stirred at room
temperature for 30 min to give a colorless solution. To the
solution an ethanolic solution (10 mL) of VO(acac), (0.10
mmol, 26.5 mg) and 2-hydroxybenzoic acid (0.10 mmol,
15.3 mg) was added with stirring. Mixture was further
stirred at room temperature for 30 min to give deep brown
solution. After keeping the solution in air for a few days,
brown block-shaped single crystals, suitable for X-ray
crystal structure determination were obtained. The crys-
tals were isolated by filtration and dried in a vacuum des-

iccator containing anhydrous CaCl,. Yield 33% (177 mg).
IR data (KBr; vy, cm™): 3453, 3272, 1607, 953. UV-Vis
data in ethanol (A, nm (g, M~! cm™)]: 275 (18,200), 305
(17,325), 326 (16,312), 402 (4,535), 580 (1,105). Anal. Cal-
cd. for C,oH,,BrN,OgV (%): C, 44.72; H, 2.63; N, 10.43.
Found (%): C, 44.60; H, 2.75; N, 10.32.

2. 3. Synthesis of Complex 2

3-Bromo-2-hydroxybenzaldehyde (0.10 mmol, 20.0
mg) and 2-chlorobenzohydrazide (0.10 mmol, 17.0 mg)
were dissolved in ethanol (15 mL). Mixture was stirred at
room temperature for 30 min to give a colorless solution.
To the solution an ethanolic solution (10 mL) of VO(acac),
(0.10 mmol, 26.5 mg) and 2-hydroxybenzoic acid (0.10
mmol, 15.3 mg) was added with stirring. Mixture was fur-
ther stirred at room temperature for 30 min to give deep
brown solution. After keeping the solution in air for a few
days, brown block-shaped single crystals, suitable for
X-ray crystal structure determination were obtained. The
crystals were isolated by filtration and dried in a vacuum
desiccator containing anhydrous CaCl,. Yield 41% (227
mg). IR data (KBr; vy, cm™): 3465, 3252, 1618, 953. UV-
Vis data in ethanol (A, nm (¢, M~! cm™)]: 272 (19,530), 290
(18,620), 335 (9,755), 420 (1,272), 570 (1,533). Anal. Cal-
cd. for Cy3H,,CIN;OgV (%): C, 49.88; H, 3.82; N, 7.59.
Found (%): C, 50.12; H, 3.97; N, 7.45.

2. 4. X-ray Crystallography

Diffraction intensities for the complexes were collect-
ed at 298(2) K using a Bruker D8 VENTURE PHOTON dif-

Table 1. Crystallographic data and refinement parameters for complexes 1 and 2 - CH;OH

Parameters

Molecular formula

Mr

Crystal color, habit
Crystal system

Space group

a, A

b, A

A

(L

V, A3

VA

Pcaled> 8 cm™

g, mm-!

F(000)

Number of unique data
Number of observed data (I > 20(I))
Independent parameters
Restraints

1 2.CH,0H
CyoH,,BIN,OV 53H,, CIN;04V
537.20 553.82
Brown, block Brown, block
Monoclinic Monoclinic
P2,/c P2,/c
10.811(1) 11.972(1)
17.282(1) 9.583(1)
12.535(1) 21.101(1)

95.810(1) 103.792(1)
2330.0(3) 2351.1(3)
4 4
1.531 1.565
2.182 0.591
1072 1136
4028 4378
3038 3261
293 332
1 1

Ry, wR, (I > 20(1))
R;, wR, (all data)
Goodness of fit on F?

0.0664, 0.1683
0.0899, 0.1838
1.040

0.0568, 0.1581
0.0802, 0.1731
1.066
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fractometer with MoKu radiation (A = 0.71073 A). The col-
lected data were reduced using SAINT,? and multi-scan ab-
sorption corrections were performed using SADABS.!?
Structures of the complexes were solved by direct methods
and refined against F* by full-matrix least-squares methods
using SHELXTL.! All of the non-hydrogen atoms were re-
fined anisotropically. The amino H atoms were located from
different Fourier maps and refined isotropically, with N-H
distances restrained to 0.90(1) A. The other hydrogen atoms
in both compounds were placed in idealized positions and
constrained to ride on their parent atoms. Crystallographic
data for the complexes are summarized in Table 1.

2. 5. Antibacterial Assay

The antibacterial activity of the complexes was tested
against B. subtilis, S. aureus, E. coli, and P. aeruginosa using
LB medium (Luria-Bertani medium: Tryptone 10 g, Yeast
extract 5 g, NaCl 10 g, distilled water 1000 mL, pH 7.4).
The ICs, (half inhibitory concentration) of the test com-
pounds were determined by a colorimetric method using
the dye MTT (3-(4,5-di-methylthiazol-2-yl)-2,5-diphen-
yltetrazolium bromide).

A stock solution of the synthesized compound (1000
ug mL1) in DMSO was prepared and graded quantities of
the test compounds were incorporated in specified quanti-
ty of sterilized liquid LB medium. Suspension of the mi-
croorganism was prepared and applied to 96-well assay
plate with serially diluted compounds to be tested. 10 pL of
tested samples at pre-set concentrations were added to
wells with penicillin as a positive reference and with the
solvent control (5% DMSQO) in medium and incubated at
37 °Cfor 24 h.

Scheme 1. The synthetic method of the complexes.

After 24 h exposure, 10 pL of PBS (phosphate buff-
ered saline 0.01 mol L™}, pH 7.4) containing 4 mg mL™! of
MTT was added to each well. After 4 h, the medium was
replaced by 150 uL. DMSO to dissolve the complexes. The
absorbance at 492 nm of each well was measured with an
ELISA plate reader. The ICs, value was defined as the con-
centration at which 50% of the bacterial strain could sur-
vive.

3. Results and Discussion

3. 1. Chemistry

The hydrazone ligands H,L' and H,L? were prepared
by the reactions of 3-bromo-2-hydroxybenzaldehyde with
picolinohydrazide, and 2-hydroxy-3-methoxybenzalde-
hyde with 2-chlorobenzohydrazide, respectively in etha-
nol. The two complexes were prepared by the reaction of
the hydrazone ligands with VO(acac), and 2-hydroxyben-
zohydroxamic acid in ethanol (Scheme 1). Crystals of the
complexes are soluble in DMF, DMSO, methanol, ethanol,
and acetonitrile.

3. 2. Structure Description of the Complexes

Molecular structures of complexes 1 and 2 are shown
in Figs. 1 and 2, respectively. Selected bond lengths and
angles are given in Table 2. The V atoms are in octahedral
coordination, with the phenolate O, imino N and enalate
O atoms of the hydrazone ligands, and the hydroxy O
atom of 2-hydroxybenzohydroxamate ligand defining the
equatorial plane, and with the oxido O atom and the car-
bonyl O atom of the 2-hydroxybenzohydroxamate ligand
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locating at the axial positions. The V atoms deviate from
the least-squares planes defined by the corresponding
equatorial atoms by 0.265(1) A for 1 and 0.277(1) A for 2.
The coordinate bond lengths in the complexes are compa-
rable to each other, and similar to those observed in vana-
dium complexes with hydrazone ligands.!? The distortion
of the octahedral coordination can be observed from the
coordinate bond angles, ranging from 75.01(15)° to
103.70(16)° (1), and 74.98(11)° to 103.59(13)° (2), for the
perpendicular angles, and from 154.74(16)° to 170.84(17)°
for (1), and from 157.06(11)° to 170.22(13)° (2), for the
diagonal angles. The dihedral angles between the two aro-
matic rings of the hydrazone ligands are 7.2(5)° for 1 and

Table 2. Selected bond distances (A) and angles (°) for complexes 1

and 2 - CH;0H . .
Fig. 1. Molecular structure of complex 1, showing the atom-num-
bering scheme. Displacement ellipsoids are drawn at the 30% prob-
1 ability level.

V1-01 1.878(4) V1-02 1.959(4)

V1-03 1.854(3) V1-04 2.217(4)

V1-06 1.588(4) V1-N1 2.072(4)

06-V1-03 95.90(18) 06-V1-01 100.01(19)

03-V1-01 103.70(16) 06-V1-02 97.29(18)

03-V1-02 92.62(15) 01-V1-02 154.74(16)

06-V1-N1 98.64(18) 03-V1-N1 161.95(16)

O1-V1-N1 84.28(16) 02-V1-N1 75.01(15)

06-V1-04 170.84(17) 03-V1-04 75.41(14)

01-V1-04 85.08(15) 02-V1-04 80.47(14)

NI1-V1-04 89.39(14)

2 - CH;0H

V1-01 1.859(2) V1-02 1.971(2)

V1-03 1.868(3) V1-04 2.153(3)

V1-06 1.593(3) VI1-N1 2.090(3)

06-V1-01 99.44(14) 06-V1-03 95.72(13)

01-V1-03 101.74(12) 06-V1-02 95.01(13)

01-V1-02 157.06(11) 03-V1-02 94.40(11)

06-V1-N1 103.59(13) 01-V1-N1 84.32(11)

03-V1-N1 158.58(12) 02-V1-N1 74.98(11)

06-V1-04 170.22(13) 01-V1-04 87.93(11)

03-V1-04 76.37(10) 02-V1-04 80.09(11) Fig. 2. Molecular structure of compound 2 - CH;0H, showing the

N1-V1-04 83.41(11) atom-numbering scheme. Displacement ellipsoids are drawn at the
30% probability level.

Table 3. Hydrogen bond distances (A) and bond angles (°) for the complexes

D-H--A d(D-H) d(H---A) d(D--A) Angle (D-H---A)
1

05-H5.-02! 0.82 2.42 3.051(5) 134.4

05-H5.-N3! 0.82 2.04 2.780(6) 150.7
2. CH,0H

N3-H3..05 0.898(10) 2.50(4) 3.196(4) 134(4)

07-H7--08iil 0.82 1.84 2.621(4) 159.8

08-H8.-N2¥ 0.82 2.10 2.874(4) 157.9

C7-H7A--06" 0.93 2.53 3.1762(3) 127

C18-H18--05" 0.93 2.58 3.4652(4) 160

C19-H19--06"i 0.93 2.56 3.4513(4) 160

Symmetry codes fori): 1-x, -y, 1 -z ii):—x, 1 -y, - ziil): - x, o+ y, o -z iv): 1 - x, -+ y, Yo -z V): 1 - x,
1-y,-zvi)i-x2-y,-zvi):x, 1 +y, 2.
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Fig. 3. Crystal packing structure of complex 1, viewed along the a
axis. Hydrogen bonds are shown as dashed lines.

Fig. 4. Crystal packing structure of compound 2 - CH;OH, viewed
along the ¢ axis. Hydrogen bonds are shown as dashed lines.

88.9(6)° for 2. In the crystal structures of the complexes,
molecules are linked through hydrogen bonds (Table 3), to
form three dimensional networks (Figs. 3 and 4).

3. 3. IR and UV-Vis Spectra of the Complexes

The v(C=N) absorptions are observed at 1607 cm™!
for complex 1 and 1618 cm™ for complex 2.!* The intense
bands indicative of the C=0O vibrations are absent in the
complexes, indicating the enolization of the hydrazone li-
gands. The sharp bands indicative of the N-H vibrations
are located at 3272 cm™! for complex 1 and 3252 cm™ for
complex 2. The weak peaks in the low wave numbers in the

region 450-700 cm™! may be attributed to V-O and V-N
bonds in the complexes. Complexes 1 and 2 exhibit typical
bands at 953 cm™!, which are assigned to the V=0 vibra-
tions.!

The UV-Vis spectra of the complexes were recorded
in 10> mol L™! in ethanol, in the range 200-800 nm. The
weak bands centered at 326 nm for complex 1 and 335 nm
for complex 2 are attributed to intramolecular charge
transfer transitions from the p,, orbital on the nitrogen and
oxygen to the empty d orbitals of the metal.!® The intense
bands observed at about 275 nm for the complexes are as-
signed to intraligand m-m* transition.!> The bands cen-
tered at 580 nm for complex 1 and 570 nm for complex 2
are attributed to the ligand-to-metal charge transfer tran-
sitions (LMCT).1®

3. 4. Antibacterial Activities

The complexes were screened for antibacterial activ-
ities against two Gram-positive bacterial strains (B. subtilis
and S. aureus) and two Gram-negative bacterial strains (E.
coli and P. aeruginosa) by MTT method. The ICs values of
the complexes against the bacteria are presented in Table 4.
Penicillin G was tested as a reference drug. Complex 1 ex-
hibited effective activity against B. subtilis, and weak activ-
ity against S. aureus, while no activity against Gram-nega-
tive bacteria E. coli and P. aeruginosa. Complex 2 exhibited
effective activity against B. subtilis and S. aureus, weak ac-
tivity against E. coli, while no activity against P. aeruginosa.
In general, complex 2 has stronger activity against B. subti-
lis, S. aureus and E. coli than complex 1, which might be
caused by the existence of the biological active substitute
group, CL Both the free hydrazones H,L! and H,L? and
the hydroxamic acid HL have no or very weak activities on
the bacteria. VO(acac), has weak activities on B. subtilis, S.
aureus and E. coli, and no activity on P. aeruginosa.

Table 4. Antibacterial results (ICs, pg mL™1)

Compound Gram-positive Gram-negative
B. subtilis ~ S. aureus E.coli P aeruginosa
1 5.32 13.0 >50 >50
2 3.10 2.56 21.7 >50
H,L! 35.6 >50 >50 >50
H,L? 22.7 32.9 >50 >50
HL >50 >50 >50 >50
VO(acac), 16.7 25.3 38.2 >50
Penicillin G 2.35 0.75 17.5 17.5

4. Conclusion

Two new oxidovanadium(V) complexes were ob-
tained and structurally characterized. The complexes show
superior antibacterial activities against B. subtilis, S. aureus
and E. coli than the free ligands and VO(acac),. Complex 2
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has similar activities against B. subtilis when compared
with penicillin G. The presence of Cl substitute group in
the complex may enhance the antibacterial activity.

5. Supplementary Materials

X-ray crystallographic data for the complexes have
been deposited with the Cambridge Crystallographic Data
Centre (The Director, CCDC, 12 Union Road, Cambridge,
CB2 1 EZ, UK; e-mail: deposit@ccdc.cam.ac.uk; http://
www.ccdc.cam.ac.uk; fax: +44-(0)1223-336033) and are
available free of charge on request, quoting the deposition
number CCDC 1914265 for 1, and 1914266 for 2.
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Povzetek

Sintetizirali smo dva nova oksidovanadijeva(V) kompleksa, [VOL'L] (1) in [VOL?L] - CH;0H (2 - CH;0H), kjer sta L!
in L2 dianionski obliki N*-(3-bromo-2-hidroksibenziliden)pikolinohidrazida (H,L!) in 2-kloro-N’-(2-hidroksi-3-metok-
sibenziliden)benzohidrazida (H,L?) ter L monoanionska oblika 2-hidroksibenzohidroksamske kisline (HL). Kompleksa
smo okarakterizirali z elementno analizo, infrardeco in elektronsko spektroskopijo. Strukturi kompleksov sta bili potr-
jeni tudi z monokristalno rentgensko analizo. V kompleksu je V atom koordiniran oktaedri¢no. Hidrazonski ligand se
koordinira na V atom preko fenolatnega O, iminskega N in enolatnega O atoma. Hidroksamatni ligand se koordinira na
V atom preko karbonilnega in hidroksilnega O atoma. Kompleksa izrazata antibakterijsko aktivnost proti B. subtilis, S.
aureus in E. coli. Prisotnost Cl skupine na ligandu verjetno ojaca antibakterijsko aktivnost.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
Creative Commons Attribution 4.0 International License
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Abstract

A new hydrazone compound 4-bromo-N’-(pyridin-2-ylmethylene)benzohydrazide (HL) and its cobalt(IIT) and manga-
nese(II) complexes, [CoL,]NO; - 2H,0 (1) and [MnL,] (2) were prepared. They were characterized by a variety of phys-
icochemical techniques. Molecular structures of the compounds were further confirmed by single crystal X-ray crystal-
lography. The coordination geometry around the cobalt atom in complex 1 and the manganese atom in complex 2 are
octahedral, with two pyridine N atoms, two imino N atoms, and two enolate O atoms from the ligands. The compounds
were evaluated for their antibacterial (Bacillus subtilis, Staphylococcus aureus, Escherichia coli, and Pseudomonas fluores-
cence) and antifungal (Candida albicans and Aspergillus niger) activities by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-di-

phenyltetrazolium bromide) method.

Keywords: Hydrazone; Cobalt complex; Manganese complex; Crystal structure; Antimicrobial activity

1. Introduction

Schiff bases and their metal complexes have been the
subject of extensive investigations because of their poten-
tial pharmacological properties and a wide variation in
their modes of bonding and stereochemistry whereas their
hydrazone type complexes received much less attention.
Hydrazones prepared by the condensation reaction of car-
bonyl-containing compounds with hydrazides, have at-
tracted considerable attention for their wide range of bio-
logical activities.! In recent years, transition metal com-
plexes with various ligands have shown interesting biolog-
ical especially antibacterial activities.> Also, some metal
complexes with hydrazones often exhibit diverse biologi-
cal and pharmaceutical activities.> Recent research indi-
cated that hydrazone compounds bearing halido-substi-
tuted groups are efficient antimicrobial materials.* Howev-
er, the studies on the antimicrobial activities of metal com-
plexes derived from 4-bromo-N’-(pyridin-2-ylmethylene)
benzohydrazide (HL) have not been explored. Aiming at
exploring new hydrazone based antimicrobial material, a
cobalt(III) complex [CoL,]NO; - 2H,0 (1) and a manga-
nese(II) complex [MnL,] (2) are reported.

2. Experimental
2. 1. Materials and Physical Methods

2-Pyridinecarboxaldehyde and 4-bromobenzohy-
drazide were purchased from Merck and used as received.
Co(NOs3), - 6H,0 and MnBr, were purchased from Fluka
with AR grade. The solvents and other chemical reagents
were commercially available and used without further pu-
rification. Analysis of C, H and N were done on Elementar
Vario EL III CHNOS elemental analyzer. IR spectra were
recorded as KBr discs on Shimadzu IR spectrophotometer.
Electronic spectra were recorded on Lambda 35 spectrom-
eter. X-ray diffraction was carried out on a Bruker Smart
1000 CCD diffractometer. 'H NMR and *C NMR spectra
were recorded on a Bruker DRX500 using DMSO-d; as
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solvent and TMS as standard. Solution electrical conduc-
tivities were measured on a DIGISUN DI-909 conductivi-
ty meter.

2. 2. Synthesis of 4-bromo-N’-(pyridin-2-
ylmethylene)benzohydrazide (HL).

HL was prepared by mixing 2-pyridinecarboxalde-
hyde (0.100 mol, 10.7 g) and 4-bromobenzohydrazide
(0.100 mol, 21.5 g) in methanol (100 mL). The solution
was heated to boiling for 20 min, cooled to room tempera-
ture. The solution was stand still in air to slow evaporate to
give well-shaped single crystals. Yield: 31.2 g (93%). Char-
acteristic IR data (KBr, cm™): 3485 and 3397 (OH), 3231
(NH), 1653 (C=0), 1589 (C=N). UV-Vis data (methanol,
A/nm): 300, 363. Anal. Calcd for C;,H,,BrN;0,: C, 50.02;
H, 4.20; N, 12.50. Found: C, 50.13; H, 4.16; N, 12.41%. 'H
NMR (500 MHz, DMSO-d,) § 12.08 (s, 1H, NH), 8.62 (d,
2H, ArH), 8.48 (d, 2H, ArH), 7.98 (d, 1H, PyH), 7.90 (m,
1H, PyH), 7.88 (d, 1H, PyH), 7.77 (m, 1H, PyH), 7.43 (s,
1H, CH=N). 3C NMR (126 MHz, DMSO) § 162.36,
153.18, 149.53, 148.35, 136.88, 131.57, 129.79, 128.32,
125.72, 124.78, 119.94.

2. 3. Synthesis of [CoL,]NO; - 2H,0 (1)

To a boiling solution of HL (1.0 mmol, 0.30 g) in
methanol (20 mL), a methanolic solution of Co(NO;), -
6H,0 (1.0 mmol, 0.29 g) was added and refluxed continu-
ously for 3 h, and cooled to room temperature. The filtrate
was kept in air for a few days, to form crystals suitable for

Table 1. Crystal data for HL and the complexes

single crystal X-ray diffraction. Yield: 0.16 mg (42%).
Characteristic IR data (KBr, cm™): 3458 (OH), 1588
(CH=N). UV-Vis data (methanol, A/nm): 290, 335, 383.
Anal. Calcd for C,4H,,Br,CoN,O,: C, 40.92; H, 2.91; N,
12.85. Found: C, 40.74; H, 2.86; N, 12.97%. Ay (107> M in
acetonitrile): 122 Q! cm? mol-1.

2. 4. Synthesis of [MnL,] (2)

To a boiling solution of HL (1.0 mmol, 0.30 g) in
methanol (20 mL), a methanolic solution of MnBr, (1.0
mmol, 0.215 g) was added and refluxed continuously for 3
h, and cooled to room temperature. The filtrate was kept in
air for a few days, to form crystals suitable for single crystal
X-ray diffraction. Yield: 0.17 g (52%). Characteristic IR
data (KBr, cm™): 1585 (CH=N). UV-Vis data (methanol,
A/nm): 270, 290, 365. Anal. Calcd for CysH;sBr,MnNO,:
C, 47.23; H, 2.74; N, 12.71. Found: C, 47.45; H, 2.87; N,
12.63%. Ay (103 M in acetonitrile): 20 Q! cm? mol~.

2. 5. X-ray Crystallography

Single-crystal X-ray diffraction measurements for
HL and the complexes were carried out on a Bruker Smart
1000 CCD area diffractometer equipped with a graphite
crystal monochromator for data collection at 298(2) K.
The determinations of unit cell parameters and data col-
lections were performed with Mo Ka radiation (A =
0.71073 A) and unit cell dimensions were obtained with
least-squares refinements. The program SAINT was used
for reduction data.> All structures were solved by direct

1003

HL 1 2
Formula Cy4H14BrN;0, Cy6Hy,Br,CoN,0O, Cy6H3Br,MnNgO,
FwW 336.19 763.25 661.22
Crystal system Triclinic Monoclinic Monoclinic
Space group P-1 P2y/n C2/c
a(d) 6.5606(12) 14.226(1) 22.006(2)
b () 9.8819(18) 10.9197(7) 14.516(1)
c(h) 23.238(2) 18.770(1) 17.460(2)
a (°) 91.573(2) 90 90
B ) 95.122(2) 93.898(1) 112.867(2)
0] 92.684(2) 90 90
V(A3 1498.1(4) 2909.1(3) 5139.1(8)
Z 4 4 8
1 (MoKa) (A) 0.71073 0.71073 0.71073
T (K) 298(2) 298(2) 298(2)
¢ (MoKa) (cm™) 2.748 3.395 3.660
Reflections/parameters 8936/367 15314/388 12849/334
Unique reflections 5547 4060 4767
Observed reflections [I > 20(I)] 3466 5433 3257
Restraints 1 0 0
Goodness of fit on F? 1.006 1.029 1.030

Ry, wR, [I1>20(I)]
R;, wR, (all data)

0.0498, 0.1370
0.0902, 0.1706

0.0427, 0.0983
0.0662, 0.1098

0.0539,0.1137
0.0877,0.1253
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methods using SHELXS-97 and refined with SHELXL-97,°
non-hydrogen atoms were located in successive difference
Fourier syntheses. The final refinement was performed by
full-matrix least-squares methods with anisotropic ther-
mal parameters for non-hydrogen atoms on F2. The hydro-
gen atoms treated by a mixture of independent and con-
strained refinement. Hydrogen atoms were placed in cal-
culated positions and constrained to ride on their parent
atoms. Crystallographic data and experimental details for
structural analyses are summarized in Table 1.

2. 6. Antimicrobial Assay

The antibacterial activities of the hydrazone com-
pounds and the vanadium complexes were tested against B.
subtilis, S. aureus, E. coli, and P. fluorescence using MH
(Mueller-Hinton) medium. The antifungal activities of the
compounds were tested against C. albicans and A. niger us-
ing RPMI-1640 medium. The MIC values of the tested com-
pounds were determined by a colorimetric method using
the dye MTT.” A stock solution of the compound (150 g
mL"!) in DMSO was prepared and graded quantities (75 yg
mL™, 375 ugmL™", 18.8 ygmL~!, 9.4 ygmL~}, 4.7 yg mL"!,
23 ug mL!, 1.2 uyg mL!, 0.59 ug mL™') were incorporated
in specified quantity of the corresponding sterilized liquid
medium. A specified quantity of the medium containing the
compound was poured into micro-titration plates. Suspen-
sion of the microorganism was prepared to contain approx-
imately 1.0 x 10° cfu mL™! and applied to microtitration
plates with serially diluted compounds in DMSO to be test-
ed and incubated at 37 °C for 24 h and 48 h for bacterial and
fungi, respectively. Then the MIC values were visually deter-
mined on each of the microtitration plates, 50 uL of PBS
(phosphate buffered saline 0.01 mol L™}, pH = 7.4) contain-
ing 2 mg of MTT mL™! was added to each well. Incubation
was continued at room temperature for 4-5 h. The content
of each well was removed and 100 uL of isopropanol con-
taining 5% 1 M HCl was added to extract the dye. After 12
h of incubation at room temperature, the optical density
was measured with a microplate reader at 550 nm.

3. Results and Discussion
3. 1. Chemistry

HL was synthesized from the reaction of pyri-
dine-2-carboxaldehyde and 4-bromobenzohydrazide. The
complexes were prepared by reaction of the hydrazone
with cobalt nitrate and manganese bromide, respectively.
Single crystals of the hydrazone and the complexes were
obtained by slow evaporation of the methanolic solution of
the compounds. Selected bond lengths and angles are giv-
en in Table 2. In both complexes the hydrazones are in
deprotonated form. The elemental analyses values are in
good agreement with the general formulae of the complex-
es. Molar conductivities of complexes 1 and 2 measured in

methanol at concentration of 10> mol L™! are 127 and 32
Q7! cm? mol™}, respectively, indicating the 1:1 electrolytic
nature of 1 and non-electrolytic nature of 2.3

Table 2. Selected bond lengths (A) and angles (°) for the complexes

1
Col-N1 1.858(3) Col-N3 1.938(3)
Col-N5 1.860(3) Col-N6 1.927(3)
Col-01 1.919(2) Col-02 1.903(3)
N1-Col-N3 82.79(12) N1-Col-N5 178.94(14)
N1-Col-N6 97.79(13) N1-Col-0O1 81.66(11)
N1-Col-02 97.58(12) N5-Col-N3 96.38(12)
N5-Co1-N6 82.90(13) N5-Co1-01 99.16(11)
N5-Co1-02 81.74(12) N6-Col-N3 92.82(12)
01-Co1-N3 164.43(11)  O1-Col-N6 90.16(12)
02-Co1-N3 90.15(12) 02-Co1-N6 164.59(11)
02-Co1-01 91.02(11)

2

Mn1-0O1 2.144(3) Mn1-02 2.133(3)
Mn1-N2 2.179(3) Mn1-N5 2.205(3)
Mn1-N4 2.298(4) Mn1-N1 2.362(4)
02-Mn1-01 104.52(12)  02-Mnl-N2  121.25(12)
O1-Mnl-N2  71.89(12) 02-Mn1-N5 70.93(12)
O1-Mnl-N5  127.79(12)  N2-Mnl-N5  156.08(13)
02-Mnl-N4  140.41(11) O1-Mnl-N4 90.64(12)
N2-Mnl-N4  98.12(12) N5-Mn1-N4 70.93(12)
02-Mnl-N1  92.71(12) O1-Mnl-N1  142.55(11)
N2-Mn1-N1 70.75(13) N5-Mn1-N1 89.09(12)
N4-Mn1-N1 96.89(12)

3. 2. Structure Description of HL - MeOH

The molecular structure of HL-MeOH is shown in
Figure 1. The asymmetric unit contains two HL molecules
and two methanol molecules. The molecules of HL adopt
E configuration with respect to the methylidene units. The
distances of the methylidene bonds, 1.26 A, confirm them
as typical double bonds. The shorter distances of the C-N
bonds and the longer distances of the C=O bonds for the
—-C(O)-NH- units than usual, suggest the presence of con-
jugation effects in the hydrazone molecules. The remain-
ing bond lengths in the compound are within normal val-
ues.” The dihedral angles between the pyridine and ben-
zene rings are 35.6(5)° and 12.2(5)°. The crystal structure
of the compound is stabilized by intermolecular hydrogen
bonds (Table 3, Figure 2).

3. 3. Structure Description of Complex 1

Molecular structure of complex 1 is shown in Figure
3. The compound contains a mononuclear cobalt(III)
complex cation, a nitrate anion, and two water molecules
of crystallization. The cobalt center exhibits a distorted oc-
tahedral geometry comprising two tridentate ligands co-
ordinated in a meridional fashion and positioned very
nearly perpendicularly to each other. The hydrazone li-
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Figure 1. Molecular structure of HL, showing the atom-numbering scheme. Displacement ellipsoids for non-hydrogen atoms are drawn at 30%

probability level.

Figure 2. Molecular packing diagram of HL, viewed along the b axis. Hydrogen bonds are shown as dashed lines.

gands coordinate to the cobalt center through the pyridine
nitrogen, imino nitrogen and enolate oxygens. The coordi-
nate bond lengths in the complex are comparable to those
observed in cobalt(IlI) complexes with hydrazone li-
gands.!? Close inspection of the bond distances reveals
that the ligands have undergone keto-enol tautomeriza-
tion. The deprotonation of the ligands enhances the delo-
calization of electrons across the ligand framework and
increases the basicity of the imine nitrogen and pyridine
nitrogen. Like most six-coordinate Schiff base complexes,
the imine nitrogens in the complex coordinate to the co-
balt center in trans positions, while the pyridine nitrogens
and enolate oxygens occupy cis positions.

In the crystal structure of the compound, the com-
plex molecules are linked by nitrate anions and water mol-
ecules through intermolecular hydrogen bonds (Table 3),
to form a three-dimensional network (Figure 4).

Figure 3. Molecular structure of 1, showing the atom-numbering
scheme. Displacement ellipsoids are drawn at 30% probability level.

Tan: Syntheses, Characterization, Crystal Structures
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Figure 4. Molecular packing diagram of complex 1, viewed along the b axis. Hydrogen bonds are shown as dashed lines.

3. 4. Structure Description of Complex 2

Molecular structure of complex 2 is shown in Figure
5. The manganese center exhibits a distorted octahedral
geometry comprising two tridentate ligands coordinated
in a meridional fashion and positioned very nearly per-
pendicularly to each other. The hydrazone ligands coordi-
nate to the manganese center through the pyridine nitro-

gen, imino nitrogen and enolate oxygens. The coordinate
bond lengths in the complex are comparable to those ob-
served in manganese(II) complexes with hydrazone li-
gands.!! Close inspection of the bond distances reveals
that the ligands have undergone keto-enol tautomeriza-
tion. The deprotonation of the ligands enhances the delo-
calization of electrons across the ligand framework and
increases the basicity of the imine nitrogen and pyridine

Figure 5. Molecular structure of 2, showing the atom-numbering scheme. Displacement ellipsoids for non-hydrogen atoms are drawn at 30% prob-

ability level.
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Table 3. Hydrogen bond distances (A) and bond angles (°) for the compounds

D-H--A d(D-H) d(H---A) d(D---A) Angle (D-H--A)
HL

03-H3B.-N2! 0.85(1) 2.48(4) 3.127(5) 133(5)
03-H3B.-.Ol! 0.85(1) 1.99(3) 2.775(5) 151(5)
04-H4A--02 0.82 1.97 2.767(4) 164(5)
N6-H6--04i 0.86 2.06 2.873(5) 156(5)
N3-H3--03 0.86 2.05 2.884(5) 162(5)
1

05-H5B.--Br2il 0.85 2.75 3.346(5) 129(5)
05-H5B---03iil 0.85 2.50 2.924(7) 112(5)
05-H5A--06 0.85 242 3.031(12) 129(6)

Symmetry codes: (i) 1 +x, y, z; (ii) -1 + x, y, z; (iii) 1 - x, 1 -y, 1 - z.

nitrogen. Like most six-coordinate Schiff base complexes,
the imine nitrogens in the complex coordinate to the man-
ganese center in trans positions, while the pyridine nitro-
gens and enolate oxygens occupy cis positions.

3. 5. Spectroscopic Studies

The moderate broad bands at 3230 and 3300-3500
cm™! in the IR spectra of HL and complex 1 are ascribed to
the stretching vibrations of N-H and O-H, respectively.
Characteristic band of v(C=0) at 1653 cm™! for the free
ligand HL is an indication of the keto-form in the solid
state. For the complexes the absorption bands due to
Vv(NH) stretching and the amide band v(C=0) were ab-
sent, indicating that the ligands are coordinated in the
enolate form.!? The C=N bonds are represented by intense
bands centered at 1588 and 1585 cm™! for complexes 1 and
2, respectively.!® In addition, complex 1 shows an intense
band at 1383 cm™!, in agreement with the ionic nitrate.'*
The electronic spectra of HL and the complexes show
bands centered at 290-340 nm, due to the n—7* transition
of the C=N-NH-CO chromophore. The charge transfer
LMCT bands are located in the range 360-390 nm.">

3. 6. Antimicrobial Activity

The hydrazone HL and the complexes were screened
for antibacterial activities against two Gram (+) bacterial
strains (Bacillus subtilis and Staphylococcus aureus) and
two Gram (-) bacterial strains (Escherichia coli and Pseu-
domonas fluorescence) by MTT method. The MIC (mini-
mum inhibitory concentration, ug mL™!) values of the
compounds against four bacteria are listed in Table 4.
Penicillin G was used as the standard drug. The hydrazone
HL shows medium activities against the bacteria B. subti-
lis and S. aureus, and no activity against E. coli and P. fluo-
rescence. The two complexes, in general, have stronger
activities than the free hydrazone. Complex 1 has strong
activity against B. subtilis, S. aureus and E. coli, and weak
activity against P, fluorescence. Complex 2 has strong ac-

tivity against B. subtilis and E. coli, medium activity
against S. aureus, and weak activity against P. fluorescence.
However, both hydrazone and the two complexes have no
activity against the two fungal strains (Candida albicans
and Aspergillus niger). It is interesting that complex 1 has
even stronger activity against the four bacteria than peni-
cillin G.

Table 4. Antimicrobial activities of the compounds

Minimum inhibitory concentrations (ug - mL™1)

Tested. B. subtilis  S. aureus E.coli P.fluorescence
material

HL 18.8 37.5 > 150 > 150

1 1.2 2.3 4.7 37.5

2 4.7 18.8 9.4 37.5
Penicillin G 2.3 4.7 >150 >150

4. Conclusion

In summary, a new hydrazone compound 4-bro-
mo-N"-(pyridin-2-ylmethylene)benzohydrazide and its two
new cobalt(III) and manganese(II) complexes were pre-
pared and structurally characterized. The metal centers are
in octahedral geometry. Both complexes have interesting
antibacterial activities. The cobalt complex has MIC values
of 1.2 and 2.3 yg mL™! against B. subtilis and S. aureus, re-
spectively, which are even better than penicillin G. Further
work is required to be carried out to explore new and effi-
cient antibacterial drug based on the present models.

5. Supplementary Data

CCDC 1812949 (HL), 1547397 (1) and 1547398 (2)
contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via http://
www.ccde.cam.ac.uk/conts/retrieving.html, or from the
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Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or
e-mail: deposit@ccdc.cam.ac.uk.
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Povzetek

Sintetizirali smo nov hidrazon 4-bromo-N-(piridin-2-ilmetilen)benzohidrazid (HL) in njegov kobaltov(III) ter man-
ganov(II) kompleks, [CoL,]NO;- 2H,O (1) in [MnL,] (2). Spojine smo okarakterizirali z razli¢nimi fizikalno-kemijskimi
metodami. Strukture so bile potrjene z rentgensko monokristalno analizo. Koordinacijska geometrija okoli kobaltovega
atoma v kompleksu 1 in manganovega atoma v kompleksu 2 je oktaeri¢na z dvema piridinskima N atomoma, dvema im-
ino N atomoma in dvema enolatnima O atomoma hidrazonskega liganda. Protibakterijske (Bacillus subtilis, Staphylococ-
cus aureus, Escherichia coli, Pseudomonas fluorescence) in protimikoti¢ne (Candida albicans in Aspergillus niger) lastnosti
vseh treh spojin smo testirali z MTT (3-(4,5-dimetiltiazol-2-il)-2,5-difeniltetrazolijev bromid) metodo.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
Creative Commons Attribution 4.0 International License
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Abstract

Flexidentate ligand, HL has been prepared by the condensation of aminoethylethanolamine (AEEA) with benzoylace-
tone (bezac). On reaction with copper(II) salts it gives complexes CuLClO,.H,O (1), CuLN; (2) and [Cu;L;Br]Br, - H,O
(3). All complexes have been characterized by X-ray crystallography. The results show that the hydroxyl group of the
flexidentate ligand can coordinate to the Cu(II) center or remain as an uncoordinated group. In (1), the coordination
number around the copper(II) ion is five coordinated and the ligand is tetradentate with the OH group coordinated to
the copper(II) ion. Complex (2) has a square planar geometry and the L™ ligand is tridentate with the hydroxyl group left
uncoordinated. The X-ray diffraction analysis of the trinuclear complex (3) shows that the copper(II) centers are five-co-
ordinate and L™ is a tetradentate ligand with the hydroxyl group being both terminal and bridging. The Hirshfeld surface
analysis and the 2D fingerprint plot were used to analyze all of the intermolecular contacts in the crystal structures.

Keyword: Flexidentate ligand; hydroxyl group; hirshfeld surface; fingerprint plot; tridentate; tetradentate

1. Introduction

The design and synthesis of new transition metal
complexes with polynuclating ligands, which represent
themselves as potential chelating ligands with more than
set of donor atoms, have been of interest for many years.!”’
The ability of transition metal jions to bond to possible co-

Scheme 1. Synthesis of the flexidentate ligand

ordination sites of these ligands depends on the type of the
metal ion, the donor atoms of the ligand, the flexibility of
the ligand and the counter-anions used. The term “flex-
identate” is used to describe the coordination behavior of
this type of ligand.”"'2 Complexes of the transition metal
with Schiff base ligands derived from amine-alcohols are
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probably the best know examples of this. In these com-
pounds, the hydroxyl group coordinates to the metal ions
when the other coordination sites of the metal are weakly
coordinated (e,g. ClO,~ and halogens), but the hydroxyl
group remains as an uncoordinated OH group when the
other coordination sites of the metal ions are occupied by
strongly coordinating groups (for example N;7).13-17

Herein we report the synthesis, spectral characteri-
zation and crystal structure of several new copper(Il)
complexes formed by the reaction of the flexidentate Schift
base ligand aminoethyl ethanolamine benzoylacetone, HL
(scheme 1), with Cu(II) in the presence of several counter
anions. The Schiff base ligand was obtained by condensa-
tion of 2-((2-aminoethyl)amino)ethan-1-ol (aminoethy-
lethanolamine, AEEA) and benzoylacetone (bezac). This
flexidentate ligand can be tridentate or tetradentate with
copper(II), depending on the coordinating abilities of the
other ligands which are present; the hydroxyl group of this
ligand may coordinate to Cu(II) or may remain uncoordi-
nated.

2. Experimental Section

2. 1. Starting Materials

All chemicals were of analytical reagent grade and
were used without further purification.

Table 1. Crystallographic data of the complexes 1-3

Caution! Azide salt is potentially explosive. Only
small amounts should be used and it should be handled
with great care.

2. 2. Physical Measurements

Infrared spectra were taken with an Equinox 55
Bruker FT-IR spectrometer using KBr pellets in the 400-
4000 cm™! range. Absorption spectra were determined us-
ing methanol and dimethylformamide (DMF) solutions in
a GBC UV-Visible Cintra 101 spectrophotometer with a 1
cm quartz cell, in the range 200-800 nm. Elemental analy-
ses (C, H, N) were performed by using a CHNS-O 240011
PERKIN-ELMER elemental analyzer.

2. 3. X-ray Crystallography

Diffraction images were measured at 150 K on an
Agilent SuperNova diffractometer using Cu Ka (A =
1.54180 A) radiation. Data were extracted using the Crys-
Alis PRO package.!® The structures were solved by direct
methods with the use of SIR92." The structures were re-
fined on F? by full matrix last-squares techniques using the
CRYSTALS program package.?’ Atomic coordinates, bond
lengths and angles and displacement parameters have
been deposited at the Cambridge Crystallographic Data
Centre. The H atoms were initially refined with soft re-

Compound 1 2 3

Chemical fOrmula C14H21C1CU4N207 C14H19CUN502 C42H59Br3CU3N6O7

Formula weight 428.33 352.88 1190.31

Temperature (K) 150 150 150

Space group Monoclinic, P2 n Z=4 orthorhombic, Pbca, Z = 8 Monoclinic, P2,/n, Z = 4

Unit cell dimensions

a(A) 10.2326 (2) 7.2877 (1) 12.2525 (1)

b (A) 13.2639 (2) 18.1046 (1) 25.5177 (2)

c(A) 13.1667 (2) 22.1217 (2) 16.5499 (1)

a ) 90 90 90

B () 103.6655 (14) 90 90.0015 (6)

6) 120 90 90

V (A% 1736.45 (5) 1178.85 (3) 4566.09 (6)

F(000) 844 1464 2404

Deac (g em™) 1.638 1.606 1.731

Crystal size (mm) 0.26 x 0.08 x 0.06 mm 0.28 x 0.06 x 0.06 mm 0.30 x 0.16 x 0.03 mm

u (mm™) 3.56 2.25 5.15

0 range (°) 5-73 3-74 3-74

Limiting indices -12<h<11 -7<h<8 -15<h<15
-16<k<16 -22<k<22 -24<k<27
-l16<1<16 -27<1<27 -20<1<20

R[E2 > 20(F2)] 0.034 0.032 0.0399

wR(F2) (all data) 0.087" 0.087" 0111

“w = 1/[0*(F?) + (0.05P)? + 1.84P], where P = (max(F,%,0) + 2F.2)/3 “w = 1/[0*(F?) + (0.06P)? + 1.89P] , where P = (max(F,%,0) + 2F.2)/3 " meth-
od Chebychev polynomial, [weight] = 1.0/[A¢*Ty(x) + A*T(x) ...+(A,_1)*T,.1(x)], method Robust weighting, W = [weight]*[1-(deltaF/6*sig-

maF)?]? where A; = 0.165E + 04 0.171E + 04 708.155 and x = F/F,
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straints on the bond lengths and angles to regularize their
geometry (C—H in the range 0.93-0.98 A, N—H = 0.87 A,
O—H = 0.82 A) and with U, (H) in the range 1.2-1.5
times U, of the parent atom. After this, the positions of
the H atoms bonded to O and N were refined without con-
straints whereas those bonded to C ride on the atoms to
which they are bonded. Crystallographic data and refine-
ment details for the complexes are given in Table 1.

2. 4. Synthesis of the Schiff-base Ligand
Aminoethylethanolaminebenzoylacetone
(HL).

The flexidentate Schiff base HL was synthesized by a
general method using the condensation reaction of ami-
noethylethanolamine (1 mmol, 0.10 ml) and benzoylace-
tone (1 mmol, 0.162 g) in methanol medium (30 mL) un-
der reflux for 2 hours.??? The bright yellow solution
containing the Schiff base ligand (HL) was used for syn-
thesis of the complexes without further purification. The
IR spectrum of the HL ligand shows a characteristic strong
band at 1580 cm™!, which is assigned as vC=N.

2. 5. Synthesis of Copper(II) Complexes

CuX,.nH,0, (X=ClO,n=6,0.370g,1; X =NO3, n
=3,0.242 g,2and; X =Br,n =0, 0.223 g, 3), (1 mmol) was
added to a solution of the ligand HL, aminoethylethanol-
aminebenzoylacetone (1 mmol) in methanol (30 mL) and
the resulting solution was stirred at room temperature for
2 h. The solution’s color turned green. For complex 2, after
2 h of continuous stirring of the copper(Il) nitrate trihy-
drate and ligand solution, finely powdered sodium azide
(0.065 g, 1.0 mmol) was added to the solution and stirring
was continued for a further 2 h.

CuLClO4H,O0, 1. The solution was filtered and the clear
green filtrate was kept in a beaker to allow slow evapora-
tion of the solvent. A solid green powder was obtained.
Dark-green prismatic crystals suitable for X-ray crystal-
lography were obtained from methanol / cyclohexane (3:1
v/v) and were filtered, washed with cold ethanol and dried
in the air. Yield: 72%. Anal. Calc. for C,,H,,CICuN,0;: C,
39.26; H, 4.94; N, 6.54%. Found: C, 39.48; H, 4.99; N,
6.60%. IR (KBr, v,,/cm™!) bands: 1555, and 1061. UV-
Vis, Apax(methanol)/nm: 577 (log ¢, 1.88), 281 (4.20) and
211 (4.57).

CulNj, 2. Stirring was continued for 2 h after addition of
sodium azide, The solution was filtered and the filtrate was
left aside for crystallization. Dark-green prism crystals
suitable for X-ray diffraction appeared at the bottom of the
vessel upon slow evaporation of the solvent at room tem-
perature, and were collected by filtration, washed with
cold ethanol and dried in the air. Yield: 82%. Anal. Calc.
for C,4,H,oCuN;O,: C, 47.65; H, 5.43; N, 19.85%. Found:

C, 47.73; H, 5.60; N, 19.42%. IR (KBr, v,,,/cm™!) bands:
2043 and 1556. UV-Vis, A, (dimethylformamide, DMF)/
nm: 567 (log €, 2.19) and 326 (3.18).

[Cu3L;Br]Br,.H,0, 3. The solution was filtered and the
clear green filtrate was kept in a beaker to allow slow evap-
oration of the solvent. A solid green powder was obtained.
Green crystals suitable for X-ray crystallography were ob-
tained from dichloromethane /2-propanol (3:1 v/v) in an
open beaker and were filtered, washed with cold ethanol
and dried in the air. Yield: 48%. Anal. Calc. for Cy,H-
50Br;CusNgO-: C, 42.38; H, 5.00; N, 7.06%. Found: C,
42.13; H, 5.01; N, 7.01%. IR (KB, v, /cm™!) band: 1552.
UV-Vis, Ap.(methanol)/nm: 567 (log &, 2.58) and 346
(3.70).

Many attempts made to synthesize the CuLX (X=
NO;, CI, 0.5 SO4) complexes failed and the sole product
isolated from the preparative mixtures was the Cu(bezac),
complex which was identified by the X-Ray structure (see
Fig. S1).

3. Results and Discussion

3. 1. Synthesis and Characterization of the
Complexes

The flexidentate Schiftf base HL was obtained by the
in-situ condensation of aminoethylethanolamine and ben-
zoylacetone under reflux in methanol solvent. Reactions of
appropriate copper(II) salts with an equimolar amount of
the ligand HL in methanol solution led to the formation of
complexes 1-3. The Schiff base HL can adopt both chelat-
ing and bridging modes. The ligand undergoes deprotona-
tion during the reaction and the anionic form of the ligand
L~, coordinates to the metal center.

In the mononuclear CuLClO, complex 1, which was
formed from copper(II) perchlorate, L™ acts as a tetraden-
tate ligand. In mononuclear CuLN; complex 2 which was
obtained with copper(I) nitrate in the presence of N;~. L~
act as a tridentate ligand. On the other hand, reaction of
HL with CuBr, leads to the formation of a trinuclear cop-
per(II) complex where L™ acts as a tetradentate ligand with
the ligand adopting both chelating and bridging modes
(vide infra). However, the green solutions which were ob-
tained by the reaction of HL with Cu(NO;),, CuCl, or
CuSO, contain the Cu(bezac), complex, showing that HL
underwent hydrolysis under the same conditions. This
complex was characterized by elemental analyses and
X-Ray crystallography (SI). Cu(bezac), has been reported
previously and can be obtained by directed reaction of
Cu(CH;COO), and benzoylacetone in methanol medi-
um.”

The IR spectrum of the free HL ligand shows a band
at 1580 cm™!, which is assigned as vC=N. In free Schiff
base ligands the frequency of the hydroxyl group (phenol

Vafazadeh et al.: Anion Modulated Structural Variations ...



Acta Chim. Slov. 2019, 66, 1010-1018

and alcohol) is observed in the 3200-3400 cm™ region,
due to intramolecular hydrogen bonding between OH and
the nitrogen atoms of the ligand. The IR spectra of com-
plexes 1-3 show a decrease in vC=N of about 25 cm™! in
comparison with the free ligand, which indicates coordi-
nation of the imine nitrogen atom to the copper ion.24-26
Complex 1, [CuLCIO,4], shows strong bands at 1061 cm™!
corresponding to stretching frequencies of the perchlorate
group.?’ The IR spectra of the complex 2 exhibit a band
about 2043 cm™!, which is characteristic of a coordinated
azide group ligand.?’

3. 2. Crystal Structures

3. 2. 1. Description of the Complex 1

Single crystals of complex 1 suitable for X-ray were
obtained from a solution of 1 in methanol/cyclohexane.
The complex crystallizes in the monoclinic space group
P2;/n. The molecular structure of the complex with label-
ing of selected atoms is shown in Fig. 1. Selected bond
lengths and angles are listed in Table 2. The molecular
structure shows that the copper(II) ion is five coordinated.
L™ acts as a N,O, tetradentate ligand which forms two
five-membered and one six-membered chelate rings with
the Cu(II) metal center with the hydroxyl group coordi-
nated to the metal ion. The fifth position at the Cu ion is
occupied by an O atom of the ClO, anion. There is disor-
der in the packing of the ligand over two positions, which
have relative occupancies of 85%:15%. In Fig.1, the molec-
ular structure of the complex shows only the major posi-
tion for each disordered atom, while Fig. S2 shows both
positions of the disordered atoms.

Fig. 1. The molecular structure of [CuL(ClO,)], 1 with labeling of
selected atoms.

The coordination geometry about the copper ion is
close to square pyramidal with the Addison parameters t =
0.19. tis defined as T = (a-b)/60, (a > b), where a and b are
the two largest angles around the Cu center; T = 1 for a
regular trigonal bipyramid and t = 0 for a regular square

pyramid.?® According to the bond lengths between the
copper and the coordinating atoms (i.e., four bonds with
short distances of 1.8935(14)—2.004(2) A and one bond
with a long distance of 2.5173(16) A) the square base con-
sists of the N2 O2 donors from the flexidentate Schiff base
ligand and the apical position is occupied by the oxygen
atom from the perchlorate anion and has the longer Cu-O
distance. The Cu-O and Co-N bond lengths are in good
agreement with analogous Cu(II) complexes previously
reported.?!> 2 39 The copper atom is displaced from the
basal plane of N202 by 0.063 A towards the apical oxygen
atom.

The NH amine of Schiff base ligand plays a role in
the H bonding network with there being an intramolecu-
lar hydrogen bond between the hydrogen atom H1 of the
amine with the oxygen atom O4 of the perchlorate anion.
Also, there are intramolecular hydrogen bonds between

Table 2. Selected bond lengths (A) and angles (°) in complexes 1-3

Complex 1

Cul-O1 1.894 (1) 01-Cul-02 94.36 (6)
Cul-02 1.967 (2) 01-Cul-03 89.76 (6)
Cul-03 2.517 (2) 02-Cul-03 99.33 (7)
Cul-N1 1.911 (2) 0O1-Cul-N1 97.09 (7)
Cul-N2 2.004 (2) 02-Cu2-N1 163.74 (7)
Cul-N92 2.013 (8) 01-Cu2-N2 175.08 (8)
Cl1-03 1.439 (2) 03-Cl1-06 109.9 (1)
Cl1-06 1.417 (2) 04-Cl1-06 109.5 (1)
Complex 2

Cul-O1 1.918 (1) 01-Cul-N1 93.10 (5)
Cul-N1 1.940 (1) N1-Cul-N2 85.25 (6)
Cul-N2 2.036 (1) N2-Cul-N3 92.45 (6)
Cul-N3 1.988 (2) 01-Cul-N2 177.68 (6)
01-Cl1 1.303 (2) N1-Cul-N3 167.70 (7)
02-Cl4 1.413 (2) Cul-N3-N4 118.3 (1)
N3-N4 1.195 (2) N3-N4-N5 176.9 (2)
N4-N5 1.160 (2)

Complex 3

Cul-0O1 1.887 (2) 01-Cul-02 91.28 (8)
Cul-02 2.029 (2) N1-Cul-N2 86.90 (9)
Cul-022 2.508 (2) 02-Cul-N2 84.55 (9)
Cul-N2 1.988 (2) 01-Cul-N2 175.75 (9)
Cul-N1 1.905 (2) 02-Cul-022 90.07 (7)
Cu2-021 1.906 (2) N21-Cu2-022 107.61 (8)
Cu2-022 2.380 (2) 021-Cu2-022 98.10 (8)
Cu2-N21 1.948 (2) 021-Cu2-Brl 159.86 (7)
Cu2-N22 2.017 (2) 021-Cu2-N22 173.2 (1)
Cu2-Brl 2.463 (5) 022-Cu2-Brl 91.85 (5)
Cu3-031 1.842 (2) 032-Cu3-N32 84.2 (1)
Cu3-032 2.008 (2) 031-Cu3-N32 172.7 (1)
Cu3-N31 1.910 (2) 031-Cu3-032 92.04 (8)
Cu3-N32 1.985 (2) N31-Cu3-N32 86.8 (1)
Cu3-Brl 3.015 (5) N31-Cu3- Brl 88.32 (7)
Cul...Cu2 4.356 Cul-022-Cu2 128.02
Cu2...Cu3 3.910 Cu2-Br1-Cu3 90.50
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the hydrogen atoms of the uncoordinated water molecule
with the oxygen atoms O5 and O1 of the perchlorate an-
ion and with the hydroxyl group. The hydrogen atom of
the coordinated hydroxyl group is involved in intermo-
lecular hydrogen bonding interaction with the oxygen
atom O7 (-x, -y+1, -z+1) of the uncoordinated water
molecule. Full details of the hydrogen bonding are given
in Table 3.

3. 2. 2. Description of the Complex 2

The molecular structure of 2 is shown in Fig. 2.
Complex 2 is monomeric and crystallizes in orthorhombic
space group Pbca. The single crystal X-ray diffraction data
for compound 2 is listed in Table 1. Selected bond lengths
and angles are summarized in Table 2.

The Schiff base ligand acts as a tridentate monoan-
ionic ligand, L™. The ligand forms one five-membered and
one six-membered chelate ring with the Cu(II) metal cen-
ter via the two nitrogen atoms of the amine and imine
groups and one oxygen atom of one phenoxy group, and
the hydroxyl group is left uncoordinated. The coordina-

Fig. 2. The molecular structure of [CuL(N3)], 2 with labeling of se-
lected atoms.

tion geometry around the Cu(II) ions is four coordinated
with a N3O donor set, N2O from the Schiff base ligand
and one nitrogen from the azide ligand. The copper center

Fig. 3. The intermolecular hydrogen bonding between uncoordinated hydroxyl group of ligand and terminal nitrogen atom of neighboring coordi-

nated azide ligand in complex 1 along a axis.

Table 3. Hydrogen bonding (A) and angles (°) in copper complexes

D-H..-A D-H H--A D...A D-H.-A Symmetry code
N2-H1--04 0.87 (4) 2.32(4) 3.113 (5) 152 (3)
02-H2.-07* 0.83 (4) 1.78 (4) 2.597 (2) 168 (3) -X, -y+1, -z+1

1 07-H3--05 0.74 (4) 2.10 (4) 2.883 (2) 178 (4)
07-H4--01 0.82 (4) 2.05 (4) 2.848 (2) 166 (4)
N2-H1--O1* 0.87 (2) 2.43(2) 3.160 (2) 142 (2) x-1/2,y, -z+1/2

2 02-H2.--N5* 0.71 (3) 2.22(3) 2,922 (2) 172 (3) x-1/2,y, -z+1/2
N2-H1--021 0.87 (3) 2.22(3) 3.057 (3) 160 (4)
N22-H2--N31 0.88 (3) 2.29(2) 3.091 (3) 150 (3)
N32-H3--01* 0.88 (2) 2.46 (3) 3.212 (3) 143 (3) -x+1/2, y-1/2, -z+3/2
02-H4---Br2 0.81 (2) 2.34 (3) 3.141 (2) 169 (4)

3 022-H5--Br2 0.85 (3) 2.32(3) 3.145 (2) 165 (4)
032-H6---Br3* 0.84 (3) 2.28(2) 3.119 (2) 177 (4) -x+1/2, y-1/2, -z+3/2
O41-H7--Br3* 0.86 (3) 2.56 (4) 3.393 (3) 166 (3) -x+1, -y+1, -z+1
041-H8--Brl 0.88 (4) 2.47 (3) 3.345 (3) 172 (4)
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has a 1, index of 0.104. The T, parameter is [360° — (a +
B)]/141°, where a and P are the largest angles around the
central metal in the complex; 1, = 1 for a regular tetrahe-
dron and 1, = 0 for a regular square planar geometry.’! In
2, the Cu-O bond length is 1.9184(11) A and the Cu-N
bonds range from 1.9402(13)-2.0363(14) A. The Cu-
N(azide) bond length (1.9879(16) A), is longer than
Cu-N(imine) (1.9402(13) A) and shorter than Cu-
N(amine) (2.0363(14) A). The Cu-N bond length suggest-
ing that azide ligand interacts with copper(II) center more
strongly in comparison to the nitrogen atom of the amine
and weaker than the nitrogen atom of the imine. The azide
ligand is almost linear with N3-N4-N5 bond angle
176.85(19)°.

The uncoordinated hydroxyl group of the Schift base
ligand plays a significant role in the intermolecular hydro-
gen bonding. There is an intermolecular hydrogen bond-
ing between the hydrogen atom of the hydroxyl group with
the terminal nitrogen atom of a neighboring coordinated
azide ligand, with a donor-acceptor distance of 2.922(2) A
and D-H---A angle 172(3)°, which build a 1D chain struc-
ture running through the a axis (Fig. 3). Full details of the
hydrogen bonding are given in Table 3.

3. 2. 3. Description of the Complex 3

Complex 3 crystallizes in the monoclinic space
group P2,/c. The molecular structure of the complex with
labeling of selected atoms is shown in Fig. 3. Selected bond
lengths and angles are listed in Table 2. From the crystal
structure, it has been found that complex 3 is trinuclear,
[Cu;L3Br]Br,, with a hydroxyl group bridge and one asym-
metric Br anion bridge. The copper(II) centers are five-co-
ordinated and L~ acts as a tetradentate ligand with the ox-
ygen atom of the hydroxyl group coordinating in both
terminal and bridging ligands. On the basis of atoms do-
nor set around each copper, there are three types of Cu(II)

Fig. 4. The molecular structure of [CusL;Br]?* cations 3 with labe-
ling of selected atoms.

ions, i.e., [CuN,O,(u-OH)] for Cul, [CuN,O(u-OH)(u-
Br)] for Cu2 and [CuN,O,(u-Br)] for Cu3.

The bond angles at Cu(II) between two donor atoms
in the cis position are in the range 84.17(10)-107.61(8)°
and between two donor atoms in the trans position they
are in the range 159.86(7)° and 175.75(9)° (Table 2). The
coordination geometry around each of the central copper
is distorted square pyramidal, according to Addison T pa-
rameter values of 0.17, 0.22 and 0.06 for Cul, Cu2, and
Cu3, respectively.?® The deviation of copper(Il) atoms
from the basal plane towards the axially coordinated site
are 0.104, 0.135, 0.005 A for Cul, Cu2 and Cu3, respec-
tively.

In the case of Cul center, the four equatorial posi-
tions are occupied by two oxygen (O1 and O2) and two
nitrogen atoms (N1 and N2) of the Schiff base and the
apical position is occupied by one oxygen atom (022)

Fig. 5. Hirshfeld surface mapped with d,,,, for complexes 1-3.
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from an adjacent Schiff base ligand of the next unit of the while the apical position is occupied by the oxygen atom

trinuclear complex. In the Cu2, the four equatorial posi- (022) of the hydroxyl group of the Schiff base. The hy-

tions are occupied by one oxygen (O21) and two nitrogen droxyl oxygen atom acts as a bridge connecting two Cul

atoms (N21 and N22) of the Schiff base and a p-Br1 anion, and Cu2 centers. The remaining copper center, Cu3 is
1

Fig. 6. The 2D fingerprint plots and relative contributions to the percentage of Hirshfeld surface for various interactions in 1-3.
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similar to Cul in that the four equatorial positions are oc-
cupied by the Schiff base with N,O, donor atoms, while
the apical position is occupied by a p-Brl anion. The
bridging Brl anion connects two Cu2 and Cu3 ions with
each other.

The Cu-O and Cu-N bond lengths in the equatorial
plane are in the range of 1.872(2)-2.029(2) and 1.905 (2)
t0 2.017(2) A, respectively (Table 2). As shown in Table 2,
the Cu-O(hydroxy) bond lengths in the apical position
(Cul-022 =2.508(2) and Cu2-022 = 2.380(2) A) are lon-
ger than the Cu-O(hydroxy) bond lengths in the equatori-
al positions (Cul-O1 =2.029(2) and Cu3-032 =2.008(2)),
which is consistent with analogous systems observed in
the literature.1- 22 26. 32

The NH amine of the Schiff base ligand plays a sig-
nificant role in the hydrogen bonding. There are intramo-
lecular and intermolecular hydrogen bonds between the
hydrogen atoms of the NH groups of the amines with the
oxygen atoms of hydroxyl groups. Also, there are intramo-
lecular and intermolecular hydrogen bonding between the
hydrogen atoms of the uncoordinated water molecule and
hydroxyl groups with the uncoordinated Br anions. Full
details of the hydrogen bonding are given in Table 3.

3. 3. Hirshfeld Surface Analysis

In order to profoundly examine the strength and role
of the intermolecular contacts, and to estimate their im-
portance for the crystal lattice stability, Hirshfeld surface
analysis has been conducted. The Hirshfeld surface of the
complexes 1-3 is illustrated in Fig. 5. The normalized con-
tact distance, d,,, defined in terms of d, (distance from a
point on the surface to the nearest nucleus outside the sur-
face), d; (distance from a point on the surface to the near-
est nucleus inside the surface) and the van der Waals radii
of the atoms, r'®V given by equation 1:

(1)

The value of the d,,, can be positive or negative
when intermolecular contacts are longer or shorter than
the sum of the atoms vdw radii, respectively. The d,,.,, val-
ues are mapped onto the Hirshfeld surface using a red-
blue-white color scheme. Red regions correspond to clos-
er contacts and negative d,.., value, the blue regions
correspond to longer contacts and positive d,o., value.
The white-colored regions correspond to weak contacts
and the distance of contacts is around the vdW separation
(dnorm = 0)-33’34

The 2D fingerprint plots are used to analyses all of
the intermolecular interactions. The full fingerprint plot
for 1-3 and the contribution of each type of interaction
are shown in Fig. 6. The highest contribution occurs due
to H--H contacts. Fig. 6 shows the percentage of contri-
bution of various intermolecular close contacts which

play an important role in the stabilization of molecular
structures.

4. Conclusion

Three complexes have been synthesized by reaction
of Cu(II) ion with the flexidentate Schiff base ligand de-
rived from the condensation of aminoethylethanolamine
and benzoylacetone. All complexes have been character-
ized by X-ray crystallography. In complexes 1 and 3, the
ClO,™ and Br~ anions are coordinated to the copper ion,
and the hydroxyl group of the flexidentate ligand coordi-
nates to the Cu(II) center such that the ligand is tetraden-
tate. However, in complex 2, the presence of the N5 anion
with its strong coordinating ability, leads to the ligand
being tridentate, with the hydroxyl group left uncoordi-
nated.

5. Supplementary Material

The deposition numbers of the studied complexes,
1-3 are CCDC 1912996-1912998, respectively. These data
can be obtained free-of-charge via www.ccdc.cam.ac.uk/
data_request/cif, by emailing data-request@ccdc.cam.
ac.uk, or by contacting The Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax +44 1223 336033.
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Abstract

Blue prismatic crystals of mononuclear [Cu'(O,CH),(Py);] (Py = pyridine, CsH;N), 1, were prepared from reaction
solution containing dry pyridine and dinuclear [Cu,"(O,CH),(Py),]. When a portion of solution together with crystals
was exposed to air moisture, crystals of 1 dissolved in mother liquid. Simultaneously, blue needles of 2, i.e. covalently
linked one-dimensional chain structure with formula [Cu(O,CH),(Py),],, - nH,O, grew out of the solution. The process
lasted few minutes and was observed under optical microscope. The conversion from 1 to 2 takes place also outside of
solution in the solid state. Single crystal X-ray diffraction data were collected at 150 K for 1 and after that for 2, originat-
ing from the same reaction solution. This paper reports the structures of both compounds. Alternative synthesis method
of 2 arising from a mixture of copper methanoate and pyridine is also reported.

Keywords: Copper(II) methanoates; pyridine; crystal structure determination; structure conversion

1. Introduction

The coordination chemistry of copper(Il) with dif-
ferent carboxylate ligands is very diverse, mainly due to
the versatility of coordination modes of carboxylate ligand
which with its four lone electron pairs can be coordinated
to 1-4 metal centres.! Additionally, different alkyl chain
lengths of different carboxylates represent a greater or less-
er sterical obstacle on a way to a formation of complex
molecules. However, the smallest carboxylate ligand, i.e.
methanoate anion, is thus the one with the least steric in-
fluences. If additional N-donor ligand from the family of
(substituted) pyridines is introduced besides the methano-
ato ligand, the diversity of the obtained crystal structures
further increases. In this case, mononuclear, dinuclear
paddle-wheel like or polynuclear coordination moieties
are formed.? Interestingly, only four crystal structures of
copper(II) with pyridine and methanoato ligand are listed
in CSD, i.e. mononuclear [Cu(O,CH),(Py),(H,0),] (ref-
code AFMPCA)?, dinuclear paddle-wheel [Cu,(O,CH),
(Py),] (refcode AFMPCB)?, and polynuclear [Cu(O,CH),
(Py),l, - nH,O (refcodes FORPCU and FORPCUO1).>*
Crystal structures with substituted pyridines are more fre-
quent, e.g. with 2-methylpyridine,>® 3-methylpyridine,®”

4-methylpyridine,® 2,6-dimethylpyridine,® 3-hydroxypyri-
dine,” 4-aminopyridine,!° etc.

In this paper, the synthesis and characterization of
two copper(II) coordination compounds with methanoato
and pyridine ligands is described. In both compounds, the
coordination number of central copper(Il) is five, which is
less usual than four- or sixfold coordination.!!-13

2. Experimental

2. 1. Materials and Measurements

All reagents and chemicals were purchased from
commercial sources and used without further purification.
The identity of the intermediate compounds was proven
by means of X-ray powder diffraction (see Supplementary
Information). CHN elemental analyses were performed
with a Perkin-Elmer 2400 CHN Elemental Analyzer. The
amount of copper was determined electrogravimetrically
with Pt electrodes. The infrared spectra were measured on
solid samples using a Perkin-Elmer Spectrum 100 series
FT-IR spectrometer equipped with ATR. Electronic spec-
tra were recorded as nujol mulls and also as solutions (wa-
ter, acetonitrile, methanol, DMSO) on Perkin Elmer UV/
VIS/NIR Spectrometer Lambda 19 between 200 and 860
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nm. Magnetic susceptibility of the substance was deter-
mined at room temperature by the Evans method using
powdered sample and a Sherwood Scientific MSB-1 bal-
ance with HgCo(NCS), as a calibrant. Diamagnetic cor-
rections were estimated from Pascal’s constants and the
effective magnetic moment was calculated using the equa-
tion: p.q = 2.828(xMT) V2.

2. 2. Syntheses

a-Cu(O,CH), was synthesized via modified pub-
lished synthesis pathway.!* To concentrated HCOOH
(11.9 mL), water (0.8 mL) and powdered Cu,(OH),CO;
(2.0 g, 9.0 mmol) were added. The reaction mixture was
refluxed for one hour, and left in the refrigerator at approx.
5 °C overnight. Dark blue crystalline product was filtered
off, dried in the air for 20 minutes and additionally in a
desiccator over solid KOH for 24 hours. Yield: 95%.

[Cu,(0,CH)4(Py),] was prepared from a-Cu(O,CH),
(1.0 g, 6.5 mmol), pyridine (1.2 mL, 14.9 mmol) and aceto-
nitrile (20 mL). The reaction mixture was stirred at room
temperature for two hours. The obtained green powder
was filtered off, dried in the air for 20 minutes and addi-
tionally in a desiccator over solid KOH for 24 hours. Yield:
88%.

[Cu(O,CH),(Py);] (1). The flask with 10 mL of dry
pyridine (dried with KOH) was placed in an inert atmo-
sphere and purged with argon. While stirring, 0.40 g of
powdered [Cu,(O,CH),(Py),] was added. The flask was
put into an oil bath which was heated to 50 °C. After 10
min the reaction solution was poured through the filter
paper, the flask with the filtrate was sealed and put in the
refrigerator at approx. 5 °C. After one month the blue
prisms were obtained, suitable for X-ray structural analy-
sis. The compound 1 is very sensitive to the presence of
moisture. Crystals of 1 were stable for several weeks, if
they were kept in a hermetically sealed container. Upon
exposure to air moisture, the crystals of 1 transformed into
2 very quickly. Thus, the other analyses of 1, with excep-
tion of single crystal X-Ray structural analysis could not
be performed.

[Cu(O,CH),(Py),l,, - nH,O (2). Compound 2 was
prepared in two different ways:

A) 0,75 g a-Cu(O,CH), was added into 10 mL of
pyridine while stirring. The reaction mixture was cau-
tiously heated until the previously blue solution became
dark violet. At that time the hot solution was poured
through the filter paper. The filtrate was left to stand in the
refrigerator at approx. 5 °C for 24 hours. After that time
blue needle like crystals grew in the solution which were
filtered off and dried in air. Diffraction image of selected
single crystal showed that the unit cell of product corre-
sponded to that of compound 2. This identification was
further confirmed by taking powder diffraction pattern
using Guinier-De Wolf camera. Yield: 68%. Anal. Calc. for
C,,H,,CuN,Os: C, 43.70; H, 4.28; N, 8.50; Cu, 19.27.

Found: C, 43.53; H, 4.36; N, 8.46; Cu, 19.15. Magnetic sus-
ceptibility (RT): pregs 1.83 BM. IR: v,y (CO,), 1626, 1589,
1579 cm™, vy, (CO,), 1326 cm™'. UV-VIS (nujol): Apax
638, 270 nm.

B) The single crystals of 2 were obtained also from 1
as follows. Single crystals of 1 together with the mother
liquid were left in the open Petri dish. After few minutes,
the crystals of 1 dissolved completely and single crystals of
2 grew out of the reaction solution. Such single crystal of 2
was used for structural determination described in this pa-
per.

2. 3. X-Ray Crystallography

For X-ray structure determination, the single crys-
tals of both compounds were surrounded by silicon
grease, mounted on the tip of glass fibres and transferred
to the goniometer head in the stream of liquid nitrogen.
For compound 2, the single crystal obtained by decom-
position of 1 as well as the one obtained by procedure B
was used to prove that both possess the same crystal
structure (the data included in this paper refer to the sin-
gle crystal of 2 that was prepared from 1). Diffraction
data for structure analysis were collected on a Nonius
Kappa CCD diffractometer using Nonius COLLECT soft-
ware and monochromated Mo Ka radiation at 150 K.»
Data reduction and integration were performed with the
DENZO-SMN program suite.'® The initial structural
model containing coordination molecule was obtained
via direct methods using the SIR97 structure solution
program.!” A full-matrix least-squares refinement on F?
magnitudes with anisotropic displacement parameters
for all non-hydrogen atoms using SHELXL-2013 was em-
ployed.'® All H atoms were initially located in difference
Fourier maps and were further treated as riding on their
parent atoms with C(aromatic)-H distance of 0.93 A. The
oxygen of water molecule is symmetry disordered due to
its position near mirror plane in 2, while the hydrogen
atoms bound to it lie on a mirror plane. The positions of
both hydrogens were obtained from a difference Fourier
map and refined using AFIX 3 command: only their dis-
placement parameters were refined using the U (H) =
1.2U.q(O) constraint. Details on crystal data, data collec-
tion and structure refinement are given in Table 1. Fig-
ures depicting the structures were prepared with ORTEP3
and Mercury. 1% 20

3. Results and Discussion

In a symmetrical coordination molecule of 1 (Fig.
1) in which a twofold axis runs through atoms Cul-N2-
C9, the central copper(Il) atom is surrounded by three
pyridine molecules and two monodentately bound
methanoato ligands. Thus the coordination number is
five, and the value of T5 parameter?! (0.29) confirms that
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Table 1. Crystal data, data colle

ction and structure refinement.

Crystal data 1 2

Formula Ci7H;,CuN;0, C,,H;4,CuN,0;
M, 390.87 329.79

Cell setting, space group monoclinic, C2/¢ orthorhombic, Pnma
a(R) 12.2422(2) 9.6528(2)

b (A) 9.5968(2) 14.1667(3)
c(A) 15.5626(4) 10.3540(2)
B 108.8790(10) 90

V(A% 1730.03(6) 1415.89(5)

Zz 4 4

D, (Mg m™?) 1.501 1.547

u (mm!) 1.289 1.562

F(000) 804 676
Absorption correction multi-scan multi-scan

No. of measured, independent
and observed reflections

Rint

R (on Fp), wR (on Fgpy), S

12534, 1975, 1741

20392, 1688, 1454

No. of contributing reflections
No. of parameters 115
Apmax’ Apmin (€A73)

0.045 0.039
0.0304, 0.0658, 1.078 0.0265, 0.0669, 1.108
1975 1688
108
0.33, -0.47 0.33, -0.42

the central ion lies in a distorted square pyramidal envi-
ronment as usual for copper(II) compounds with such
coordination number. The two pyridines as well as the
two methanoates in a basal plane of the square pyramid
are positioned trans to each other. The methanoato li-
gand is slightly closer than the basal pyridine: the corre-
sponding distances are 1.9716(13) A for Cul-01 and
2.0391(15) A for Cul-N1. The coordination bond to
the apical pyridine ligand is prolonged in comparison
with these from basal plane (2.246(2) A, Cul-N2). Data
on selected bond lengths and angles for 1 are given in
Table 2.

Table 2. Selected bond lengths and angles (4, °) for 1 and 2.

1

Cul-01 1.972(1) 01-Cul-N1 92.09(6)
Cul-N1 2.039(2) Ol1-Cul-N1¢  88.95(6)
Cul-N2 2.246(2) 01-Cul-N2 87.32(4)
01-Cul-O1 174.63(8) NI-Cul-N2  101.25(4)
NI1-Cul-N1 157.49(9)

2

Cul-0O1 1.954(2) Cul-04i 1.975(2)
Cul-03 2.281(2) Cul-N1 2.019(2)
NI-Cul-N1i  169.79(8) 03-Cul-N1 94.78(4)
01-Cul-04i 177.85(7) 03-Cul-04i  84.18(6)
01-Cul-N1 91.48(4) O4i-Cul-N1  88.70(4)
01-Cul-03 93.67(6)

Symmetry codes: (i) -x, y, -z + ¥3; (ii) x = Y, y, —z + ¥3; (iii) x, -y +
%, z.

When exposed to water, even in traces from the air, the
crystal structure 1 converts into more symmetrical 2 with
the formula [Cu(O,CH),(Py),],,- nH,0, in which Cu(II) and

both methanoates as well as the hydrogen atoms from water
molecule lie on a mirror plane. The central Cu(II) atom in 2
remains five-coordinate in a shape of distorted square pyra-
mid with parameter value t; = 0.14 (Fig. 2).2! As in 1, the
basal plane is defined by two nitrogens from two pyridine
molecules and two oxygens from two methanoato ligands.
Similarly, pyridines as well as the methanoates are positioned
trans to each other. The deviations from the basal mean
plane are significantly smaller than in 1. One of the two sym-
metry independent methanoato ligands is monodentate
(Cul-01 1.954(2) A), while the other acts as a bidentate
bridge between the adjacent Cu(Il) atoms in a syn-anti
mode. The corresponding distances Cul-04’ and Cul-03

Figure 1. The ORTEP representation of coordination molecule in 1.
(@) —x, 9, —z + Y.
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are 1.975(2) and 2.281(2) A, respectively (i=x— %, y, -z +
1%). As in 1, the distances between Cul and equatorial O-li-
gands are shorter than towards the apical one. With the assis-
tance of the bridging methanoato ligand, infinite chains of
[Cu(O,CH),(Py),],, running parallel to the crystallographic
a axis are formed (Fig. 7d). Water molecules are hydrogen
bonded to O atoms of two methanoato ligands from the
neighboring coordination moieties of the same chain. In this
way the structure is additionally stabilized. The geometry of
hydrogen bonds is presented in Table 3.

Figure 2. The ORTEP representation of coordination environment
of Cu(II) in 2 and a formation of chains. (ii = x — Y5, y, —z + Y3; iii =
X, =y + %, z). Dashed lines represent hydrogen bonds.

Table 3. Hydrogen bond geometry in 2.

on Fig. 4. The single crystal experiment was run on opaque
crystal, from which the powder pattern was extracted af-
terwards. The obtained powder pattern has shown the
presence of compound 2 and the absence of 1 very clearly
(Fig. 5). The same changes were observed with single crys-
tal of 1, used for data collection at 150 K. The crystal was
extensively surrounded by vacuum grease which to some

Figure 3. The conversion of blue prisms of 1 to needle-like crystals
of 2 in mother liquor. The identity of the crystals was confirmed by
the determination of unit cell parameters.

D-H---A D-H (A) H-A(A) DwA(A) D-H--A(°) Symmetry code of A
05-H5A-04 0.85 2.01 2.757(3) 145.5 x—Y5y, -2+ %
05-H5B--02 0.87 1.97 2.749(3) 147.6 X+, 9, -2+ %

The structure of 2 was previously described (refcodes
FORPCU and FORPCUO01)** but both crystal structures
were determined at room temperature whereas ours was
performed at 150 K. Low temperature and room tempera-
ture unit cell parameters and atoms’ coordinates are simi-
lar, consequently the arrangement of atoms is basically the
same. Disorder of water molecules is present also at 150 K,
probably indicating the static nature of disorder.

The structure conversion process from 1 to 2 was rel-
atively fast. When the mother liquor with the crystals of 1
was exposed to air, it took approximately 15 minutes for
the following changes to happen. At first, the prismatic
blue crystals of 1 dissolved in mother liquid. At the same
time, new needle-like blue crystals of 2 were growing out
of the solution (Fig. 3). The conversion from 1 to 2 took
place also outside of the solution, i.e. in the solid state,
when crystals of 1 were left in air on a filter paper. Visual
change from optically clear to opaque crystals can be seen

extent protected its exposure against moisture and thus
slowed down the conversion process. After 24 h at ambient
temperature, the single crystal experiment was repeated
and the powder pattern extracted from it. As shown in Fig.
S3, the structure conversion from 1 to 2 can be confirmed.

Figure 4. Prismatic crystals of 1 just after taking out of the solution
(left) and getting opaque after few minutes (right).
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Figure 5. Upper graph represents the extraction of the powder pattern from the single crystal experiment, performed on opaque prism from Fig. S3.
The powder pattern below is calculated from the crystal structure 2. By comparison of both patterns, the formation of 2 from 1 on air can be con-

firmed. Powder pattern extraction was performed by CrysAlis software.??

According to the observations, the structure conver-
sion should not require significant reorganization of the
atoms and molecules in the crystal. When comparing coor-
dination environment of copper(II) in both title structures
(cf. Figs. 1 and 2), the first difference between 1 and 2 can
be observed in the apical ligand while the basal planes of
the square pyramid remain mostly the same in both com-
pounds; instead of pyridine in apical position in 1, a bridg-
ing methanoato ligand is present in 2 which enables the
formation of polynuclear complex molecules. The second
difference is in the presence of water in 2. One would ex-
pect that (i) the crystal packing of 1 should enable apical
pyridine to leave the structure, and water to enter the struc-
ture simultaneously, and that (ii) monomeric coordination
molecules should be arranged and oriented properly that
the neighboring molecules can connect into chains via
methanoato bridges. A drawing of molecular packing in 1
(Fig. 6) reveals that the apical pyridine ligands (drawn
black) are located in virtual channels running along mono-
clinic ¢ axis. Through the latter the water molecules can
enter while the pyridine ones can leave the structure. Crys-
tal packing of 2 is represented in Fig. 7d. Considering the
second requirement, at first glance molecules in 1 are not

properly oriented to join themselves into chains as in 2
since the uncoordinated oxygen atoms of methanoato li-
gands are not oriented towards copper(II) ions. The pro-
posed mechanism for the conversion of 1 to 2 is shown in
Fig. 7: after removal of apical pyridines and entering of wa-
ter the remaining coordination moieties rotate and move
slightly to achieve an orientation that enables uncoordinat-
ed O atom of (every second) methanato ligand to coordi-

Figure 6. The packing of coordination molecules in 1; a view along
c axis. The channels through which the apical pyridine molecules
(shown in black) can leave the structure and the water molecules
enter it can be observed. Hydrogen atoms are omitted for clarity.
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Figure 7. The proposed mechanism of conversion from 1 to 2. a) Pyridine molecules exit the structure of 1 (cf. Fig. 6), b) water molecules shown as
black dots enter the structure, ¢) coordination moieties rearrange and consequently form chains to which water molecules are hydrogen bonded as
in 2 (d). Narrow arrows show the direction of movement of complex molecules while the bold ones represent their rotations.

nate to neighboring Cu atom - making this way bridging
methanoato ligands from the monodentate ones and con-
sequently chains — to which the water molecules attach. All
of proposed steps probably take place simultaneously.

4. Conclusions

Crystal structures of two methanoato copper(II)
complexes with pyridine, i.e. [Cu(O,CH),(Py);] (1) and
[Cu(O,CH),(Py),], - nH,O (2) at 150 K were determined
by single-crystal X-ray diftraction. In both compounds,
central Cu(II) is five-coordinated in a shape of square pyr-
amid. In both complexes, the basal meanplane is formed
by two nitrogens from coordinated pyridine molecules
and two oxygens from two monodentately bound metha-
noato ligands. The apical atom is either nitrogen from the
third coordinated pyridine molecule in 1 or oxygen from
bridging methanoato ligand in 2. The distance Cu-apical
is about 0.25 A longer than the distances Cu—equatorial. In
2 five coordinated copper(Il) moieties are connected into
chains through bridging methanoato ligands. To such
chains water molecules are hydrogen bonded. Compound
2 was prepared in two ways: by heating copper(II) metha-
noate in pyridine and also from compound 1. The conver-
sion from 1 into 2 was observed in the solution as well as
in the solid state at exposure to water from air. Crystal
packing in 1 enables entering of water and release of pyri-
dine. Only little further structure reorganization is needed
to achieve chain structure of 2.

5. Supplementary Materials

CCDC 1019407 (1) and 1019408 (2) contain the sup-
plementary crystallographic data. These data can be ob-
tained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Abstract

Temperature (T) induced nanoparticle formation of isotactic (iPMA) and atactic (aPMA) poly(methacrylic acid) chains
is investigated in aqueous solutions in the presence of divalent cations (Mg?* and Ca?*) by UV spectroscopy, visual
observations and pyrene fluorimetry. In aPMA solutions, aggregation and phase separation take place with increasing
T. The onset of aPMA aggregation (heating) and re-dissolution of the aggregates (cooling) is shifted to lower T's with in-
creasing ionic strength of the solutions. iPMA associates partly decompose upon heating, but stable nano-sized particles
are present at all Ts. Structural characterization of the aggregates was carried out by dynamic and static light scattering
measurements at 25 °C. Results revealed that aggregates of both PMAs with Mg?* ions involve a lot of water and have a
rather even mass distribution. This is attributed to strong hydration of Mg?* ions and their preference towards mono-
dentate binding to carboxylate groups. Differently, Ca?* ions bind more strongly and in a bidentate manner, they lose the
hydration water and form aggregates with several structural elements, depending on chain tacticity.

Keywords: Temperature-responsive polymers; poly(methacrylic acid) isomers; atactic; isotactic; divalent cations; inter-

molecular association

1. Introduction

Despite the ubiquitous presence of polyelectrolytes in
chemistry, biology and physics, their interactions with nu-
merous species, among those also with oppositely charged
and multivalent metal ions, still present one of the most
challenging aspects of macromolecule chemistry. These in-
teractions have a significant effect on size, charge and struc-
ture of the polymer molecules in solutions, on dynamics of
polymer chains, kinetics of eventual phase separation, and
furthermore have implications to biological systems, since
metal ions perform important functions in biological pro-
cesses.!”> Among the most common cations found in na-
ture and in living systems are divalent Mg?* and Ca?". Since
these two ions play a crucial role in stabilizing the structure
of many proteins, many studies have been performed on
their interactions with macromolecules.*~1° For example,
Mg?* is responsible for the DNA replication!= and Ca** has
a stabilizing function in bones, teeth and shells.!! They are
both so-called hard ions and prefer to bind to hard ligands
containing oxygen, such as carboxylates, carbonyls, water,

and hydroxyl groups.!''> However, Mg?* and Ca?* each has
specific properties that make them different from each oth-
er. Apart from small ionic (0.65 A'®) and significantly larger
hydrated radius (4.76 A'>'#), one of the main characteristics
of Mg?* is strong interaction with water molecules leading
to a bulky hydration sphere with a hexa-coordinated geom-
etry around this ion. The slow exchange rate of the hydrated
water molecules is responsible that Mg?* ions do not readily
lose water molecules.!#412-18 These features of Mg?* play a
crucial role in stabilizing the monodentate binding of Mg?*
to carboxylate group (see Scheme S1 in Supporting Infor-
mation (SI)).141213:17

Ca?* has quite different properties in comparison to
Mg?** and therefore participates in different biochemical
processes.! 13 Tts ionic radius (0.99'%) is considerably larger
in comparison to Mg?* and this leads to significant flexibility
in the coordination number of its complexes with various
ligands. The water coordination numbers for Ca?* range
from 6 to 8, but also up to 12 is possible, which leads to irreg-
ular geometry of the ions coordination sphere."!!"13 Hy-
drated radius of Ca?* thus depends on the coordination
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number, but is always smaller than that of Mg?*. For coordi-
nation numbers 6-8, the hydrated radius is 2.95.13 These
properties cause that Ca?* can easily lose water molecules
from its hydration sphere.!>!>1¢ Its complexes, in which
bidentate binding prevails,!” are therefore classified as ‘dry’
There are two types of bidentate binding of Ca** to carbox-
ylate groups: chelating bidentate and bridging bidentate
binding (see Scheme S1). In chelating coordination, one
central Ca®* ion is bound to two oxygen atoms of one car-
boxyl group, whereas in bridging coordination Ca** bridges
two different carboxyl groups via their oxygen atoms. '

Interactions of macromolecules and counterions are
important also in the (bio)technological, industrial, and
pharmaceutical fields, where synthetic polymers are more
commonly used.>? For example, poly(acrylic acid) is a
promising candidate for controlling water hardness®® and
poly(methacrylic acid) (PMA) is widely studied due to its
pH- and temperature dependent behavior,!=2* which is
very appropriate in targeted drug delivery.?® In the case of
PMA, chain tacticity brings in qualitatively different solu-
tion behavior. For example, the atactic form (aPMA) is
known to form intermolecular associates in dilute aqueous
solutions?® and gels in concentrated solutions upon heat-
ing,22-242728 whereas the isotactic form (iPMA) associates
upon cooling.2?830 These findings are attributed to differ-
ent distribution of polar (carboxyl) and nonpolar (methyl)
groups on aPMA and iPMA chains and consequently
within the associates. The favorable isotactic arrangement
of carboxyl groups on iPMA favors strong hydrogen bond-
ing between neighboring chains and exposes the methyl
groups towards the polar solvent (water), leading to insol-
ubility of unionized iPMA in water. Increasing the tem-
perature destroys the H-bonds, the associates decompose
and consequently carboxyl groups become exposed to wa-
ter. This is different when the distribution of functional
groups is irregular, such as in aPMA. In this case, hydro-
gen bonding is much less advantageous. The mostly free
carboxyl groups are exposed to water and the methyl
groups can effectively hide from the polar aqueous envi-
ronment by forming associates with a hydrophobic core.
Increasing the temperature would lead to exposure of
these methyl groups to water, which is clearly unfavorable.
As a result, the polymer chains first form intermolecular
associates and finally precipitate from solution at elevated
temperatures. Our previous results show that the added
simple salt, in particular the cation charge, affects the tem-
perature at which association takes place, either by heating
(aPMA) or by cooling (iPMA).%

The main focus of this paper is to compare the effect
of biologically relevant divalent Mg?* and Ca?* cations on
the temperature-dependent association of iPMA and
aPMA chains in aqueous solutions. For this purpose, we
first carry out UV spectroscopy measurements supported
by visual observations in the temperature range between 0
and 95 °C to clarify the effect of polymer tacticity on the
association process. To identify the role that the specific

nature of Mg?* and Ca?* plays in the interaction with car-
boxylate groups on PMA isomers, fluorescence measure-
ments using pyrene as a polarity probe are used. Finally,
the molecular characteristics of the associates are deter-
mined by dynamic (DLS) and static light scattering (SLS),
which are further supported by pH measurements, both
carried out at 25 °C.

2. Experimental

2. 1. Materials

The aPMA sample (product number P2419-MAA)
with the weight (M,,) and number average molar masses
(M,) of M,, = 159 900 g mol™! and M,, = 123 000 g mol™!
and a polydispersity index (PDI) of PDI = 1.3 was pur-
chased from Polymer Source Inc (Montreal, QC, Canada).
iPMA was obtained by acidic hydrolysis of its ester form,
isotactic poly(methylmetacrylate) (iPMMA), which was
synthesized following the procedure reported in the litera-
ture?>* at the Catholic University of Leuven. Detailed de-
scription of hydrolysis and further purification of iPMA
was described previously.?*>! The molecular characteristics
of the starting iPMMA were the following: the triad content
or tacticity was 94% of isotactic, 4% of syndiotactic, and 2%
of atactic triads, M,, = 138 000 g mol~!, M,, = 30 000 g mol !,
and PDI = 4.6. After hydrolysis and purification, the M,,
and PDI (M,, = 69 500 g mol™! and PDI = 3) were deter-
mined by size exclusion chromatography, and the degree of
hydrolysis (> 98%) was determined from the 'H nuclear
magnetic resonance spectrum of the sample in D,O.

MgCl, (> 98%; Sigma Aldrich, St. Louis, Missouri,
USA) and CaCl, (in the form CaCl, x 2H,0; pro analysis,
Merck KGaA, Darmstadt, Germany) were used to prepare
stock salt solutions in water. The exact concentration of
salts (c;) was determined by potentiometric titration using
a standardized AgNOj; solution. Pyrene (optical grade) for
fluorimetric measurements was purchased from Aldrich
(Darmstadt, Germany). The saturated solutions of pyrene
in aqueous MgCl, and CaCl, were prepared as reported
previously.?%3

2. 2. Preparation of Solutions

Stock solution of aPMA was prepared at a degree of
neutralization (ay) ayy = 0 by dissolving the dry polymer in
water. After one day of stirring, the solution was filtered
through 0.45 pum Millex HV filter and the exact polymer
concentration (cy, in g L™!) was determined by potentio-
metric titration with a standardized NaOH solution.

The iPMA does not dissolve in water at ay = 0.2%3%3
Therefore, the iPMA stock solution was prepared at a higher
ay (> 0.8) to ensure that the polyacid was completely dis-
solved. A calculated volume of 1 M NaOH was slowly added
to the iPMA suspension in water under continuous stirring
to obtain the desired ay value. The dissolution process at
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room temperature was slow. The iPMA suspension was
stirred for several days with occasional heating to ~50 °C,
which accelerated the dissolution. When the polymer was
visually dissolved, the solution was filtered through 0.45 um
Millex HV filter and the exact oy and ¢, values were deter-
mined by potentiometric titration, first with 0.1 M NaOH in
the direction of increasing oy (to determine the concentra-
tion of the still protonated COOH groups) and then with 0.1
M HCl in the direction of decreasing ay (to determine the
total concentration of carboxyl groups).

Due to differences in solubility, different procedures
were used also for the preparation of aPMA and iPMA
solutions with added MgCl, and CaCl,. Solutions of aPMA
with a desired salt concentration (c,) were prepared by
adding a calculated volume of concentrated salt solutions
to the aPMA stock solution and diluting the solution with
triple distilled water to adjust the concentration of aPMA
and the ionic strength (I) to the desired values. For all the
measurements with aPMA, ay = 0, ¢, =2 g L! (or in
moles of COOH groups per volume, designated as c;, ¢, =
0.023 mol L), and the concentration of MgCl, and CaCl,
was ¢, = 0.0333 and 0.0667 mol L™, which corresponds to
I=0.1and 0.2 mol L7}, respectively (these data are collect-
ed in Table S1). UV and pH measurements with aPMA
were performed also at higher I (or ¢,) values, i.e. in the
range I = 0.1-0.5 mol L1

For the preparation of iPMA solutions with the low-
est possible ay, at which the polyacid was still soluble, a
calculated amount of 0.1 M HCI was gradually added to
the stock solution with ay > 0.8, which resulted in some
NaCl in solution. The NaCl was removed by dialysis using
dialysis membranes Float-A-Lyzer G2 with a molecular
weight cut-off MWCO = 3.5-5 kDa. Finally, calculated
amounts of concentrated MgCl, or CaCl, solutions and
water were added slowly and under continuous stirring to
adjust I and ¢, to the desired final values, so as in the case
of aPMA. The final I values were 10 times lower in com-
parison to aPMA, because iPMA precipitated from solu-
tions with I = 0.1 mol L™ in the presence of the studied
divalent cations. For both, MgCl, and CaCl,, I was 0.01 (or
¢; = 0.0033 mol L!) and 0.02 mol L (or ¢, = 0.0067 mol
L™!) and ay was 0.2. In the case of MgCl,, the iPMA solu-
tion with ay = 0.2 and I = 0.02 mol L™! was stable (no
phase separation occurred). However, in the case of CaCl,,
ay in iPMA solution with I = 0.02 mol L™! could not be
reduced to ay = 0.2, because the solution became opaque
when ay was decreased from ay > 0.8 to ay = 0.63 and
remained cloudy even after prolonged stirring. This solu-
tion was therefore studied at ayy = 0.63. All I, ¢, and ay
values for iPMA solutions are reported in Table S1.

2. 3. Methods

2. 3. 1. Visual Observations
In order to obtain visual information about tempera-
ture-dependent aggregation of a- and iPMA chains in

aqueous solutions, samples were kept in cuvettes and equil-
ibrated at different temperatures (T) (T = 15, 25, 45, 55, 65,
75, 85 and 95 °C) in a Julabo circulator. aPMA in MgCl,
and CaCl, precipitated on a macroscopic scale during heat-
ing. The samples were photographed and the photographs
are presented in Tables S2 and S3. For iPMA, only pictures
at 25 °C are shown (Table S4), because the solutions were
transparent in the whole temperature range. Photographs
of iPMA in CaCl, with I = 0.02 mol L™! and ay = 0.63 (not
shown) resembled the case of aPMA at 75 °C.

2. 3. 2. UV Measurements

The UV absorbance (A) was recorded with a UV-Vis
spectrophotometer Cary BIO 100 (Varian, Australia) at a
wavelength A = 280 nm in the temperature range between
0 and 95 °C. To avoid condensation on the cuvette walls,
measurements were carried out by blowing dry nitrogen
around the cuvette. Samples were degassed prior to mea-
surements. The heating and cooling rate programs were
different for a- and iPMA solutions and are reported in
Table S5.

2. 3. 3. Fluorimetric Measurements

Fluorimetric measurements were performed by us-
ing pyrene as the external fluorophore. The fluorescence
emission spectra of pyrene were recorded on a Perkin-
Elmer model LS-100 luminescence spectrometer in the
direction of increasing temperature (from 15 to 95 °C)
with a step of 10 °C, also under nitrogen flow similar to
UV measurements. The excitation light wavelength was
330 nm, the recording speed was 100 nm min~!, and 20
emission spectra were collected in the wavelength region
350-450 nm and averaged. From the averaged spectra, the
ratio of intensities of the first (I;) and the third (I;) vibra-
tional peak in the emission spectrum of pyrene or so-
called pyrene polarity ratio (I;/I;) was calculated.

2. 3. 4. Light Scattering

In order to obtain the information on size and struc-
ture of aPMA and iPMA associates in MgCl, and CaCl,
solutions, dynamic (DLS) and static light scattering (SLS)
measurements were performed with the 3D-DLS-SLS
cross-correlation spectrometer from LS Instruments
GmbH (Fribourg, Switzerland). The measurements were
carried out only at 25 °C. The source of incident light was
the He-Ne laser with a wavelength Ay = 632.8 nm. Intensity
of scattered light was collected in the angular range be-
tween 40° and 150° with a step of 10° after keeping the
samples at 25 °C for 30 min. At each angle, five correlation
functions were collected and averaged. For processing the
measured correlation functions, CONTIN analysis was
used. Prior to light scattering (LS) measurements, all
aPMA and iPMA solutions were filtered through hydro-
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philic and low protein binding Millex-HV filters (diameter
13 mm, pore size 0.45 um) directly into the sealable dust-
free cylindrical quartz LS sample cells. LS measurements
were performed 3 days after filtration. Due to opacity,
iPMA solution in 0.0067 mol L~! CaCl, (I = 0.02 mol L™!
and ay = 0.63; see above) was studied without being fil-
tered. Note that the 3D cross-correlation technique was
designed especially for the characterization of such strong-
ly turbid samples.®® After 2 weeks two phases were ob-
served in the cuvette in this case. The one at the bottom
was more turbid than the upper one. By changing the
height of the cuvette in the decalin bath, we were able to
perform the LS characterization of both phases separately.

LS experiments identified two (in some cases three)
populations of particles in iPMA and aPMA solutions (see
examples of calculated hydrodynamic radii (Ry,) distribu-
tions in Figure S1). The Ry, values of smaller particles (R, <
10 nm, assigned to individual chains, and 10 nm < Ry, < 20
nm, assigned to small pre-associates; not reported) did not
depend on the angle. We were interested in the Ry, values of
larger particles (70-200 nm), which were assigned to in-
ter-chain associates and designated as Ry, .. Their values
depended considerably on the angle of observation. For
further calculations, the Ry, values at 6 = 0° were ob-
tained by extrapolation of the measured Ry ., to zero an-
gle. Due to large size of the associates, their radius of gyra-
tion (Ry,) could be determined from the angular
dependency of the LS intensity following the procedures
reported previously.’” > From Ry, i at 6 = 0° and Ry, the
shape parameter (p) was calculated as p = Ry o/ Ry o5 This
parameter is often used to characterize mass distribution
within the scattering particles.’”3® All further details of LS
data evaluation were reported previously.”~40

2. 3. 5. pH Measurements

The pH values of the samples were measured by us-
ing the combined glass micro-electrode from Mettler Tole-
do (type InLab® 423; Schwerzenbach, Switzerland) and
the Iskra pH meter model MA 5740 (Ljubljana, Slovenia).

3. Results and Discussion

3. 1. Temperature Dependent Behavior
of iPMA and aPMA in the Presence
of MgCl, and CaCl,

3.1. 1. UV Spectroscopy and Visible Observations

In Figure 1, A is presented as a function of tempera-
ture for aPMA (ay = 0) solutions with I = 0.1 mol L~! and
for iPMA (ay = 0.2) solutions with I = 0.01 mol L™! in the
presence of both, MgCl, and CaCl,. In addition, measure-
ments for aPMA at higher I (= 0.2-0.5 mol L™!) are shown
in Figure 2. The data demonstrate that aqueous aPMA
solutions with added MgCl, and CaCl, behave as polymer

mixtures with so-called lower critical solution temperature
(LCST) behavior. The LCST behavior (phase separation in-
duced by heating) is inferred from the fact that UV absor-
bance is close to zero at low temperatures (below 70 and 80
°C in CaCl, and MgCl,, respectively; Figure 1b) and steep-
ly increases at high temperatures. Strong increase in A indi-
cates the formation of larger particles in solution, which is
ultimately followed by phase separation of the polymer-rich
phase (see visual observations reported below). Clearly, the
increase in A is more pronounced in the presence of Ca?*
ions. For the aPMA-CaCl, solution, a plateau in A is
reached between 80 and 90 °C, followed by a fall as T ap-
proaches 95 °C. We anticipate that this final drop in A is a
consequence of the fact that the aPMA precipitate in the
presence of CaCl, is effectively removed from the solution
by settling down to the bottom of the cuvette, whereas it
still fills the whole cuvette in the MgCl, solution at this
I (= 0.1 mol L7%; for more details see photographs in Table
S2). The LCST for aPMA-CaCl, solution clearly appears at
lower Ts in comparison with that in aPMA-MgCl, solution
(see the LCST values reported in Table S6 and the method
for their determination shown in Figure S2).

Figure 1. UV absorbance at 280 nm as a function of temperature for
a) iPMA (¢, = 0.022 mol L', ay = 0.20) in MgCl, and CaCl, with I
= 0.01 mol LY, and for b) aPMA (¢, = 0.023 mol L™}, ay = 0) in
MgCl, and CaCl, with I = 0.1 mol L™!. Heating (solid lines) and
cooling (dashed lines) were performed according to the tempera-
ture programs reported in Table S5.
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During cooling the aPMA-MgCl, solution back to
the initial temperature, the absorbance first decreases
gradually and then drops steeply to 0 at lower tempera-
tures (below approximately 60 °C) as compared to the
heating direction. Meanwhile, the initial drop in A upon
cooling the aPMA-CaCl, solution is steeper, but reaches
zero at approximately the same temperature (at around
58 °C) as in MgCl, solution. The drop in A to zero indi-
cates that aPMA aggregates, which form in the presence of
MgCl, and CaCl, upon heating, disintegrate upon cooling.
We conclude that Mg?* and Ca?* cations induce reversible
association of aPMA chains at elevated temperatures.
These findings are in agreement with our recent report on
intermolecular association of aPMA chains in the presence
of cations with increasing charge.?® The occurrence of the
aPMA rich phase (the turbid part that eventually forms a
precipitate) in the CaCl, solution is similar to that in
LaCl;.28 This is not surprising, since both cations (Ca?* and
La3*) are known to bind to carboxylate groups in a biden-
tate manner.'® The La* cations are also recognized as Ca®*
analogs in living systems and can thus act as substitutes of
Ca?* in many proteins and cell membranes.*'=** However,
in the case of aPMA the presence of trivalent La>* ions at I
= 0.1 mol L™! induces irreversible precipitation from solu-
tion (no re-dissolution takes place upon cooling), whereas
Ca?* precipitates re-dissolve at the same I.

Visual observations for aPMA (ay = 0) solutions are
in good agreement with the UV results (see photographs
presented in Table S2 for the heating and in Table S3 for
the cooling direction). When temperature increases above
75 °C, aPMA solutions in MgCl, and CacCl, first become
turbid. Fine flakes of precipitated aPMA are formed in the
presence of MgCl,, which do not readily settle down (the
solution remains turbid). In CaCl, solutions, on the other
hand, the initial turbidity is considerably more pro-
nounced (see for example the photograph taken at 85 °C,

Figure 2. UV absorbance at 280 nm as a function of temperature for aPMA (c

Table S2). The precipitate, which subsequently forms in the
aPMA-CaCl, system with further heating to 95 °C, finally
settles to the bottom of the cuvette or is partially stuck to
the glass wall. This explains the plateau in A values in
aPMA-CaCl, solution at 80-90 °C (maximum turbidity)
and their steep drop towards 95 °C (partial removal of the
precipitate from solution).

The LCST values for aPMA in the presence of MgCl,
and CaCl, were determined in a broader range of I values
(up to 0.5 mol L!). Heating of aPMA-MgCl, solution at
higher I (> 0.1 mol L™!) leads to a similar plateau and a
drop in A values as highlighted above for CaCl, solution
for all I (c.f. Figure 2). With increasing I, the rise in A shifts
to lower LCSTs, whereas the plateau shifts to higher A due
to higher turbidity and more extensive precipitation of
aPMA from solutions at higher MgCl, concentration. An-

Figure 3. The dependences of LCST and Ty, on ionic strength (I)
for aPMA (c, = 0.023 mol L™, &y = 0) in MgCl, and in CaCl, solu-
tions.

» = 0.023 mol L™, ay = 0) in a) MgCl, and b) CaCl, solutions with I =

0.1,0.2, 0.3, 0.4 and 0.5 mol L™!. The heating (solid lines) and cooling (dashed lines) were performed with a rate of 1 °C min~".
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other important observation is that upon cooling the pla-
teau, and consequently the associated critical temperature
of de-association, designated as Ty, ,s,2® also shift to lower
temperatures with increasing I. A strong hysteresis is clear-
ly seen in the plots in Figure 2, indicating that Ty . is
considerably lower than LCST (see Ty._,s, and LCST values
reported in Table S6 and plotted in Figure 3).

Similar behavior is observed also for aPMA in the
presence of CaCl,. Again, a strong hysteresis is detected
along the heating and cooling paths. Nevertheless, some
key differences between MgCl, and CaCl, solutions can be
extracted from these plots. During heating, the plateau in
A reaches higher values when Ca" cations are present,
which means that these divalent cations induce more ex-
tensive association and consequently more extensive pre-
cipitation of aPMA from the solution in comparison to
Mg?* cations. This can be inferred also from a much steep-
er drop in A towards the end of the heating cycle in CaCl,
solutions (compare Figure 2b with Figure 2a). In agree-
ment with this, the Ty, and in particular the LCST val-
ues, are lower for aPMA in CaCl,, suggesting a more effec-
tive intermolecular association of aPMA induced by Ca?*
ions. However, in the case of both divalent chlorides, the
LCST and Ty, decrease with increasing I. Interestingly,
Tde-ass approaches body temperature at the highest ionic
strength of 0.5 mol L™} (Tge_oes = 35 and 37 °C in CaCl, and
MgCl,, respectively). From the obtained results we can
conclude that changing I of the solutions strongly affects
the LCST and Ty, values for aPMA in aqueous MgCl,
and CaCl, solutions, in spite of the fact that the aPMA
chain is almost uncharged at ayg = 0.

The opposite effect of temperature is found for the
iPMA isomer as demonstrated by the plot of UV absor-
bance in Figure la. It should be emphasized right from the
start that ay (= 0.2) is not negligible in the iPMA case,
which puts electrostatic interactions at the forefront in this
case. In contrast to aPMA (ay = 0), the UV absorbance is
high in iPMA (ay = 0.2) solutions at low temperatures and
starts to decrease at higher temperatures, but never drops
to zero, so as is the case with aPMA. This is most clearly
seen for the iPMA solution with added MgCl,: A is rough-
ly constant up to 40 °C and starts to decrease more steeply
above 50 °C, but does not drop below A = 0.95 even when
approaching 95 °C. In the presence of CaCl,, the measured
A values are even higher (A = 1.3-1.35), suggesting that
the concentration and/or size of the iPMA associates are
larger than in MgCl, solution. In addition, no significant
drop in A values can be identified from the curves for
iPMA in CaCl, and the hysteresis is almost absent, which
suggests stronger interactions and different kinetics of the
association process as compared to MgCl,. However, by
inspecting the enlarged plot for iPMA-CaCl, solution
(Figure S3) we see that the trend in A values is similar to
the one in MgCl, or in other chlorides.?® This type of be-
havior of aqueous iPMA solutions was previously ascribed
to so-called upper critical solution temperature (UCST)

behavior, denoting polymer mixtures where phase separa-
tion (or merely association) is achieved upon cooling.??
The high A values in iPMA (ay = 0.2) solutions with added
MgCl, and CaCl, are attributed to the presence of inter-
molecular associates that are abundant in these solutions
in the whole temperature range (A stays high even at 95
°C). Similar to these observations, it was found previously
that iPMA associates are stable in the whole temperature
range in aqueous solutions with added trivalent La®* ions,
however they largely decomposed upon heating in the
presence of monovalent Na* ions.?® This again indicates
the important role of electrostatics (counterion charge) in
intermolecular association of iPMA (ay = 0.2) chains.

Visual observations of iPMA solutions show that, in
spite of high absorbance, no macroscopic phase separation
occurs in iPMA (ay = 0.2) solutions at I = 0.01 mol L™
(therefore only the photograph at 25 °C is presented in Ta-
ble S4), indicating that iPMA associates are formed on a
mesoscopic scale, as already established for iPMA solu-
tions with mono- and trivalent cations under the same
conditions (i.e. at I = 0.01 mol L™1).28 The iPMA (o = 0.2)
system is, however, very sensitive to salt concentration as
the polymer precipitates from solution when I exceeds
0.01 mol L' (see Experimental and discussion below).
Again, the relatively high charge of the iPMA chain plays
the key role here.

3. 1. 2. Fluorescence Measurements

Pyrene fluorescence measurements were used to fol-
low the micropolarity of the aggregates’ interior in aPMA
and iPMA solutions. It is expected that pyrene, as a very
hydrophobic molecule, would solubilize inside the aggre-
gates if they are composed of a non-polar core. It is well-
known that aPMA chains at low ay adopt a compact con-

Figure 4. Temperature dependence of the pyrene polarity ratio (I;/
L) for iPMA (¢, = 0.022 mol L', a = 0.20) in MgCl, and CaCl,
solutions with I = 0.01 mol L~! and for aPMA (¢, = 0.023 mol L,
ay = 0) in MgCl, and CaCl, solutions with I = 0.1 mol L™!.
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formation with hydrophobic methyl groups forming the
interior and offering a suitable solubilization site for
pyrene. We were interested in how the tacticity and added
divalent metal ions affect the polarity of microenviron-
ment in aPMA (ay = 0) and iPMA (ay = 0.2) solutions.

The emission spectra of pyrene for both PMA iso-
mers in MgCl, and CaCl, solutions are presented in Figure
S4. From these spectra, the pyrene polarity ratio I,/I; was
calculated. The obtained values are reported in Table S8
and plotted as a function of temperature in Figure 4. The
immediately evident feature of the spectra in Figure $4 is
the decrease in fluorescence intensity with increasing tem-
perature, which significantly distorts the spectrum for
aPMA in CaCl, solution at 95 °C. This is attributed to ex-
tensive precipitation of aPMA from this solution, as dis-
cussed above. No I,/I; value is therefore reported for
aPMA in CaCl, at the highest temperature.

The most obvious result of Figure 4 is that I;/I; val-
ues are higher in iPMA (above 1.4 in iPMA-MgCl, and
above 1.1 in iPMA-CaCl, solutions) than in aPMA solu-
tions (here I,/I; values start at around 0.85 at low Ts) and
only weakly increase with temperature with no evident
change of slope in the iPMA case. The value I;/I; = 1.5 in
iPMA-MgCl, solutions points to a rather high polarity of
microenvironment where pyrene molecules reside in these
solutions. For comparison, I;/I5 is 1.3 in methanol, 1.35 in
ethyl acetate, and around 1.7 (depending on the presence
of eventual ions) in water.*® These high I,/I; values are at-
tributed to strong interactions of Mg?* ions with water
molecules, due to which these cations bring a lot of water
into the associates with iPMA. At the same time the
monodentate binding of Mg?* is weaker in comparison
with cations that release the hydration water (like Ca?*).”
However, the iPMA (ay = 0.2) chains must be held rather
strongly in these associates, considering that they are
charged and thus also repel each other. As proposed previ-
ously?® we attribute the stability of the iPMA associates to
strong cooperative intermolecular H-bonds between
unionized COOH groups on different iPMA chains and in
case of Mg?* ions also to H-bonds between COOH groups
and the hydration water molecules around the ion. The
presence of large amounts of water in the iPMA-MgCl, as-
sociates contributes to the observed high I,/I; values.

The I,/I; values for iPMA in CaCl, are somewhat
lower (I,/I5 = 1.1-1.3) than in MgCl, solutions, which can
be explained by bidentate Ca?* binding to carboxylate
groups.!17-1% This type of binding is accompanied by
elimination of water from cation’s hydration sphere and
thus also from the associates. Consequently, the polarity of
these associates is determined mainly by H-bonded
COOH groups and is thus expected to be lower. Altogeth-
er, fluorescence measurements show that the interior of
the iPMA associates is actually rather polar (in contrast to
aPMA; see below) and stems from polar COOH groups
and/or water in these associates. Strong H-bonding be-
tween COOH groups is facilitated by their suitable isotac-

tic orientation on the iPMA chain. Meanwhile, the charged
COO™ groups are positioned on the surface and grant the
solubility of the associates in water.

The pyrene polarity ratio in aPMA solutions at tem-
peratures below 45 °C is I,/I; = 0.85-0.95 (irrespective of
the cation) and demonstrates a considerably less polar mi-
croenvironment of the aPMA aggregates. This can be ex-
plained by so-called hydrophobic interactions that force
the methyl groups to hide inside the cores of the aPMA
aggregates, which is well known. The irregular orientation
of COOH groups on aPMA actually facilitates the forma-
tion of such hydrophobic cores as a result of higher flexi-
bility of the aPMA chain and at the same time does not
allow extensive H-bonding (as in the iPMA case). The hy-
drophilic COOH groups are positioned mostly on the sur-
face and protect the core against the water solvent. Above
45 °C, an increase is observed in I;/I; values for aPMA
solutions in both, MgCl, and CaCl,, which is attributed to
precipitation of aPMA aggregates from solutions. Some of
the pyrene molecules remain accumulated inside these
precipitates and are removed from water, whereas the re-
maining ones detect the polarity of water without aPMA.

The above conclusions apply also to higher I values,
however the increasing in I has no significant effect on the
I,/I; ratio. Its value depends primarily on chain tacticity
(see the I,/I; values measured at 25 °C in Table S9).

3. 2. LS Characterization of aPMA and iPMA
Associates at 25 °C

Further structural information about the associates
was obtained by LS measurements at 25 °C. In Table 1, the
Ry a5 Rgass and p values are reported for aPMA (ay = 0)
and iPMA (ay = 0.2) associates in MgCl, and CaCl, solu-
tions. The Ry, ,i values (the dynamic LS data) are shown in
Figures 5a and 5b as a function of g2 (q is the scattering
vector given by the relationship g = (4mng/A,)sin(0/2), with
n, the refractive index of the medium and A, the wave-
length of the incident light). From these dependencies, the
zero angle values were obtained by using either linear
function or second order polynomial for extrapolation to 0
= 0°. In Figures 5c and 5d, the static LS data are presented
for both PMA isomers in the form of a Kratky plot (i.e. the
dependence of (qR,)*P(6) on gR,) and compared with the
calculated curves for some well-known particle topologies.

The DLS results show that aPMA particles in the
presence of both divalent salts have more or less compara-
ble hydrodynamic radii (160—190 nm). However, the radii
of gyration (the SLS result) of these particles are consider-
ably smaller in the presence of Ca®* ions, leading to lower
p values in this case. The value p = 0.70 (aPMA-CaCl, with
I=0.1 mol L™!) indicates micro-gel like structure of parti-
cles with mass concentrated in the core surrounded by a
water swollen corona, whereas p = 0.90 in both aPMA-Mg-
Cl, solutions points to a more even mass distribution. For
comparison, a homogeneous mass distribution, such as in
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Table 1. Hydrodynamic radii (Ry a), radii of gyration (R o) and parameter p (= Rg a5/ Ry 56) for associates of iPMA (c, = 0.022 mol L%, o = 0.20)
and aPMA (¢, = 0.023 mol L™}, &y = 0) in the presence of MgCl, and CaCl, at different I and at 25 °C.

iPMA aPMA
Added salt I/mol L! Ry, 4/ nmM R, ./ nm P I/mol L! Ry, 4/ nmM R, ./ nM P
MgCl, 0.01 75 73 0.97 0.1 178 164 0.92
0.02 177 180 1.02 0.2 191 160 0.84
CaCl, 0.01 65 76 1.16 0.1 161 109 0.68
0.029 111» 153b) 1.379 0.2b) 178 125 0.70®
1849 1279 0.699

Ve = 0.63; Pupper phase; Vlower phase

Figure 5. Hydrodynamic radii (Ry, ) as a function of g2 for a) iPMA (¢, = 0.022 mol LY, ay = 0.20) in MgCl, and CaCl, with I = 0.01 mol L™ (full
squares) and I = 0.02 mol L™! (open symbols) (note that ay = 0.63 for iPMA in CaCl, with I = 0.02 mol L") and for b) aPMA (¢, = 0.023 mol L™,
ay = 0) in the corresponding salt solutions with I = 0.1 and 0.2 mol L™!. The Kratky plot (the dependence of (ng)ZP(G) on gR,) for selected topologies
(solid lines; for details on these scattering functions see**) and the experimental data for c) iPMA (ay = 0.20 for all salt solutions, except for CaCl,
with I =0.02 mol L™! where ay = 0.63) and d) aPMA associates (ay = 0) in aqueous solutions of MgCl, and CaCl, salt solutions with I = 0.1 and 0.2
mol L1,

a (monodisperse) hard sphere, would result in p = 0.778. Lower p values in the presence of CaCl, are actually ex-
By considering that polydyspersity that is virtually always pected due to the preference of strong bidentate binding of
present in real samples tends to increase p, a particle with Ca?* to carboxylate groups as discussed above. Ca?" ions
a measured p of 0.70 definitely cannot be a hard sphere. release coordinated water molecules upon binding to car-
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boxylate groups, the aggregates’ interior is thus ’drier’
(leaving only the outer layers hydrated) and therefore
more compact. On the other hand, Mngr ions remain
strongly hydrated due to their pronounced inability to de-
hydrate and thus the aPMA chains in MgCl, solutions
form rather loose and more water swollen aggregates. Such
environment offers more mobility to the chains and the
structure is more permeable for the solvent, which alto-
gether leads to higher p values. Still, p = 0.90 for aP-
MA-MgCl, aggregates is far from values known for ran-
dom coils of single chains in a 6-solvent (p = 1.5).

The Kratky plots for aPMA aggregates in both metal
chlorides (Figure 5d) confirm the suggested structures.
The data points coincide with the Debye-Bueche scattering
function, which is valid for micro-gel like particles with a
core-shell structure and at the same time demonstrate that
the increase in I does not greatly affect the structure, which
is reasonable in case of aPMA (a = 0) with charge close to
zero. The experimental points for aPMA in CaCl, solu-
tions show a noticeable upturn from the Debye-Bueche
towards the Debye scattering function at high gR, values.
This kind of upturns were previously attributed to the ex-
cluded-volume interactions,*”** which may be more pro-
nounced in case of Ca®* ions in view of their stronger in-
teraction with carboxyl groups. We actually demonstrate
in the following (see results of pH measurements below),
that Ca?* ions replace some H* ions from COOH groups
and thus increase the ionization of aPMA.

Different from aPMA, Ry, and Ry, values for
iPMA associates in MgCl, and CaCl, with lower I (= 0.01
mol L7!) are significantly smaller in comparison to those
in solutions with higher I (= 0.02 mol L™). This result is
reasonable, because salt concentration should play a more
important role in the case of partly charged iPMA (ay =
0.2) chains: higher salt concentration (higher I) contrib-
utes to stronger electrostatic screening and enables more
extensive intermolecular association and formation of
larger particles. However, p values for iPMA-Mg?* associ-
ates are not much affected by I (p ~ 1), whereas those for
iPMA-Ca?" associates range from 0.69 (the lower phase
formed in the CaCl, solution with I = 0.02 mol L™! and ay
= 0.63; see Experimental Section) to 1.37 (the upper phase
in the same solution). In the Kratky plot we see that the
experimental data for larger particles in iPMA solutions
show a systematic positive shift from the Debye-Bueche
function at high gR, values. We attribute these observa-
tions to a possibility that different structural elements are
present in the iPMA-Ca?" associates. Let’s assume that the
bidentate binding of Ca?* proceeds predominately via
bridging interaction with carboxyl groups on neighboring
iPMA chains (i.e. intermolecularly), whereas the chelating
(intramolecular) binding is less likely (see a scheme of
both binding modes in Figure 6). The bridging bidentate
binding with a concomitant pronounced dehydration of
Ca?* ions may induce structural elements of higher rigidi-
ty within these complexes, in particular considering also

the isotacticty of the chain, and contributes to shifting of
the points in the Kratky plot toward more rod-like struc-
tures. On the other hand, portions of the iPMA chains that
are not involved in this complexation (presumably the
more jonized parts) form coil-like outer regions with high-
er p (c.f p=1.16 and 1.37 for the homogeneous sample at
I=0.01 mol L! and for the upper phase at I = 0.02 mol
L1, respectively) around the compacted parts.

Figure 6. Cartoon depicting proposed ways of bidentate binding
(chelate and bridging) of Ca?* to COO~ groups on iPMA chains.

At the end we should shortly comment also the re-
sult for the lower (polymer rich) phase in iPMA-CaCl,
solution with I = 0.02 mol L™! and ay = 0.63 (note that
these are average values for the whole sample). Here, p (=
0.69) is again very low and the points in the Kratky plot fit
the Debye-Bueche function, showing that associates in this
phase are much more compact as compared to the upper
more solvated and dilute phase. We also presume, that ay
in the bottom phase may be lower than the average value
(o = 0.63).

We conclude the discussion of LS results by propos-
ing that PMA-Ca?* associates could also include interac-
tions in terms of so-called egg-box model, commonly used
in interpretation of gelation phenomena of alginates and
pectates, which belong to a class of polysaccharides with
carboxylate groups.”*!? According to the egg-box model,
interaction between COO~ groups on the polysaccharide
and divalent cations is cooperative if the ion has an appro-
priate size to fit into the space in the egg-box, which is
formed by the polyion backbone. Ca* fulfils this criterion,
while the hydrated Mg?* is too big.” By proposing the exis-
tence of egg-box-like structural elements into which Ca?*
ions fit due to their size, one can understand both, the for-
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mation of more gel-like polymer-rich phase in aPMA-Ca-
Cl, and more complex structural observations for iP-
MA-CaCl, solutions.

3. 2. 1. pH and Degree of Ionization

In support of the above interpretation of differences
between MgCl, and CaCl, solutions, we report the pH val-
ues for both PMA solutions, from which the degree of ion-
ization (o;) of COOH groups was calculated from «; = ag
+ ([H*] - [OH])/¢, (in this equation, [H*] and [OH] are
the molar hydronium and hydroxide concentrations).
These measurements are reasonable only for aPMA solu-
tions with ay = 0, because binding of cations has pro-
nounced effect on ionization of COOH groups if ay = 0,
whereas with iPMA with ay = 0.2 (or ay = 0.63) this effect
is negligible (see the measured pH and calculated a; values
in Table S10). The q; values in aPMA solutions are plotted
in Figure 7 as a function of I. Clearly, «; increases (from
0.013 at I = 0.1 to 0.036 at I = 0.5 mol L!) with increasing
I'in aPMA-CaCl, solutions, but changes negligibly in aP-
MA-MgCl, solutions. The pronounced (threefold) in-
crease in the presence of CaCl, is attributed to the replace-
ment of H* cations from COOH groups upon bidentate
binding of Ca?* as predicted above. As a result, some H*
ions are released into the solution, pH decreases, and «;
increases. On the contrary, the monodentate binding of
Mg?** ions to COOH groups is weaker and indirect (via
hydration water molecules). Mg?* is not able to replace H*
from the COOH group and has no (or negligible) effect on
a;. This clearly supports the above interpretations.

Figure 7. Calculated o; values for alPMA (¢, = 0.023 mol L™}, ay = 0)
in dependence on I in aqueous MgCl, and CaCl, solutions.

4. Conclusions

Our main interest in this study was the comparison
of temperature induced intermolecular association in di-
lute aqueous solutions of two chemically identical PMA

isomers, aPMA and iPMA, in the presence of divalent cat-
ions Mg?* and Ca?*. UV spectroscopy and visual observa-
tions reveal that heating of aPMA solutions from 0 to 95
°C leads to intermolecular association and aggregate
growth and finally to precipitation of aPMA from solution.
Since the aPMA-Mg?* and aPMA-Ca?* precipitates re-dis-
solve upon cooling it was concluded that the process of
association is reversible. Increasing I in aPMA solutions
(0.1-0.5 mol L) leads to a decrease in the temperature at
which phase separation occurs. iPMA behaves oppositely,
which means that heating induces partial de-association of
the aggregates, but the process is reversible and associates
are reformed upon cooling. Nevertheless, iPMA-Mg?* and
iPMA-Ca?" associates are stable in solution in the whole
temperature range.

Considerable differences in micropolarity of the
aPMA and iPMA aggregates in the presence of Mg?* and
Ca?*ions are found by pyrene fluorescence measurements.
The micropolarity of the iPMA associates is higher in
comparison with the aPMA ones, which is attributed to
different distribution of CH; and COOH groups within
the associates. It is proposed that the cores of iPMA asso-
ciates are composed of COOH groups, connected via co-
operative H-bonds, in contrast to the aPMA ones where
the CHj; groups reside in the aggregate interior. The polar-
ity of the aggregates’ interior in the iPMA-MgCl, solutions
is the highest and close to that of water due to strong hy-
dration of Mg?* ions.

The LS measurements in iPMA and aPMA solutions
in MgCl, and CaCl, show that both PMAs form intermo-
lecular associates with dimensions in the nanometer range
at low a values. The values of the shape parameter p indi-
cate either micro-gel like particles (p =~ 0.7) or more water
permeable structures (p = 0.90) or even a combination of
rod-like and coil-like regions in the same aggregate (p =
1.37). This latter case was identified with iPMA aggregates
in the presence of Ca** ions.
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Povzetek

Z UV spektroskopijo, vizualnim opazovanjem in fluorimetrijo na osnovi pirena smo proucevali vpliv temperature na
tvorbo asociatov med verigami izotakti¢ne (iPMA) in atakti¢ne poli(metakrilne kisline) (aPMA) v vodnih raztopinah
v prisotnosti dvovalentnih kationov (Mg?* in Ca**). Gretje raztopin aPMA povzrodi agregacijo verig, kar vodi do mak-
roskopske lo¢itve faz. Z nara$¢ajoco ionsko jakostjo raztopin se nastop agregacije (segrevanje) oziroma de-agregacija
(ohlajanje) aPMA verig pomika k niZjim temperaturam. Nasprotno pa asociati iPMA med segrevanjem razpadejo, a le
delno, tako da so stabilni delci z nano-dimenzijami prisotni v raztopini v celotnem temperaturnem obmo¢ju. Strukturno
karakterizacijo agregatov smo izvedli z meritvami dinami¢nega in stati¢nega sipanja svetlobe pri 25 °C. Rezultati kazejo,
da agregati obeh PMA z Mg?* vklju¢ujejo precej vode, porazdelitev mase znotraj delcev pa je precej enakomerna. To
pripisujemo moc¢ni hidrataciji Mg?* ionov, zaradi ¢esar Mg?* ioni favorizirajo monodentatno vezavo na karboksilatne
skupine. Ca?* ioni pa se veZejo nanje na bidentatni na¢in in zato moéneje kot Mg?* ioni, pri ¢emer izgubijo hidratno vodo
in tvorijo agregate z ve¢ strukturnimi elementi, kar je odvisno od takti¢nosti verige.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
Creative Commons Attribution 4.0 International License
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Mednarodna kemijska olimpijada 2019

Andrej Godec
UL, FKKT

Leto$nja, Ze 51. mednarodna kemijska olimpijada, je
potekala od 21. do 29. 7. 2019 v Parizu. Olimpijade se je
udelezila naslednja slovenska dijaska ekipa: Tijan Prijon
(gimnazija Bezigrad), Mitja Koderman (gimnazija Ptuj),
Ales Globo¢nik (gimnazija Kranj) in Dren Gruden (gim-
nazija Bezigrad). Vsi $tirje so dobili bronasto odli¢je.
Vsem Cestitamo za res lep uspeh!

Ekipo sva vodila mentorja dr. Berta Ko$mrl]j in dr.
Andrej Godec, oba iz Fakultete za kemijo in kemijsko teh-
nologijo v Ljubljani.

Priprave na olimpijado in izbirna tekmovanja pote-
kajo na Fakulteti za kemijo in kemijsko tehnologijo v Lju-
bljani. Letos je pri tem sodelovala naslednja ekipa FKKT:
dr. Berta Ko$mrlj, dr. Alojz Demsar, dr. Darko Dolenc, dr.
Jernej Markelj, dr. Crtomir Podlipnik in dr. Andrej Godec.
Pomagali sta $e Branka Miklav¢i¢ in Mojca Zitko.

Pri organizaciji udelezbe na olimpijadi sodelujemo z
Zvezo za tehni$ko kulturo Slovenije. Vsem se za pomo¢
najlepse zahvaljujemo.

Leto$nje olimpijade se je udelezilo rekordnih 309
tekmovalcev iz 80 drzav. Vsaka drzava ima lahko najvec
§tiri tekmovalce, in dva mentorja. Zastopani so pravzaprav
ze vsi kontinenti. Vsako leto pa pridejo tudi drzave opazo-

valke, ki potem Ze naslednje leto lahko pripeljejo tudi tek-
movalce. Letos so to bile Banglade$, Oman, Sri Lanka in
Trinidad ter Tobago. V prihodnosti lahko tako pric¢akuje-
mo $e ve¢ tekmovalcev.

Absolutni zmagovalec leto$nje olimpijade je bil He
Lyu iz Kitajske (dosezek 97,3 %), drugi je bil prav tako Ki-
tajec Deng Zijie (97,1 %), in tretji Korejec Choi Hyeogkui
(96,5 %). Vsega skupaj je bilo podeljenih 37 zlatih, 63 srebr-
nih in 94 bronastih medalj. Dosezek nasih tekmovalcev je
bil odli¢en: Tijan je dosegel 69,1 %, Mitja 67,4 %, Ales 62,7
% in Dren 61,5 %, kar je zadostovalo za bronasto odli¢je
vseh $tirih. Vsi rezultati so sicer objavljeni na spletni strain
organizatorja olimpijade (https://icho2019.paris/en/).

Na olimpijadi sta sicer dva tekmovalna dneva: najprej
je na vrsti prakti¢no delo v laboratoriju, in kasneje $e teo-
reti¢ni test. Vsak traja po pet ur. Ostale dni prezivijo dijaki
na izletih in raznih aktivnostih.

Vloga mentorjev je usklajevanje in prevajanje besedil
nalog, kar nam vzame vecino ¢asa. Na koncu naloge svoje
ekipe popraviva, in ocene usklajujeva z organizatorjevimi
na arbitrazi. Letos je bilo najino delo $e posebej zahtevno,
saj je bilo takrat v Parizu 42 °C, Francozi pa ve¢inoma ne
uporabljajo klime.

Slovenska ekipa na 51. mednarodni kemijski olimpijadi. Z leve so Berta Ko$mrlj, Mitja Koderman, Dren Gruden, Tijan Prijon, Ale$ Globo¢nik, ter

Andrej Godec.
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Otvoritev leto$nje olimpijade je bila 22. 7. v dvorani
Amphithédtre Lavoisier stavbe Maison de la Chimie. V
drzavi organizatorki gre za dogodek najvisjega ranga, zato
so tam predstavniki politike, stroke in medijev, otvoritev
pa je tudi priloznost, da organizatorji predstavijo svoje do-
sezke in kulturo. Olimpijado je uradno odprl Jean-Michel
Blanquer, francoski minister za izobrazevanje in mlade.
Med govorniki na otvoritvi je bil tudi eden od dobitnikov
Nobelove nagrade za leto 2016 Jean-Pierre Sauvage, ki je v
krajsem predavanju o svojih raziskavah na podro¢ju mole-
kularnih strojev navduseval udelezenke in udelezence za
znanost. Ni naklju¢je, da se je kasneje med teoreti¢nimi
nalogami na olimpijadi ravno ta tema veckrat ponovila.

Po uvodni slovesnosti in pogostitvi smo mentorji
odsli na ogled laboratorijev v $oli Lycée Pierre-Gilles de
Gennes, kjer so sicer potekala vsa tekmovanja. Mentorja
tam preveriva laboratorijski inventar za vsakega nasega
tekmovalca in preizkusiva delovanje naprav, ki jih bodo
uporabljali pri eksperimentalnem delu. Laboratoriji so v
tej stavbi zelo prostorni, kar je velika redkost na olimpija-
dah.

Se isti dan zvecer sledi Ze prva seja vseh mentorjev in
sestavljalcev prakti¢nih nalog. Na teh srecanjih usklajuje-
mo in pilimo besedila nalog, ki jih bomo potem mentorji
prevajali.

tudi strukturo dobljenega produkta (4-nitrobenzojska ki-
slina). Okson se sicer uporablja v plavalnih bazenih in pri
tretmanu odpadnih voda.

Druga prakti¢na naloga je bila na temo Zeleza in nje-
gove vloge pri staranju vina. Ko njegova koncentracija pre-
seze 10 do 15 mg na liter, se zaradi oksidacije zeleza(II) v
zelezo(III) lahko poslab$a kvaliteta vina, ker nastanejo
oborine. Zato je nujno dolocevanje vsebnosti Zeleza med
proizvodnjo vina. Pri zelo nizkih koncentracijah Zzeleza
lahko koncentracijo dolo¢imo z nastankom obarvanega
kompleksa zeleza(III) s tiocianatom SCN kot ligandom,
pri ¢emer uporabimo spektrofotometri¢ne meritve. Pri tej
nalogi so morali dijaki dolo¢iti celotno koncentracijo Zele-
za v vzorcu belega vina z uporabo spektrofotometrije, in
na podoben nacin ugotoviti stehiometrijo kompleksa tio-
cianat - zelezo(III).

Tretja prakti¢na naloga je bila na temo skladis¢enja
vina. Zveplov dioksid, SO, se uporablja kot konzervans za
vino. Ko vinu dodamo SO,, lahko ta reagira z vodo, pri
¢emer nastanejo ioni HSO; in protoni H*. Ce odstranimo
drugi proton, lahko bisulfit spremenimo v sulfit, SO7.

SO, + H,0 = H* + HSO,"
HSO, = H* +SO,*

Laboratorijski pult tekmovalca. Desno je prostor za prevajanje mentoric in mentorjev.

Letos so morali dijaki v laboratoriju izvesti tri prak-
ti¢ne naloge, za vse skupaj pa so imeli 5 ur ¢asa. Prva nalo-
ga je bila okolju prijaznej$a oksidacija nitrobenzaldehida.
Kemiki namre¢ ves Cas i$¢ejo nove reagente za oksidacije,
saj vedina teh reagentov onesnaZuje vode. V tej nalogi so
dijaki izvedli reakcijo oksidacije 4-nitrobenzaldehida, do-
bljeni produkt prekristalizirali, primerjali mobilni fazi za
TLC in preverili ¢isto¢o produkta s TLC. Kot oksidant so
uporabili kalijev peroksomonosulfat (Oxone®), ki daje
okolju nenevarne in nestrupene sulfatne soli. Reakcijo so
izvajali v mes$anici vode in etanola, ki tudi veljata za okolju
prijazni topili. Dijaki so morali sestaviti aparaturo za se-
grevanje reakcijske zmesi pod refluksom, in kasneje nuci-
rati. Na koncu so izvedli $e TLC analizo produktov, in na
kromatogramu oznaciti ustrezne lise. Opisati so morali

Te tri razli¢ne oblike Zveplovega dioksida lahko v vodi
reagirajo z drugimi spojinami v vinu, na primer acetaldehi-
dom, pigmenti, sladkorji itd., pri ¢emer nastanejo produkti P.
Celotna (totalna) koncentracija zZveplovega dioksida je vsota
koncentracij »prostih« oblik (SO,, HSO; and SO?) in P.

Koncentracijo konzervansov nadzorujejo in reguli-
rajo, ker so sulfiti in Zveplov dioksid za nekatere ljudi $ko-
dljivi. V EU je maksimalna dovoljena celotna koncentraci-
ja zveplovega dioksida 100 mg L™ za rdece vino in 150 mg
L™ za belo vino ter rozé. Dijaki so morali pri tej nalogi z
jodometri¢no titracijo dolo¢iti celotno koncentracijo Zve-
plovega dioksida v vzorcu belega vina.

Tema dveh nalog je bila torej vino, ki je v Franciji
zelo popularna alkoholna pijaca; poraba te je 42 litrov le-
tno na osebo.
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Po prevajanju smo imeli mentorji naslednji dan na
sporedu prvi¢ ogled mesta. Pravzaprav je s Parizom pove-
zano ime za kemijski element Lutecij. Starodavno galsko
pleme Parisii se je namre¢ v tretjem stoletju pred Kristu-
som naselilo na otocku mesta, in ga poimenovalo Lutetia.
Danasnje ime je mesto dobilo v ¢etrtem stoletju.

Najprej smo obiskali Palais de la Découverte. Gre za
izjemen muzej odkritij, z mnogimi interaktivnimi vsebi-
nami, katerih namen je priblizati vsa podroé¢ja znanosti
laikom. Tu lahko preverite svoje znanje o zvezdah, pa o
matematiki v 7 sobi, o na¢inih komunikacije med Zivalmi,
prisostvujete lahko Zivahni prezentaciji kemijskih princi-
pov in tako naprej. En dan v tem muzeju je komaj dovolj,
¢e imate radi naravoslovije.

Mentorji smo sicer prebivali in delali v kampusu Cité
International Universitaire de Paris, ki je bila ustanovljena
z namenom zagotoviti ustvarjalno okolje tudi za mednaro-
dne $tudente in raziskovalce. Na olimpijadi imamo dva
prosta dneva, ko smo poleg ze navedenega obiskali se mu-
zej znanosti Cité des Sciences et de 'Industrie, $li na izlet z
ladjo po Seni, ter seveda videli $e Versailles ter predvsem
tamkaj$nje vrtove. V senci dreves smo imeli piknik, ki se je
po pohajanju pod vro¢im pariskim soncem zelo prilegel.
Palaca predstavlja esenco francoske monarhije, saj so v

Piknik mentoric in mentorjev v Versaillesu. Na desni je pogled z
ladje na katedralo Notre-Dame, ki je trenutno zaradi poZara v pro-
cesu rekonstrukcije.

Cité International Universitaire de Paris. Na desni je kemijski $ov, ki
0 ga za nas pripravili v Palais de la Découverte.

njej nekaj Cez sto let domovali francoski kralji. To je bilo
prizoris¢e razko$nih zabav in sprejemov. Kot lepo pokaze
dokumentarec o zgodovini, ki ga lahko vidite v Versaillesu,
pa se je ta zgodba koncala leta 1789 s francosko revolucijo.

Del nasih aktivnosti je bil tudi na znameniti Ecole
Polytechnique, ki je bila ustanovljena med francosko revo-
lucijo, in je kasneje pod Napoleonom postala vojaska $ola.
Med njenimi $tudenti so bili odli¢ni znanstveniki, kot na-
primer Henri Becquerel, Louis Joseph Gay-Lussac in He-
nri Le Chatelier.

Ve¢ dela smo mentorji (in dijaki!) imeli s teoreti¢nim
testom. Leto$nji je vseboval 9 nalog, dijaki pa so imeli pet
ur Casa za reSevanje. Naloge so bile povezane z odkritji
francoskih znanstvenikov, ki so dali mocan pecat razvoju
znanosti. Naloge so sicer v celoti dostopne v spletni uéilni-
ci Kemljub, ki je namenjena olimpijadi in dogajanjem ok-
rog nje (https://skupnost.sio.si/course/view.php?id=150).

Prva naloga je bila iz kvantne kemije. Na primeru
buta-1,3-diena so morali dijaki obravnavati n elektrone v
modelu z lokaliziranimi in delokaliziranimi in za oba prime-
ra izraCunati celotno energijo n sistema kot funkcijo h, m_ in
d. Nato so morali izra¢unati Se konjugacijsko energijo buta-
diena, dolo¢iti vrednost mt valovnih funkcij 7% odvisnosti od
L za zasedene nivoje, in na koncu $e elektronsko gostoto.
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Druga naloga je bila na temo vodika kot morebitne-
ga vira energije v prihodnosti. Najprej so morali dijaki
ovrednotiti reakcijo elektrolize vode, s katero dobijo vodik;
izra¢unali so, ali je termodinamsko ugodna. Nato so mora-
li izra¢unati teoreti¢no vrednost elektri¢ne napetosti med
elektrodama, ki je potrebna, ter izkoristek moci, ko sta bili
uporabljeni Pt katoda in Fe O, anoda. Alternativa elektro-
lizi vode je direktni fotokataliti¢ni razcep vode. Pri tem se
uporablja polprevodnik, ki se lahko aktivira z absorpcijo
svetlobe. Izra¢unati so morali, kolik§na energija je potreb-
na za aktivacijo vecih izbranih polprevodnikov, ter izkori-
stek modi tudi za ta primer.

Tretja naloga je bila zgodba o srebrovem kloridu, in
je bila posvecena Gay-Lussacu. Ta znanstvenik je bil zelo
priljubljen professor na Ecole Polytechnique. Pri nalogi
smo tako dobili 6 citatov iz njegovih predavanj o tej spojini
in njenih lastnostih, dijaki pa so morali vsak citat napisati
v kemijskem jeziku, to je s kemijsko ena¢bo. Razen tega so
morali izra¢unati topnost spojine, ter dolo¢iti strukture
kompleksov z amonijakom. Na koncu pa so spoznali Se
Mohrovo metodo; na osnovi podatkov pri titraciji so mo-
rali izra¢unati neznano koncentracijo kloridnih ionov v
raztopini natrijevega klorida, ter utemeljiti, zakaj je CrO;-
dober pokazatelj kon¢ne tocke.

Cetrta naloga je bila posve¢ena jodu in njegovem
odkritelju, Bernardu Courtoisu. Leta 1811, ko je delal s pe-
pelom alg, je Courtois opazil, da se bakrene posode izrabi-
jo hitreje kot obi¢ajno. Ko je $tudiral ta fenomen, je njego-
va macka prisla v laboratorij in polila raztopino koncentri-
rane zveplove kisline na suh pepel alg. Takoj so nastale vi-
joli¢ne pare; tako je bil odkrit jod (L)! Jod je bil tudi vzrok
korozije bakra. Zaradi uporabe v medicini je Courtois
odprl nov obrat za pridobivanje joda z reakcijo alg s klo-
rom. Dandanes pridobivajo jod iz ve¢ setov reaktantov,
(NOS‘ , 5, HY) ali (IO; , I, H*). Dijaki so morali pri nalogi
zapisati urejene enacbe za navedene procese pridobivanja
joda. Nato pa so morali proucevati ravnotezje I"(aq) +
I(aq) = I;(aq), ki je povezano z naslednjim poskusom: za
pripravo zacetne raztopine so nekaj kristalov trdnega joda
raztopili v 50.0 mL vodne raztopine kalijevega jodida, do-
dali diklorometan in zmes mo¢no stresali, dokler ni nasta-
lo ravnotezje. Po lo¢itvi faz so vsako fazo titrirali z standar-
dno vodno raztopino natrijevega tiosulfata pentahidrata.
Dijaki so morali uganiti barve med posameznimi stopnja-
mi poskusa, napisati kemijske enacbe, izra¢unati maso
joda za pripravo zacetne raztopine ter konstanto ravnotez-
ja za zgornjo reakcijo.

Peta naloga je bila povezana s kompleksi azobenzen
- B-cyclodekstrin in njihovo vlogo pri izgradnji nanostro-
jev. Nanostroji so molekulski skupki, ki omogocajo pre-
tvorbo virov energije v nano-premike, ki pridejo v postev
pri naprimer dostavi zdravilnih uéinkovin. Stevilni na-
nostroji izrabljajo izomerizacijo azo spojin (R-N=N-R))
pod vplivom svetlobe. B-ciklodekstrin (C na sliki spodaj)
je cikli¢ni heptamer glukoze, ki lahko tvori inkluzijske
komplekse z azo spojinami. Dijaki so morali z uporabo

spektroskopije dolocati konstanto asociacije K, ki ustreza
procesu nastanka inkluzijskega kompleksa CM,_ . Potem
so izracunali Se konstanto K_za nastanek cis-kompleksa,
pri ¢emer pa so tokrat uporabili kineti¢ne $tudije procesa.
Shema dogajanja je predstavljena na sliki spodaj.

Azobenzen se v povezavi s silikagelom lahko upo-
rablja za »dostavo« raznih snovi na Zeljeno mesto ob dolo-
¢enem casu. Pri nalogi je bilo to barvilo, ujeto v pore sili-
kagela, ki pa se sprosti ob osvetlitvi s svetlobo ustrezne
valovne dolzine, ko se razcepi kompleks azobenzen-ciklo-
dekstrin. Dijaki so morali dolo¢iti $e pogoje za omenjeni
proces. Ta naloga je bila vsebinsko in ¢asovno precej zah-
tevna.

Sesta naloga je bila sinteza in karakterizacija blok-
-kopolimerov, ki jih pripravimo s povezavo razli¢nih poli-
merov (blokov), zato imajo posebne lastnosti, kot je spo-
sobnost, da se samodejno organizirajo. V prvem delu so
morali dijaki izvesti NMR analizo v vodi topnega ho-
mopolimera 1 (a-metoksi-w-aminopolietilenglikol), in
nato $e mehanizem sinteze drugega blok kopolimera, ki
nastane pri reakciji spojine 1 z 2 (e-(benziloksokarbonil)-
lizin N-karboksianhidrid). Pri tem nastane blok-kopoli-
mer 3, shema 1.

Za vse tri spojine so morali okarakterizirati tudi IR-
-spektre, in zatem z uporabo podatkov izkljucitvene kro-
matografije dolo¢iti $e stopnjo polimerizacije drugega blo-
ka. Nazadnje pa so morali narisati Se strukture vmesnih
spojin pri sintezi triblok kopolimera, ki se uporablja za
razne bioloske aplikacije, kot je npr. tvorba micelov. Taksni
kopolimeri se uporabljajo v medicini, saj se samodejno or-
ganizirajo v vodi (pH = 7), zaradi ¢esar lahko sluzijo kot
prenasalci zdravilnih u¢inkovin. Ta naloga je bila poveza-
na z delovanjem francoskega znanstvenika Pierre-Gilles
de Gennesa, ki je leta 1991 dobil Nobelovo nagrado za raz-
iskave polimerov, in po katerem se imenuje $ola, na kateri
so letos potekala vsa tekmovanja.

Navdih za sedmo nalogo so bile raziskave, ki jih je
opravil Ze omenjeni Pierre Sauvage, ¢astni predsednik
znanstvenega odbora letosnje olimpijade. Leta 2016 so na-
mre¢ Nobelovo nagrado za kemijo dobili J.-P. Sauvage, Sir
J. E Stoddart in B. L. Feringa »za nacrtovanje in sintezo
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Shema 1

molekularnih strojev«. Primer teh je [2]katenan, molekula,
ki ima dva prepletena obroca. Prvi obro¢ ima en fenantro-
linski (bidentatni) ligand, drugi obro¢ pa dva liganda: fe-
nantrolinski in terpiridinski (tridentatni) ligand. Bakrov
ion je koordiniran s po enim ligandom iz vsakega obroca.
Glede na oksidacijsko stanje bakra (+I or +II), sta mozni
dve konfiguraciji:

Dijaki so morali narisati strukture vmesnih produk-
tov, ki nastanejo pri sintezi obrocev, ter sklepati o geome-
triji bakrovega iona, za katerega so morali narisati tudi
orbitalni diagram.

Pri osmi nalogi so tako kot pri prvi nalogi sestavljal-
ci mislili na Martina Karplusa, ki je trenutno zaposlen na
Univerzi v Strasbourgu. Ta znanstvenik je dobil leta 2013
Nobelovo nagrado za modeliranje v kemiji. Sam sicer pra-
vi, da je edina prava kemija, s katero se ukvarja, v njegovi
kuhinji doma. Tema te naloge je bila identifikacija in sinte-
za inozitolov. Inozitoli so cikloheksan-1,2,3,4,5,6-heksoli.
Nekateri od teh 6-¢lenskih karbociklov, predvsem mio-i-
nozitol, sodelujejo pri Stevilnih bioloskih procesih. Dijaki
so morali narisati strukturno formule te snovi, in 3D
strukture vseh opti¢no aktivnih stereoizomerov. Na osnovi
NMR spektrov so morali dolo¢iti molekulsko formulo in

ravnine simetrije spojine. V medicinske namene je upo-
rabna sinteza nekaterih inozitol fosfatov v ve¢jih koli¢inah.
Primer je sinteza inozitola 2 iz bromodiola 1.

Inozitol 2 lahko pripravimo iz spojine 1 v 7 stopnjah.
Dijaki so morali narisati spojine, ki nastanejo v posame-
znih stopnjah reakcijskega mehanizma, seveda vse z upo-
$tevanjem stereokemije.

Tema devete naloge je bila sinteza levobupivakaina.
Lokalni anestetik bupivakain (trzno ime Marcaine) je Sve-
tovna znanstvena organizacija WHO uvrstila na seznam
esencialnih zdravil. Ceprav se v zdravilu trenutno nahaja
racemna zmes, pa raziskave kazejo, da je en enatiomer, le-
vobupivakain, manj kardiotoksi¢en kot racemat, in zato
varnejsi. Levobupivakain lahko sintetiziramo iz naravne
aminokisline L-lisina. Dijaki so morali narisati strukture
izhodnih spojin in vmesnih produktov pri sintezi levobu-
pivakaina, pri ¢emer so tudi tukaj morali pokazati pozna-
vanje stereokemije.

Francozi so pri sestavljanju nalog poskrbeli za dobro
promocijo drzave in francoskih znanstvenikov, ki so veliko
doprinesli k razvoju znanosti. To smo tudi pri¢akovali; na-
loge so bile res zanimive.

Naslednja mednarodna kemijska olimpijada bo v Is-
tanbulu v Turciji.

Vabljene in vabljeni!

Tekst in foto: Andrej Godec
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Porocilo Sekcije za kristalografijo
za leto 2019

Sekcija za kristalografijo pri Slovenskem kemijskem
drustvu je v letu 2019 delovala po ustaljenem programu.
Spremljali smo delo in IUCr (mednarodne kristalografske
zveze) in ECA (evropske kristalografske zveze), katerih
¢lani smo. Sodelovali smo pri aktivnostih, ki jih promovi-
rata obe organizaciji (letos na primer je nekaj nasih ¢lanov,
ki so tudi ¢lani SKD, sodelovalo pri postavitvi razstave ob
mednarodnem letu periodnega sistema. Z obema organi-
zacijama smo v rednem stiku po e-posti.

Delovanje v Sloveniji je bilo osredoto¢eno na organi-
zacijo tradicionalne kristalografske konference. Skupaj s
hrvagkim kristalografskim dru$tvom iz Zagreba smo orga-
nizirala 27. zaporedno sre¢anje slovenskih in hrvaskih kri-
stalografov. Srecanje je potekalo v Rogaski Slatini med 19.
in 23 junijem 2019 (https://slocro27.fkkt.uni-lj.si/). Kot
vsako leto je bila tudi tokrat udelezba mednarodna, zato je
bil uradni jezik srecanja angles¢ina. S sredstvi donatorjev
in sponzorjev ter veliko prostovoljnega dela ¢lanov sekcije
smo uspeli organizirati sre¢anje tako, da smo obdrzali tra-
dicijo in udeleZencem ni bilo treba placati kotizacije. Veli-
ka zahvala za to gre sponzorjem, ki so bili: Renacon, Riga-
ku, Bruker, Crystal Impact, Dectris, Optik Instruments,
Aparatura, Lek-Sandoz, Krka in Scan.

Podobno kot na prej$njih konferencah, so se tudi
tokrat povabilu za sodelovanje odzvali ugledni, mednaro-
dno uveljavljeni plenarni predavatelji. Petra Bombicz iz
raziskovalnega centra za naravoslovno znanosti pri ma-
dzarski akademiji znanosti in umetnosti iz Budmpeste je
predstavila predavanje Synthon/property-engineering of ca-
lixarenes (supramolecular interactions, shape and symme-
tries), prof. Piero Macchi z universe v Bernu v Svici je imel
predavanje Are there molecules in crystals?, Martina Vran-
ki¢ z instituta Ruder Bogkovi¢ iz Zagreba je predstavila

temo Ambient and non-ambient driven X-ray powder di-
[fraction: insights into the structure—property relationship in
powders, Matic Lozin$ek z UL Fakultete z kemijo in kemij-
sko tehnologijo in Instituta Jozef Stefan pa je predaval o
Noble-gas chemistry in the 21st century.

Konferenca je bila uspesna, udelezilo se je je 55 prija-
vljenih udelezencev iz 8 drzav (Avstrija, Madzarska, Indija,
Italija, Svica, Ukrajina, Hrvaska in Slovenija. Poleg plenar-
nih predavanj so udelezenci 38 prispevkov v obliki kratkih
predavanj, kar je ena od prednosti teh konferenc. Pretezno
mladi raziskovalci imajo moznost predavati pred strokov-
no zahtevnim, vendar naklonjenim ob¢instvom, kar je
dragocena izku$nja. Predavanja so pokrivala sodobne vi-
dike kristalografije kot so: strukturna analiza organskih,
bioloskih, anorganskih in koordinacijskih spojin, arhitek-
tura in nadrtovanje struktur, fazni prehodi, trdne raztopi-
ne, povezava med lastnostmi in strukturo, sinergija med
kristalografskimi in drugimi metodami karakterizacije,
predstavljenih pa je bilo tud nekaj zanimivih utrinkov iz
zgodovine kristalografije.

Tudi druzabni dogodki, vklju¢eni v program (vode-
na ekskurzija po muzeju na prostem in Steklarni Rogaska,
konferenéna vecerja) so bili spet priloznost za izmenjavo
spoznanj, navezavo stikov in intenzivno ucenje mlajsih ko-
legov.

Ze letos pa potekajo tui priprave na tri dogodke, ki
bodo v naslednjem letu in jih podpirata IUCr in ECA, to
so svetovni kongres IUCr v Pragi avgusta 2020, evropska
konferenca o praskovni difrakciji v Sibeniku v maju in 28.
Hrvasko-Slovensko kristalografsko srecanje v juniju v
Rabcu na Hrvaskem.

prof. dr. Anton Meden
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KOLEDAR VAZNEJSIH ZNANSTVENIH SRECAN]
S PODROCJA KEMIJE IN KEMIJSKE TEHNOLOGIJE

SCIENTIFIC MEETINGS -
CHEMISTRY AND CHEMICAL ENGINEERING

2019

December 2019

05 IYPT2019 CLOSING CEREMONY
Tokyo, Japan

Information: https://iypt.jp/en.html

15-18 12™ INTERNATIONAL SYMPOSIUM ON BIOORGANIC CHEMISTRY (ISBOC-12)
Shenzhen, China

Information: http://www.sz-isboc.com/

16 - 19 CHEMCON 2019
Delhi, India

Information: https://www.chemcon19.com/

2020

February 2020

08 -12 INTERNATIONAL NATURAL SCIENCES TOURNAMENT
Warsaw, Poland

Information: http://www.scitourn.com/inst/

19-21 CHEMISTRY CONFERENCE FOR YOUNG SCIENTISTS (CHEMCYS 2020)
Blankenberge, Belgium

Information: https://www.chemcys.be

March 2020

19-20 3RD EUROPEAN CHEMISTRY CONFERENCE
Rome, Italy

Information: https://europeanchemistry.madridge.com/

23-27 SNOW COVER, ATMOSPHERIC PRECIPITATION, AEROSOLS: CHEMISTRY AND
CLIMATE
Listvyanka, Russian Federation

Information: http://snow-baikal.twl.ru/index-eng

April 2020

22-24 AUSTRIAN FOOD CHEMISTRY DAYS 2020
Klagenfurt, Austria

Information: https://www.goech.at/lebensmittelchemikertage

Drustvene vesti in druge aktivnosti

S77



S78 Acta Chim. Slov. 2019, 66, (4), Supplement

26.4.-2.5. XII. INTERNATIONAL MASS SPECTROMETRY CONFERENCE ON PETROCHEMISTRY,
ENVIRONMENTAL AND FOOD CHEMISTRY
Crete, Greece

Information: https://www.petromass2020.com/

May 2020

05-10 44™ INTERNATIONAL CONFERENCE ON COORDINATION CHEMISTRY
Rimini, Italy

Information: https://www.iccc2020.com

18 -22 POLY-CHAR 2020 [VENICE] - INTERNATIONAL POLYMER CHARACTERIZATION
FORUM
Venezia Mestre, Italy

Information: https://www.poly-char2020.org/

24 -27 THE 30™ EUROPEAN SYMPOSIUM ON COMPUTER AIDED PROCESS ENGINEERING
Milano, Italy

Information: https://www.aidic.it/escape30/enter.php

24-29 THE 44™ INTERNATIONAL SYMPOSIUM ON CAPILLARY CHROMATOGRAPHY
Riva del Garda, Italy

Information: http://iscc44.chromaleont.it/slider.htm

26 - 27 FOOD CONTAMINATION AND TRACEABILITY SUMMIT
Stadthalle Erding Centre, Erding

Information: https://contaminationsummit.com/

June 2020

02 - 05 14™ MEDITERRANEAN CONGRESS OF CHEMICAL ENGINEERING
Barcelona, Spain

Information: https://www.mecce.org/

08 -12 11™ EUROPEAN CONFERENCE ON SOLAR CHEMISTRY AND PHOTOCATALYSIS:

ENVIRONMENTAL APPLICATIONS (SPEA)
Turin, Italy

Information: http://www.speal l.unito.it/home

14 -18 12™ EUROPEAN SYMPOSIUM ON ELECTROCHEMICAL ENGINEERING
Leeuwarden, The Netherlands

Information: http://www.electrochemical-engineering.eu/2020/

July 2020

05-09 48™ WORLD POLYMER CONGRESS - MACRO2020
Jeju Island, Republic of Korea

Information: http://www.macro2020.org

06 - 08 EUROPEAN CONFERENCE OF RESEARCH IN CHEMISTRY EDUCATION (ECRICE 2020)
Weizmann Institute of Science, Rehovot

Information: http://www.weizmann.ac.il/st/blonder/

August 2020

30.08. - 03.09. ECC8 - 8™ EUCHEMS CHEMISTRY CONGRESS
Centro de Congressos de Lisboa, Lisbon

Information: https://www.euchems.eu/events/ecc8-8th-euchems-chemistry-congress/
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September 2020
09-11 25™ CONFERENCE ON ISOPRENOIDS

The International Research and Production Holding “Phytochemistry”, Karaganda
Information: http://www.isoprenoids25.phyto.kz/
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Author Guidelines

Submissions

Submission to ACSi is made with the implicit under-
standing that neither the manuscript nor the essence
of its content has been published in whole or in part
and that it is not being considered for publication else-
where. All the listed authors should have agreed on
the content and the corresponding (submitting) au-
thor is responsible for having ensured that this agree-
ment has been reached. The acceptance of an article
is based entirely on its scientific merit, as judged by
peer review. There are no page charges for publishing
articles in ACSi. The authors are asked to read the
Author Guidelines carefully to gain an overview and
assess if their manuscript is suitable for ACSi.

Additional information
= Citing spectral and analytical data
- Depositing X-ray data

Submission material

Typical submission consists of:

e full manuscript (PDF file, with title, authors, ab-
stract, keywords, figures and tables embedded,
and references)

e supplementary files
— Full manuscript (original Word file)

— Statement of novelty (Word file)

— List of suggested reviewers (Word file)

— ZIP file containing graphics (figures, illustra-
tions, images, photographs)

— Graphical abstract (single graphics file)

— Proposed cover picture (optional, single
graphics file)

— Appendices (optional, Word files, graphics
files)

Incomplete or not properly prepared submissions will

be rejected.

Submission process

Before submission, authors should go through the
checklist at the bottom of the page and prepare for
submission.

Submission process consists of 5 steps.

Step 1: Starting the submission

e Choose one of the journal sections.

e Confirm all the requirements of the checklist.

= Additional plain text comments for the editor can
be provided in the relevant text field.

Step 2: Upload submission

e Upload full manuscript in the form of a Word fi-
le (with title, authors, abstract, keywords, figures
and tables embedded, and references).

Step 3: Enter metadata

e First name, last name, contact email and affiliation
for all authors, in relevant order, must be provided.
Corresponding author has to be selected. Full po-
stal address and phone number of the correspon-
ding author has to be provided.

- Title and abstract must be provided in plain text.
Keywords must be provided (max. 6, separated by
semicolons).

= Data about contributors and supporting agencies
may be entered.

e References in plain text must be provided in the
relevant text filed.

Step 4: Upload supplementary files

e Original Word file (original of the PDF uploaded in
the step 2)

e Statement of novelty in a Word file must be up-
loaded

- All graphics have to be uploaded in a single ZIP
file. Graphics should be named Figure 1.jpg, Figure
2.eps, etc.

e Graphical abstract image must be uploaded
separately

e Proposed cover picture (optional) should be up-
loaded separately.

< Any additional appendices (optional) to the paper
may be uploaded. Appendices may be published as
a supplementary material to the paper, if accepted.

e For each uploaded file the author is asked for addi-
tional metadata which may be provided. Depending
of the type of the file please provide the relevant
title (Statement of novelty, List of suggested re-
viewers, Figures, Graphical abstract, Proposed cov-
er picture, Appendix).

Step 5: Confirmation

e Final confirmation is required.

Article Types

Feature Articles are contributions that are written
on editor’s invitation. They should be clear and con-
cise summaries of the most recent activity of the au-
thor and his/her research group written with the broad
scope of ACSi in mind. They are intended to be gen-
eral overviews of the authors’ subfield of research but
should be written in a way that engages and informs
scientists in other areas. They should contain the fol-
lowing (see also general directions for article struc-
ture in ACSi below): (1) an introduction that acquaints
readers with the authors’ research field and outlines
the important questions to which answers are being
sought; (2) interesting, new, and recent contributions
of the author(s) to the field; and (3) a summary that
presents possible future directions. Manuscripts nor-
mally should not exceed 40 pages of one column for-
mat (letter size 12, 33 lines per page). Generally, ex-
perts in a field who have made important contribution
to a specific topic in recent years will be invited by an
editor to contribute such an Invited Feature Article.
Individuals may, however, send a proposal (one-page
maximum) for an Invited Feature Article to the Editor-
in-Chief for consideration.

Scientific articles should report significant and inno-
vative achievements in chemistry and related scienc-
es and should exhibit a high level of originality. They
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should have the following structure:

Title (max. 150 characters),

Authors and affiliations,

Abstract (max. 1000 characters),

Keywords (max. 6),

Introduction,

Experimental,

Results and Discussion,

Conclusions,

. Acknowledgements,

10.References.

The sections should be arranged in the sequence gen-
erally accepted for publications in the respective fields
and should be successively numbered.

WRNOOhWNE

Short communications generally follow the same
order of sections as Scientific articles, but should be
short (max. 2500 words) and report a significant as-
pect of research work meriting separate publication.
Editors may decide that a Scientific paper is catego-
rized as a Short Communication if its length is short.

Technical articles report applications of an already
described innovation. Typically, technical articles are
not based on new experiments.

Preparation of Submissions

Text of the submitted articles must be prepared with
Microsoft Word. Normal style set to single column,
1.5 line spacing, and 12 pt Times New Roman font
is recommended. Line numbering (continuous, for the
whole document) must be enabled to simplify the re-
viewing process. For any other format, please consult
the editor. Articles should be written in English. Correct
spelling and grammar are the sole responsibility of the
author(s). Papers should be written in a concise and
succinct manner. The authors shall respect the 1SO
80000 standard [1], and IUPAC Green Book [2] rules
on the names and symbols of quantities and units. The
Systéme International d’Unités (SI) must be used for
all dimensional quantities.

Graphics (figures, graphs, illustrations, digital imag-
es, photographs) should be inserted in the text where
appropriate. The captions should be self-explanatory.
Lettering should be readable (suggested 8 point Arial
font) with equal size in all figures. Use common pro-
grams such as MS Excel or similar to prepare figures
(graphs) and ChemDraw to prepare structures in their
final size. Width of graphs in the manuscript should be
8 cm. Only in special cases (in case of numerous data,
visibility issues) graphs can be 17 cm wide. All graphs
in the manuscript should be inserted in relevant places
and aligned left. The same graphs should be provid-
ed separately as images of appropriate resolution (see
below) and submitted together in a ZIP file (Graphics
ZIP). Please do not submit figures as a Word file. In
graphs, only the graph area determined by both axes
should be in the frame, while a frame around the whole
graph should be omitted. The graph area should be
white. The legend should be inside the graph area. The
style of all graphs should be the same. Figures and
illustrations should be of sufficient quality for the
printed version, i.e. 300 dpi minimum. Digital images
and photographs should be of high quality (minimum
250 dpi resolution). On submission, figures should be
of good enough resolution to be assessed by the refer-
ees, ideally as JPEGs. High-resolution figures (in JPEG,

TIFF, or EPS format) might be required if the paper is
accepted for publication.

Tables should be prepared in the Word file of the pa-
per as usual Word tables. The captions should appear
above the table and should be self-explanatory.

References should be numbered and ordered se-
quentially as they appear in the text, likewise meth-
ods, tables, figure captions. When cited in the text,
reference numbers should be superscripted, follow-
ing punctuation marks. It is the sole responsibility of
authors to cite articles that have been submitted to

a journal or were in print at the time of submission

to ACSi. Formatting of references to published work

should follow the journal style; please also consult a

recent issue:

1. J. W. Smith, A. G. White, Acta Chim. Slov. 2008,
55, 1055-1059.

2. M. F. Kemmere, T. F. Keurentjes, in: S. P. Nunes,
K. V. Peinemann (Ed.): Membrane Technology in
the Chemical Industry, Wiley-VCH, Weinheim, Ger-
many, 2008, pp. 229-255.

3. J. Levec, Arrangement and process for oxidizing an
aqueous medium, US Patent Number 5,928,521,
date of patent July 27, 1999.

4. L. A. Bursill, J. M. Thomas, in: R. Sersale, C. Collela,
R. Aiello (Eds.), Recent Progress Report and Discus-
sions: 5th International Zeolite Conference, Naples,
Italy, 1980, Gianini, Naples, 1981, pp. 25-30.

5. J. Szegezdi, F. Csizmadia, Prediction of dissociation
constant using microconstants, http://www. che-
maxon.com/conf/Prediction_of_dissociation _con-
stant_using_microco nstants.pdf, (assessed: March
31, 2008)

Titles of journals should be abbreviated according to

Chemical Abstracts Service Source Index (CASSI).

Special Notes

e Complete characterization, including crystal
structure, should be given when the synthesis of
new compounds in crystal form is reported.

e Numerical data should be reported with the
number of significant digits corresponding to
the magnitude of experimental uncertainty.

e The SI system of units and IUPAC recommen-
dations for nomenclature, symbols and abbrevia-
tions should be followed closely. Additionally, the
authors should follow the general guidelines when
citing spectral and analytical data, and depositing
crystallographic data.

e Characters should be correctly represented
throughout the manuscript: for example, 1 (one)
and | (ell), 0 (zero) and O (oh), x (ex), D7 (times
sign), BO (degree sign). Use Symbol font for all
Greek letters and mathematical symbols.

e The rules and recommendations of the lTUBMB and
the International Union of Pure and Applied
Chemistry (IUPAC) should be used for abbrevia-
tion of chemical names, nomenclature of chemical
compounds, enzyme nomenclature, isotopic com-
pounds, optically active isomers, and spectroscopic
data.

« A conflict of interest occurs when an individu-
al (author, reviewer, editor) or its organization is
involved in multiple interests, one of which could
possibly corrupt the motivation for an act in the
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other. Financial relationships are the most easi-
ly identifiable conflicts of interest, while conflicts
can occur also as personal relationships, academ-
ic competition, etc. The Editors will make effort
to ensure that conflicts of interest will not com-
promise the evaluation process; potential editors
and reviewers will be asked to exempt themselves
from review process when such conflict of inter-
est exists. When the manuscript is submitted for
publication, the authors are expected to disclose
any relationships that might pose potential conflict
of interest with respect to results reported in that
manuscript. In the Acknowledgement section the
source of funding support should be mentioned.
The statement of disclosure must be provided as
Comments to Editor during the submission pro-
cess.

* Published statement of Informed Consent.
Research described in papers submitted to ACSi
must adhere to the principles of the Declaration
of Helsinki (http://www.wma.net/e/policy/
b3.htm). These studies must be approved by an
appropriate institutional review board or commit-
tee, and informed consent must be obtained from
subjects. The Methods section of the paper must
include: 1) a statement of protocol approval from
an institutional review board or committee and 2),
a statement that informed consent was obtained
from the human subjects or their representatives.

e Published Statement of Human and Animal
Rights.When reporting experiments on human
subjects, authors should indicate whether the
procedures followed were in accordance with the
ethical standards of the responsible committee
on human experimentation (institutional and na-
tional) and with the Helsinki Declaration of 1975,
as revised in 2008. If doubt exists whether the
research was conducted in accordance with the
Helsinki Declaration, the authors must explain
the rationale for their approach and demonstrate
that the institutional review body explicitly ap-
proved the doubtful aspects of the study. When
reporting experiments on animals, authors should
indicate whether the institutional and national
guide for the care and use of laboratory animals
was followed.

e To avoid conflict of interest between authors and
referees we expect that not more than one referee
is from the same country as the corresponding au-
thor(s), however, not from the same institution.

e Contributions authored by Slovenian scientists
are evaluated by non-Slovenian referees.

e Papers describing microwave-assisted reac-
tions performed in domestic microwave ovens
are not considered for publication in Acta Chimica
Slovenica.

= Manuscripts that are not prepared and submit-
ted in accord with the instructions for authors are
not considered for publication.

Appendices

Authors are encouraged to make use of supporting
information for publication, which is supplementary
material (appendices) that is submitted at the same
time as the manuscript. It is made available on the
Journal’s web site and is linked to the article in the

Journal’s Web edition. The use of supporting informa-
tion is particularly appropriate for presenting addition-
al graphs, spectra, tables and discussion and is more
likely to be of interest to specialists than to general
readers. When preparing supporting information, au-
thors should keep in mind that the supporting infor-
mation files will not be edited by the editorial staff.
In addition, the files should be not too large (upper
limit 10 MB) and should be provided in common widely
known file formats to be accessible to readers with-
out difficulty. All files of supplementary materials are
loaded separately during the submission process as
supplementary files.

Proposed Cover Picture and
Graphical Abstract Image

Graphical content: an ideally full-colour illustration
of resolution 300 dpi from the manuscript must be
proposed with the submission. Graphical abstract pic-
tures are printed in size 6.5 x 4 cm (hence minimal
resolution of 770 x 470 pixels). Cover picture is print-
ed in size 11 x 9.5 cm (hence minimal resolution of
1300 x 1130 pixels)

Authors are encouraged to submit illustrations as can-
didates for the journal Cover Picture*. The illustration
must be related to the subject matter of the paper.
Usually both proposed cover picture and graphical ab-
stract are the same, but authors may provide different
pictures as well.

* The authors will be asked to contribute to the costs
of the cover picture production.

Statement of novelty

Statement of novelty is provided in a Word file and
submitted as a supplementary file in step 4 of sub-
mission process. Authors should in no more than 100
words emphasize the scientific novelty of the present-
ed research. Do not repeat for this purpose the con-
tent of your abstract.

List of suggested reviewers

List of suggested reviewers is a Word file submitted as
a supplementary file in step 4 of submission process.
Authors should propose the names, full affiliation (de-
partment, institution, city and country) and e-mail ad-
dresses of three potential referees. Field of expertise
and at least two references relevant to the scientific
field of the submitted manuscript must be provided for
each of the suggested reviewers. The referees should
be knowledgeable about the subject but have no close
connection with any of the authors. In addition, refer-
ees should be from institutions other than (and prefer-
ably countries other than) those of any of the authors.

How to Submit

Users registered in the role of author can start sub-
mission by choosing USER HOME link on the top of the
page, then choosing the role of the Author and follow
the relevant link for starting the submission process.
Prior to submission we strongly recommend that you
familiarize yourself with the ACSi style by browsing
the journal, particularly if you have not submitted to
the ACSi before or recently.
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Correspondence

All correspondence with the ACSi editor regarding the
paper goes through this web site and emails. Emails
are sent and recorded in the web site database. In the
correspondence with the editorial office please provide
ID number of your manuscript. All emails you receive
from the system contain relevant links. Please do not
answer the emails directly but use the embed-
ded links in the emails for carrying out relevant
actions. Alternatively, you can carry out all the ac-
tions and correspondence through the online system
by logging in and selecting relevant options.

Proofs

Proofs will be dispatched via e-mail and corrections
should be returned to the editor by e-mail as quick-
ly as possible, normally within 48 hours of receipt.
Typing errors should be corrected; other changes of
contents will be treated as new submissions.

Submission Preparation Checklist
As part of the submission process, authors are required
to check off their submission’s compliance with all of
the following items, and submissions may be returned
to authors that do not adhere to these guidelines.

1. The submission has not been previously published,
nor is it under consideration for publication in any
other journal (or an explanation has been provid-
ed in Comments to the Editor).

2. All the listed authors have agreed on the content
and the corresponding (submitting) author is re-
sponsible for having ensured that this agreement
has been reached.

3. The submission files are in the correct format:
manuscript is created in MS Word but will be sub-
mitted in PDF (for reviewers) as well as in orig-
inal MS Word format (as a supplementary file for
technical editing); diagrams and graphs are cre-
ated in Excel and saved in one of the file formats:
TIFF, EPS or JPG; illustrations are also saved in
one of these formats. The preferred position of
graphic files in a document is to embed them close
to the place where they are mentioned in the text
(See Author guidelines for details).

4. The manuscript has been examined for spelling
and grammar (spell checked).

5. The title (maximum 150 characters) briefly ex-
plains the contents of the manuscript.

6. Full names (first and last) of all authors together
with the affiliation address are provided. Name of
author(s) denoted as the corresponding author(s),
together with their e-mail address, full postal ad-
dress and telephone/fax numbers are given.

7. The abstract states the objective and conclu-
sions of the research concisely in no more than
150 words.

8. Keywords (minimum three, maximum six) are
provided.

9. Statement of novelty (maximum 100 words)
clearly explaining new findings reported in the
manuscript should be prepared as a separate
Word file.

10. The text adheres to the stylistic and bibliographic
requirements outlined in the Author guidelines.
11. Text in normal style is set to single column, 1.5
line spacing, and 12 pt. Times New Roman font is

recommended. All tables, figures and illustrations
have appropriate captions and are placed within
the text at the appropriate points.

12. Mathematical and chemical equations are provided
in separate lines and numbered (Arabic numbers)
consecutively in parenthesis at the end of the line.
All equation numbers are (if necessary) appropri-
ately included in the text. Corresponding numbers
are checked.

13. Tables, Figures, illustrations, are prepared in cor-
rect format and resolution (see Author guideli-
nes).

14. The lettering used in the figures and graphs do not
vary greatly in size. The recommended lettering
size is 8 point Arial.

15. Separate files for each figure and illustration are
prepared. The names (numbers) of the separate
files are the same as they appear in the text. All
the figure files are packed for uploading in a single
ZIP file.

16. Authors have read special notes and have accor-
dingly prepared their manuscript (if necessary).

17. References in the text and in the References are
correctly cited. (see Author guidelines). All ref-
erences mentioned in the Reference list are cited
in the text, and vice versa.

18. Permission has been obtained for use of copy-
righted material from other sources (including the
Web).

19. The names, full affiliation (department, institution,
city and country), e-mail addresses and references
of three potential referees from institutions other
than (and preferably countries other than) those
of any of the authors are prepared in the word
file. At least two relevant references (important
papers with high impact factor, head positions of
departments, labs, research groups, etc.) for each
suggested reviewer must be provided.

20. Full-colour illustration or graph from the manu-
script is proposed for graphical abstract.

21. Appendices (if appropriate) as supplementary
material are prepared and will be submitted at the
same time as the manuscript.

Privacy Statement

The names and email addresses entered in this journal
site will be used exclusively for the stated purposes of
this journal and will not be made available for any ot-
her purpose or to any other party.

ISSN: 1580-3155
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Koristni naslovi

Slovensko kemijsko drustvo

Stovenian Chemical Society . Gloyensko kemijsko drustvo

(, www.chem-soc.si
e-mail: chem.soc@ki.si

Wessex Institute of Technology
WWW4WCSS€X.6C.UI<

SETAC

www.setac.org

European Water Association

http://www ewa-on|ine4eu/

European Science Foundation
WWw, esF.org

European Federation of Chemical Engineering
https://efce.info/

International Union of Pure and Applied Chemistry
https://iupac.org/

Novice europske zveze kemijskih drustev
(EuCheMS) najdete na:

EuCheMS: Brussels News Updates

http://www euchems4eu/news|etters/
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Noctiben Mea®, doksilaminijev hidrogensukcinat, filmsko obloZene tablete, 15 mg

Kaj je zdravilo Noctiben Mea in za kaj ga uporabljamo Jemanje tega zdravila se priporoca pri obéasni nespeénosti pri odraslih. Ce se znaki vase bolezni
poslabsajo ali ne izboljSajo v 5 dneh, se posvetujte z zdravnikom. Kaj morate vedeti, preden boste vzeli zdravilo Noctiben Mea Ne jemljite tega
zdravila, ce ste alergicni na doksilamin, antihistaminike ali katerokoli sestavino tega zdravila, Ce ste imeli v preteklosti akutni glavkom (zviSan ocesni tlak),
(e ste moski in imate teZave z odvajanjem vode (zaradi tezav s prostato ali drugih tezav), ce ste mlajsi od 18 let. Pred zacetkom Jemanja zdravila se posvetujte
z zdravnikom ali s farmacevtom. Pri stare]5|h je treba zdravilo uporabljati prewdno zaradi tveganja za p labs bnosti, zaspanost,
pocasne odzive in/ali omotico, ki lahko poveca tveganje za padce. Tako kot pri drugih uspavalih in pomirjevalih bo tudi pn jemanju tega zdravila verjetno
prislo do poslabsanja sindroma spaine apneje. Med zdravljenjem ni priporocljivo pitje alkohola. Ce imate dolgotrajno jetrno ali ledviéno bolezen, se posvetujte
7 zdravnikom, da bo lahko prilagodil odmerek. Zdravilo vsebuje laktozo. Ce ne prenasate nekaterih sladkorjev, se pred jemanjem tega zdravila posvetujte
z zdravnikom. Otroci in mladostniki, mlajsi od 18 let, zdravila ne smejo jemati. Da bi se izognili morebitnim interakcijam med razlicnimi zdravili, morate
o kakrsnemkoli drugem zdravljenju obvestiti svojega zdravnika ali farmacevta. Ce ste noseci ali dojite, ¢e menite, da bi lahko bili nosei, ali ¢e nacrtujete
zanositev, se posvetujte z zdravnikom ali s farmacevtom, preden vzamete to zdravilo. Med nosecnostjo lahko to zdravilo jemljete samo, ce vam je
tako svetoval zdravnik. Jemanje med dojenjem ni priporodljivo. Zavedati se morate, da sta z jemanjem tega zdravila povezani zaspanost podnevi in
zmanjsana pozornost. Med upravljanjem vozil in strojev ni priporocljivo socasno jemanje drugih sedativnih zdravil, natrijevega oksibata ter seveda pitje
alkohola ali jemanje zdravil, ki vsebujejo alkohol. Pri nezadostnem trajanju spanja je tveganje za pojav zmanjSane pozornosti Se povecano. Kako jemati
zdravilo Noctiben Mea Priporoceni odmerek je %2 tablete do 1 tableta na dan, po potrebi se lahko poveca na 2 tableti na dan. Pri starejsih in bolnikih
z ledvicno ali jetrno okvaro se priporoca najmanjsi odmerek. Tableta se lahko deli na enaka odmerka. Pogoltnite jo z nekaj vode. Dnevni odmerek
vzemite zvecer, 15 do 30 minut pred spanjem. Zdravljenje traja od 2 do 5 dni. Brez posveta z zdravnikom lahko zdravilo jemljete najvec 5 dni.
(e ste vzeli vecji odmerek zdravila, kot bi smeli, se takoj posvetujte z zdravnikom ali s farmacevtom. Ce ste pozabili vzeti prejsnji odmerek, ne vzemite
dvojnega. Naslednji odmerek vzemite ob obitajnem ¢asu. MozZni nezeleni ucinki Zaspanost podnevi, zaprtje, zastoj urina, suha usta, zmedenost,
rabdomioliza, povecane vrednosti kreatin fosfokinaze v krvi, motnje vida, palpitacije srca, sedacija, kognitivne in psihomotoricne motnje. lzgled
zdravila Noctiben Mea in vsebina pakiranja Filmsko oblozene tablete so bledo vijolicasto sive do vijolicasto sive, ovalne, izbocene, z razdelilno zarezo na
eni strani. Zdravilo je na voljo v Skatlici z 10 tabletami v pretisnem omotu. Nacin izdajanja zdravila Zdravilo se brez recepta izdaja v lekarnah. Imetnik
dovoljenja za promet z zdravili Krka, d. d., Novo mesto, Smarjeska cesta 6, 8501 Novo mesto, Slovenija. Datum zadnje revizije navodila 17. 5. 2019.

Pred zacetkom jemanja zdravila natancno preberite navodilo, ker vsebuje za vas pomembne podatke. Pri jemanju tega zdravila natancno upostevajte napotke v tem
navodilu ali navodila zdravnika ali farmacevta. Ce opazite katerikoli nezeleni ucinek, se posvetujte z zdravnikom, farmacevtom ali drugim zdravstvenim delavcem.

0 domnevnem nezelenem ucinku lahko porocate tudi neposredno nacionalnemu centru za far igilanco, na nacin, kot je objavljeno na spletni strani www.jazmp.si.

Pred uporabo natan¢no preberite navodilo!

www.noctibenmea.si

**

(T4 KRKA

O tveganju in nezelenih ucinkih se posvetujte z zdravnikom ali s farmacevtom.
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