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Abstract

Organic-inorganic hybrid bioactive nanomaterials were sonochemically synthesized by covalent anchoring of
2-acetylpyridine thiosemicarbazone on the surface of CuO nanoparticles using two different approaches. The prepared
nanoparticles were characterized by a combination of physico-chemical and spectroscopic techniques. The synergetic
bactericidal activity of CuO and thiosemicarbazone moieties in prepared nanomaterials was tested in vitro using the zone
inhibition methods against Gram positive and Gram negative bacterial strains. Additionally, the minimum inhibitory
concentration (MIC) and minimal bactericidal concentration (MBC) were also determined. Results prove that CuO and
functionalized CuO nanoparticles synthesized by the sonochemical method in present study show improved antibacteri-
al activities and they could be used in the design of more efficient antibacterial materials for pharmaceutical applications.
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1. Introduction

In recent years, the need to develop novel drugs with
enhanced, targeted bactericidal activity has significantly
increased due to concerns regarding drug-resistance in
pathogens.! With recent advances in nanotechnology, na-
no-sized materials have received considerable attention as
potent antimicrobial agents because of their unusual prop-
erties which are distinctly different from those of their mi-
crometer-sized counterparts.> As antimicrobial agents,
nanomaterials show a diversity of modes of action; such as
electrostatic interaction with the bacterial membrane, re-
active oxygen species (ROS) production, photoactivation
or photocatalism, production of reactive nitrogen species
(RNS), production and induction of signal secretion,
which may cause membrane damage, hinder protein func-
tion, induce DNA destruction and therefore promote ap-
optosis (programmed cell death).’

For more than a decade, various types of metals such
as silver (Ag)® and gold (Au)” and also metal oxide nano-
particles such as iron oxide (Fe;0,),® titanium oxide

(TiO,),” magnesium oxides (MgO),!° aluminum oxide
(AL,O5),! and zinc oxide (ZnO)!? have been the focus of
intense research due to their antimicrobial properties.
Moreover, copper oxide (CuO) is among a group of metal-
lo-drugs which can act as effective antimicrobial and anti-
bacterial agents.!® The higher antibacterial activity of CuO
nanoparticles compared to metal nanoparticles such as
silver can be interpreted by the stronger complexation of
amine and carboxyl groups on the bacterial cell walls and
CuO nanoparticles.'

The antimicrobial activity of nanomaterials has been
observed to vary as a function of environmental factors in-
cluding pH, temperature, and solvent as well as size, shape,
surface area in contact with the microbe, and composition
with other organic or inorganic materials.'>~!® In addition, it
has been shown that surface chemical modification can im-
prove colloidal stability in physiological media, water solu-
bility, biocompatibility, and specific targeting ability of nano-
partricles.! After the first report of pyridine-2-carbaldehyde
thiosemicarbazone synthesis and its carcinostatic proper-
ties,?” the synthesis of different thiosemicarbazone ligands
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and their metal complexes have received considerable atten-
tion due to the wide range of applications in pharmacologi-
cal fields.?!?2 Taking into consideration the advanced appli-
cations of nanocomposite materials in the field of
antimicrobial chemotherapy, the present work reports a sim-
ple and cost effective method for conjugation of bioactive
2-acetylpyridine thiosemicarbazone (TSCPy) on the surface
of CuO nanoparticles. CuO nanoparticles containing TSCPy
moiety were prepared via two different methods using ultra-
sonic irradiations. The first route (method A) involves the
co-precipitation method in the presence of glutamic acid as
conjugating agents. The TSCPy molecules were then an-
chored on the surface of CuO nanoparticles by a condensa-
tion reaction between glutamic acid and TSCPy. In the sec-
ond route (method B), the TSCPy functionalized CuO
nanoparticles were directly synthesized by the co-precipita-
tion method in the presence of TSCPy. The prepared faction-
alized CuO nanoparticles were characterized by different
spectroscopic methods. In addition, the synergetic in vitro
antibacterial activity of CuO nanoparticles and TSCPy moi-
ety have been screened against a series of Gram positive and
Gram negative bacteria, using the zone inhibition method.
The minimum inhibitory concentration (MIC) and minimal
bactericidal concentration (MBC) were also investigated.

2. Experimental
2. 1. Materials and Methods

All reagents were obtained from commercial sources
and used without further purification. Powder X-ray dif-
fraction (PXRD) data were collected with a Philips pw
1830 diffractometer (Cu-Ka X-radiation, A = 1.54 A). FT-
IR spectra of samples in the form of KBr pellets were re-
corded using an Alpha-Bruker FT-IR spectrophotometer.
The scanning electron microscopy (SEM) images were
taken on a KYKY-EM3200 scanning electron microscope.
The elemental analysis was recorded with an energy dis-
persive X-ray (EDX) analyzer, MIRA3 FEG-SEM series.

2. 2. Preparation of (E)-2-(1-(pyridin-2-yl)
ethylidene)hydrazine-1-carbothioamide

(TSCPy)

2-acetylpyridine (0.121 mL, 1 mmol) was added to
20 mL ethanolic solution of the thiosemicarbazide (0.203
g, 1 mmol). The reaction mixture was refluxed for 10 h at
70 °C. A precipitate was formed when the solution was al-
lowed to cool at room temperature. The pale yellow precip-
itate was filtered, washed with cold ethanol, diethyl ether
and dried in air.

2. 3. Preparation of CuO Nanoparticles

Aqueous solution of NaOH (1 M) was added drop-
wise to 50 mL aqueous solution of CuSO,-5H,0 (6.24 g, 25

mmol) while it was positioned in a large-density ultrason-
ic probe, operating at 37 kHz with a maximum force out-
put of 320 W (pH 11-12). A black precipitate was formed,
and the suspension was then sonicated for 2 h at 30 °C to
ensure completion of the reaction. The product was sepa-
rated by centrifugation, washed with distilled water, etha-
nol and diethyl ether and dried in air.

2. 4. Preparation of Functionalized CuO
Nanoparticles

To prepare functionalized CuO nanoparticles with
glutamic acid (CuOGA NPs), glutamic acid (0.92 g, 6
mmol) was dissolved in 15 mL of NaOH solution (0.02 M)
and then added to an aqueous solution of CuSO,-5H,0
(1.56 g, 6 mmol). The rest of the reaction was carried out
according to the procedure described above for CuO nan-
oparticles. To conjugate CuOGA NPs with TSCPy, 0.3 g of
CuOGA was added to 30 mL ethanol and sonicated for 30
min. Then, 0.3 g of TSCPy was dissolved in DMSO (0.1
mL) and 10 mL ethanol was added to the ethanolic sus-
pension of CuOGA. The mixture was sonicated for 60 min
and allowed to stir overnight at 40 °C. CuOGA-TSCPy
NPs were subsequently washed with ethanol and diethyl
ether and dried in oven at 70 °C for 3 h.

The synthesis of TSCPy functionalized CuO nano-
particles (CuOTSCPy) were performed following the pro-
cedure described for CuOGA, except that TSCPy (1.05 g, 4
mmol) was used as the functionalization agent.

2. 5. In-vitro Antibacterial Assay

Antibacterial activity of the prepared CuO and func-
tionalized CuO NPs were tested in vitro using the zone in-
hibition method* against two Gram positive bacterial
strains Micrococcus luteus (ATCC 4698) and Staphylococ-
cus aureus (ATCC 29213), and two Gram negative bacteri-
al strains Escherichia coli (ATCC 25922) and Pseudomonas
aeruginosa (ATCC 27853). The nutrient agar and nutrient
broth cultures were prepared according to manufactures’
instructions and were incubated at 37 °C. After incubation
for the appropriate time, a suspension of 50 uL of each bac-
terial test organism was spread onto the nutrient agar
plates. Agar wells were prepared with the help of a steri-
lized glass tube. Then 30 uL of the test agents at a concen-
tration of 2000 pg/ml in DMSO were added to each well.
All the bacterial strains were incubated at 37 °C for 24 h.
Clear zones around the wells showed inhibition of bacteri-
al growth and turbidity indicated bacterial resistance to
the compound at the concentration present in the medi-
um. The diameter of inhibition zones was determined in
millimeters (mm). The concentration of DMSO in the me-
dium did not affect growth of any of the microorganisms
tested. All experiments were carried out in triplicate. The
results are reported as meanztstandard deviation of zone of
inhibition in millimeter. Antibacterial activity of each
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compound was compared with penicillin G and tetracy-
cline as standard drugs. DMSO was used as a negative con-
trol. The MIC and MBC were also determined by the dilu-
tion method against the tested bacterial species. The MIC
is defined as the lowest concentration of compound that
inhibited bacterial growth (no turbidity in the tube). Brief-
ly, NPs were diluted into concentrations of 20, 10, 5 and 2.5
pg/ml, in nutrient broth tubes inoculated with the test bac-
terium. The tubes were incubated at 37 °C for 24 h and
thereafter observed for growth or turbidity using unaided
eye. The MBC was defined as the lowest concentration of
compound lethal to the bacteria. In brief, 50 pL of broth
from each test tube showing no visible signs of growth/
turbidity, was inoculated onto a nutrient agar plate and in-
cubated further for 24 h at 37 °C. The agar plates were then
examined for growth.

3. Result and Discussion

3. 1. Preparation and Characterization of
Spinel Ferrite Nanoparticles

The thiosemicarbazone ligand (TSCPy) derived
from 2-acetopyridine and thiosemicarbazid was synthe-
sized following the procedure described previously.?* CuO
and also functionalized CuO nanoparticles were synthe-
sized using ultrasonic irradiations which significantly re-
duced the synthesis time and temperature. CuO nanopar-
ticles containing the TSCPy bioactive molecule were
prepared by using one of two methods shown in Scheme 1.
The first route (method A) involves the synthesis of CuO

\’
CuS0,.5H,0 + NaOH 8%
CuO NPs
75,
Opy
CuOTSCPy NPs

CuOGA-TCSPy NPs

nanoparticles by the co-precipitation method in the pres-
ence of glutamic acid. The covalently grafted TSCPy mole-
cules can then be produced via the subsequent condensa-
tion reaction between glutamic acid and TSCPy. In the
second route (method B), the TSCPy functionalized CuO
nanoparticles were directly synthesized by the co-precipi-
tation method in the presence of TSCPy.

Figure 1 displays the FT-IR spectra of as-prepared
samples. Strong bands around 3460 and 1650 cm™ ap-
peared in FT-IR spectra of nano-samples (Figures 1b-1e)
corresponding to the vibrational modes of O—H stretching
and bending vibrations of surface hydroxyl groups and
physisorbed water molecules.?> FT-IR spectrum for un-
treated CuO nanoparticles (Figure 1b) displayed strong
peaks at 473 cm™}, 526 cm™ and 618 cm™!, which are asso-
ciated with Cu-O vibrational modes. This is in good agree-
ment with literature sources.?®*” Glutamic acid and thio-
semicarbazone-treated CuO nanoparticles (Figures
lc-le), in addition to the same two characteristic peaks
present in the untreated sample, also showed additional
ones. The new bands at about 2850-3050 cm™! in CutOGA
and CuOGA-TSCPy spectra can be attributed to -C-H
bond stretching assigned to the alkyl group.? The peaks at
1113 and 1030 cm™ in CuOGA spectrum as well as the
peaks at 1062 and 1031 cm™! in CuOGA-TSCPy spectrum
are assigned to C—O stretching coordinated to the metal
cations.'* A comparison between FT-IR spectra of thio-
semicarbazone ligand (Figure 1a) and synthesized CuO-
GA-TSCPy nanoparticles (Figure 1d) indicates the suc-
cessful grafting of thiosemicarbazone onto the surface of
CuO nanoparticles. The bands at around 3300 cm™! and
820 cm™! in the IR spectrum of TSCPy corresponding to

) (A)
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NN = NH Sy s

S
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Scheme 1. Synthetic pathways for the synthesis of CuO and TSCPy functionalized CuO nanoparticles.
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the v(NH) and v(C=S),%-3! respectively (Figure 1a), have
also been observed in IR spectrum of CuOGA-TSCPy na-
noparticles (Figure 1d). The band observed at 1210 cm™
andaband at 1556 cm ™' in the spectrum of CuOGA-TSCPy
can be assigned to the v(C-N),*? indicating the thiosemi-
carbazone anchoring on the CuOGA-TSCPy nanoparti-
cles via amide linkage between glutamic acid and TSCPy.
The FT-IR spectra of CuOGA-TSCPy and CuOTSCPy na-
noparticles are very similar. Both exhibit the characteristic
CuO peaks as well as peaks at around 817 cm™! and 3300
cm™! corresponding to C=S and N-H bonds, respectively.
Furthermore, in the TSCPy treated sample (Figure le)
multiple C-H stretching peaks above and below 3000 cm™!
were observed, indicative of both saturated and unsaturat-
ed C-H bond stretching. The aromatic C=C stretching
peaks including the pyridine skeleton stretching were ob-
served at about 1440 cm™' for CuOGA-TSCPy and
CuOTSCPy nanoparticles.??
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Figure 1. FT-IR spectra of (a) TSCPy, (b) CuO, (c) CuOGA, (d)
CuOGA-TSCPy and (e) CuOTSCPy.

Typical XRD pattern of the synthesized CuO and
functionalized CuO nanoparticles are shown in Figure 2.
The peaks are indexed as 32.3° (110), 35. 5° (11), 38.7°
(111), 49.1° (20), 53.7° (020), 58.2° (202), 61.7° (11), 66.5°
(31), 68. 3° (220), 72.6° (311) and 75.5 (004), respectively.

These were compared with the Joint Committee on Pow-
der Diffraction Standards (JCPDS) card No 48-1548. They
suggest a monoclinic structure and the diffraction patterns
of the characteristic peaks are in good agreement with data
presented previously.’ High intensity and sharpness of
CuO XRD characteristic peaks indicate the good quality
crystalline structure of nanoparticles. Despite a decrease
in intensity observed for the CuOGA-TSCPy sample, it is
clear from Figure 2b that the functionalization does not
influence the crystal structure. Further, no noticeable
peaks such as Cu(OH),, CuS or other copper compound
were observed in CuO and CuOGA-TSCPy XRD patterns,
indicating the formation of single-phase CuO with a mon-
oclinic structure.

The size of the synthesized nanoparticles was calcu-
lated using Scherrer’s equation: D = kA/fBcos0, where, D is
the average crystalline size, k the Scherrer constant (0.89),
A the X-ray wavelength used, 8 the angular line width at
half maximum intensity and 6 is the Bragg’s angle in de-
grees unit.*® The calculated average particle sizes are 13
and 10 nm for CuO and CuOGA-TSCPy, respectively. The
XRD pattern obtained for the CuOTSCPy (Figure 2c¢) is
different from those observed for CuO and CuO-
GA-TSCPy and is relatively broader. No sharp peaks can
be attributed to the amorphous nature of CuOTSCPy
powders. In addition, the peaks related to the CuS phase
were also identified in Figure 2c.>® These phenomena can
be mainly explained by the presence of TSCPy during the
formation of CuO phase in the synthesis of CuOTSCPy
nanoparticles. As known, thiocarbamates and thiocarba-
zides have been used frequently for the synthesis of CuS
nanoparticles,*”*8 and this can be one of the disadvantages
of direct functionalization of CuO nanoparticles using
method B.

Intensity (a.u)

208 (Degree)

Figure 2. The XRD patterns of the synthesized samples of (a) CuO
(b) CuOGA-TSCPy and (c) CuOTSCPy nanoparticles.

The morphology and particle size of the synthesized
samples were also investigated by scanning electron micros-
copy (SEM). SEM images show that the nanoparticles have
almost spherical shape (Figure 3). The particles are well sep-
arated and uniformly distributed. The average particle sizes
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Figure 3. SEM and EDX images of (a) CuO (b) CuOGA-TSCPy (c) CuOTSCPy nanoparticles.

estimated from the SEM images were about 58, 42 and 52
nm for CuO, CuOGA-TSCPy and CuOTSCPy, respectively.
The larger size of the functionalized nanoparticles might be
due to the capping of nanoparticles by GA and/or TSCPy
confirmed by FT-IR analysis. To provide further informa-
tion about the elemental composition of the prepared nano-
particles, the samples were characterized by energy disper-
sive X-Ray (EDX) analysis. As shown in Figure 3, results
clearly demonstrated the purity of the synthesized CuO,
CuOGA-TSCPy and CuOTSCPy nanoparticles.

3. 3. Antibacterial Activity

The antibacterial activities of TSCPy, and also CuO,
CuOGA, CuOGA-TSCPy and CuOTSCPy nanoparticles
were studied against Gram-positive and Gram-negative
bacterial strains including Micrococcus luteus (M. luteus),

Staphylococcus aureus (S. aureus), Escherichia coli (E. coli)
and Pseudomonas aeruginosa (P. aeruginosa), using the
zone inhibition method. Penicillin G and tetracycline were
used as positive controls. The antibacterial activity of test-
ed agents was monitored at a concentration of 2000 pg/mL
in DMSO and the experiments were performed in tripli-
cate. The trend in antimicrobial activity of four compounds
was determined by measuring the inhibition zone around
the well and the results are presented in Table 1. The data
shows that the synthesized compounds are active against
almost all the microorganisms under study. TSCPy free
ligand showed the highest antibacterial activity among all
of the synthesized compounds. Moreover, antibacterial ac-
tivities of glutamic acid functionalized CuO (CuOGA)
and CuO nanoparticle were the same against Gram-posi-
tive and Gram-negative bacterial strains. The addition of
TSCPY to the structure of CuOGA increased the antibac-
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Table 1. Antibacterial activity of synthesized compounds and comparison to penicillin and tetracycline.

Compounds zone of inhibition (mean + SD, mm)
Gram-positive Gram-negative

M. luteus S. aureus E. coli P. aeruginosa
TSCPy 53.5+3.5 35.7+4.5 25.5+0.5 27.5+25
CuO 21.5+2 13.5+0.5 8.5+0.5 16.5+0.8
CuOGA 21+1.5 8 8 15+1
CuOGA-TSCPy 28+ 1 21.5+25 12+1 125+1
CuOTSCPy 16 +1.5 23+2 8 19.5+0.5
Penicillin G 50+ 1 501 18+1 -
Tetracycline 46t 1 411 31+1 27 +1

terial activity of CUOGA-TSCPy against M. luteus (28 £ 1),
S. aureus (21.5 + 2.5) and E. coli (12 + 1). Furthermore,
CuOTSCPy showed higher antibacterial activity in com-
parison with CuO against S. aureus (23 + 2) and P. aerugi-
nosa (19.5 + 0.5). Results in Table 1 confirm that the func-
tionalization of CuO with the bioactive TSCPy moiety can
enhance antibacterial activity.

Furthermore, the observed MIC and MBC for the
respective microorganisms are shown in Table 2. MIC is
the lowest concentration of the antimicrobial agent that
inhibits microbial growth and MBC was also determined
as the lowest bactericidal concentration of the tested com-
pound. For CuQ, it was found that the MIC and the MBC
were 10 pg/mL and 20 pg/mL for M. luteus respectively.
The best MIC value for TSCPy (10 pg/mL) was found
against S. aureus and E. coli, whereas it was more than
25 pg/ml for CuO. MBC was not reached using CuO
against S. aureus, E. coli and P. aeruginosa. The behavior of
CuOGA-TSPy and CuOTSPy was similar. The results of
our studies showed that the CutOGA-TSPy and CuOTSPy
nanoparticles not only showed bacteriostatic effects, but
also exhibited bactericidal activity in most cases. Accord-
ing to the MBC results, it was found that antimicrobial ac-
tivity of nano-sized CuO was enhanced after functionali-
zation with the TSCPy moiety (Table 2).

The contribution of the size, shape, morphology, and
capping agents on bactericidal effect of metal oxide nano-
particles and their interaction with microbial membranes

have been previously proven.’*#? Previous studies re-
vealed that CuO nanoparticles prepared by various proce-
dures have shown different physicochemical properties
that govern the antibacterial activity (Table 3). The ob-
tained values of zone of inhibition demonstrate that CuO,
CuOGA-TSCPy and CuOTSCPy nanoparticles prepared
by the described method have higher antibacterial activi-
ties compared with previously published values.**-47 This
can be attributed to their size, shape and high surface to
volume ratio, and also the synergetic effect of CuO and thi-
osemicarbazone moieties.

4. Conclusions

Copper oxide nanoparticles were synthesized by
sonochemical method and functionalized with the bioac-
tive 2-acetylpyridine thiosemicarbazone molecule through
two different methods: A and B routes, yielding the CuO-
GA-TSCPy and CuOTSCPy nanoparticles, respectively. In
method A, nanoparticles were first functionalized with
glutamic acid, followed by a subsequent condensation step
between glutamic acid and thiosemicarbazone. In method
B, the surface of the CuO nanoparticles is directly modi-
fied with 2-acetylpyridine thiosemicarbazone. The bacte-
ricidal activity of bare CuO and functionalized CuO nano-
materials prepared using A and B routes was tested in vitro
using the zone inhibition method against Gram positive

Table 2. MIC and MBC values for synthesized compounds against different bacterial strains.

CompoundsCompound concentration (ug/mL)

Gram-positive bacteria

Gram-negative bacteria

M. luteus S. aureus E. coli P. aeruginosa
MIC MBC MIC MBC MIC MBC MIC MBC
TSCPy 20 20 10 20 10 20 - -
CuO 10 20 - - 20 - - -
CuOGA 10 10 - - 10 10 - -
CuOGA-TSCPy 2.5 2.5 10 20 20 - -
CuOTSCPy 5 2.5 10 10 10 - 10 10
Penicillin G 15.6 15.62 62.5 1000
Tetracycline 31.3 62.5 31.25 15.62
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Table 3. Comparative results for physical properties and antibacterial activity of CuO nanoparticles synthesized with different methods.

Chemical Method of synthesis Shape Size Microorganism (growth inhibition Ref.
composition (nm) hole, mm)
CuO green synthesis spherical Less than 100 E. coli (12.8); S. aureus (12) [43]
CuO electrochemical reduction spherical 5-10 nm E. coli (5); S. aureus (12) [44]
CuO hydrothermal reaction, nanoflowers, 50-100 S. aureus (nanoflakes: 10 [45]
low temperature nanoleaves, nanoflakes, and nanoleaves: 12); S. pneumonia*
sonochemical nano rod (nanoflakes: 15, nanoleaves: 12);
S. typhimurium** (nanoflakes: 14,
nanoleaves: 16)
CuO and biosynthesis spherical Less than 10 S. pneumonia ( CuO:13 [46]
Ag/CuO nanocomposite and Ag/CuO: 24 )
polyindole/ reflux condensation plates like, leaf like, Less than 20 E. coli (5); S. aureus (10) [47]
Ag-CuO nanocomposite flower buds like
CuO sono-chemical spherical 40.4-57.6 S. aureus (13.5); M. luteus This
(21.5); P. aeruginosa ( 16.5) study
CuOGA- sono-chemical spherical 37.8-52.8 S. aureus (21.5); M. luteus (28); This
TSCPy P, aeruginosa ( 12); E. coli (12.5) study
CuOTSCPy sono-chemical spherical 49.2-56.3 S. aureus (23); M. luteus (16); This

P, aeruginosa (19.5) study

* Streptococcus pneumonia  ** Salmonella typhimurium

and Gram negative bacterial strains. MIC and MBC values
were also determined. The CuOTSCPy nanoparticles pos-
sess lower crystallinity and phase purity than CuO-
GA-TSCPy nanoparticles. This might be due to the pres-
ence of thiosemicarbazone during the formation of CuO
phase leading to formation of some impurities such as
CuS. Compared with previously published experimental
results, CuO, CuOGA-TSCPy and CuOTSCPy nanoparti-
cles synthesized by the sonochemical method showed
higher antibacterial activities. Moreover, antibacterial ac-
tivity of nano-sized CuO was enhanced after functionali-
zation with thiosemicarbazone moiety.
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S sonokemijsko metodo smo sintetizirali organsko — anorganske hibridne nanomateriale, pri ¢emer smo uporabili dva
razli¢na pristopa za sidranje 2-acetilpiridin tiosemikabazona na povr$ino nanodelcev CuO. Sintetizirane nanodelce smo
karakterizirali s kombinacijo fizikalno-kemijskih in spektroskopskih metod. Sinergijsko baktericidno aktivnost CuO in
tiosemikabazona smo testirali in vitro proti grampozitivnim in gramnegativnim bakterijam. Dolo¢ili smo tudi minimal-
no inhibitorno koncentracijo in minimalno baktericidno koncentracijo. Rezultati kaZejo, da nanodelci CuO in funkcion-
alizirani nanodelci CuO, pripravljeni po sonokemijski metodi iz te raziskave, kaZzejo izbolj$ano baktericidno aktivnost in
bi lahko bili uporabni v pripravi u¢inkovitejsih antibakterijskih materialov za farmacevtsko uporabo.
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