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Abstract

Cobalt and nickel doped catalysts were synthesized by using chitosan and alginate and used in the degradation of Rema-
zol Yellow 4GL (RY) and Remazol Black B (RB) dyes. XRD pattern of catalysts exhibited that amorphous and semi-crys-
talline form for CoNi-chitosan and Co-alginate, respectively. SEM images showed catalyst’s surface was rough, grainy
and rod-like structures. The surface functional groups were determined by FTIR analysis method and it was seen clearly
presence of alginate and chitosan. The Co-alginate catalysts exhibited higher dye degradation (74% for RY) and lower
reaction time (6 min for RB). The reduction reaction was in good agreement with pseudo-first-order kinetic model and
reaction rate constant was determined as 0.140 min~! and 0.174 min™! for RY and RB, respectively. The RY reduction
percent over both catalysts was higher than RB. Co-alginate showed approximately 70% reduction efficiency for RY even
after 4 runs. The dye reduction efficiency and catalytic activity of the catalysts were promise for organic pollutant dyes

catalytic reduction applications.

Keywords: Remazol Yellow 4GL; Remazol Black B; cobalt/nickel bead catalyst; catalytic reduction

1. Introduction

Dyes are widely used in textile, cosmetics, paper,
leather, food, plastic and many other industries. Azo dyes
(-N=N- group) are among the most harmful dyes due to
their high physicochemical stability.! From these azo dyes,
Remazol Yellow 4GL (RY) and Remazol Black B (RB) is a
synthetic highly toxic dyes with a diazo group of symmet-
rical aromatic nature. They pose significant risks to human
health such as mutagen, carcinogen, respiratory disorder,
skin irritation and allergic reactions.?® Their discharge to
water pollutes both environment and threat to human and
many vivid species health due to their toxic, carcinogenic
and mutagenic properties.”!* Therefore, require efficient
treatment before being released into aqueous media. Many
methods such as adsorption, advanced oxidation, coagula-
tion and reverse osmosis have been used for the treatment
of wastewater containing organic dyes. Adsorption pro-
cess is the most effective and reliable technique for remov-
al of dyes from wastewater. Although adsorption has the
advantage of high processing efficiency, ease of use, and
relatively low cost, it is difficult to remove contaminants
from the adsorbent. In recent years, the chemical reduc-
tion strategy using NaBH, in the presence of suitable cata-
lysts has gained more and more research attention due to

its advantages of environment friendly, low cost, high efhi-
ciency and easy operation. This process, while thermody-
namically favorable, is kinetically unfavorable.*-2! There-
fore, electrons need a catalyst for their rapid transfer from
borohydride ions to dye molecules.?? Moreover, there may
be a large redox potential difference between the electron
donor (BH,™ ion) and acceptor (dyes) species and this is
also can hinder relaying of electrons. Metal nanoparticles
(MNPs) are feasible enough to reduce the potential differ-
ence due to their high Fermi potentials for which they can
exhibit excellent dye degradation efficiency. Au, Pt, Pd and
Ag noble metal nanoparticles have been utilized in catalyt-
ic dye degradation due to their good electron transfer ca-
pabilities resulting from favorable redox potentials. How-
ever, they are expensive, which greatly limits their
industrial applications. Co, Ni, Fe and Cu transition metals
having low cost are good candidates to replace the noble
metals.!®23-26 The biggest obstacle to the use of these metal
nanoparticles is instability and agglomeration problem
that causes the reduction of their active sites due to their
high surface energy. Also, they cannot be easily separated
from the reaction medium, and this restricts their large-
scale applications. To overcome this problem, many poly-
meric hydrogel networks, support materials such as SBA-
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15, biochar, graphene have been used in preparation of
metal nanoparticles.”!>?’-33 Chitosan and alginate which
are a natural biodegradable polysaccharide having
non-toxic, environmentally friendly, is used for providing
of polymeric hydrogel networks. Both of them provides
excellent chelating ability and binding capacity to divalent
metal cations thanks to its functional groups (RCOO-,
OH-, CO-, NH,-).!523435 This attractive crosslinking
character ensures them various shapes such as bead and
membrane, as well as it make them more attractive for en-
vironmental applications which are adsorption, filtration,
oxidation and catalytic reduction of organic pollutants.'®

In the removal of RB and RY from wastewater ad-
sorption and photocatalytic methods are generally
used?®3%, while the use of catalytic reduction method is
encountered. In study performed by Almeida et al. RB has
been degraded photocatalytically using electric arc fur-
nace dust and provided catalytic performance and degra-
dation time of 81% and 150 min.” Secundino-Sanchez et
al,, have been declared that RB was degraded 50% and at
20 min in the presence of TiO,-NF’s-anatase photocata-
lysts.* In other work®, GO/CoFe,O, photocatalyst has been
used for degradation of RB and observed 53% degradation
efficiency within 60 min. On the other hand, there are very
limited studies for the removal of RY. One of these studies
is the study conducted by Akti’ and the other is the study
conducted by Akti and Balci.® Photocatalytic method was
used in these studies. Akti removed 96% of RY in 60 min
using PANI-SnO,@diatomite, while Akti and Balci re-
moved 58.2% in 150 min.”® All these materials have exhib-
ited promising results in removing pollutants from waste-
water. However, there is still a need for effective, cheap,
economical, environmentally friendly and non-toxic cata-
lysts.

This paper deal with the synthesis, characterization
and activity test of chitosan and alginate network-struc-
tured cobalt and cobalt-nickel bead type catalysts for cata-
Iytic reduction of RY and RB, selected as a model pollut-
ant. The novelty of the present study lies in the fact that the
synthesized catalysts have been reported in a limited num-
ber of studies in the literature for reduction, and their cat-
alytic activity is highly competitive.

2. Materials and Methods

2. 1. Materials

CoCl,.6H,0 (= 95%), NiCl,.6H,O (= 95%), sodium
alginate, chitosan (low molecular weight), CaCl, (= 93%)
and NaOH (= 99%) were supplied from Sigma-Aldrich.
Acetic acid (glacial 100%) and NaBH, (= 98%) were taken
Isolab and Merck, respectively. The Remazol Yellow 4GL
(C. L. Reactive Yellow 160; C,5H,,CINgNa,0,,S;) and Re-
mazol Black B (C. I. Reactive Black 5; CycH,;N5Na,O,6S¢)
were obtained from a local textile company in Turkey. All
chemicals were of analytical grade and were used directly.

2. 2. Synthesis of Co-alginate and
CoNi-chitosan Bead Type Catalysts
Co-alginate bead type catalysts synthesis; 0.2 g

CoCl,.6H,0 was dissolved in 50 mL distilled water, 1 g of

sodium alginate (2 w/v%) added and mixture was stirred

for 3h at room temperature. Afterward obtained gel was

dropped into 100 mL of 1% (w/v) CaCl, solution using a

syringe for bead formation and stirred at 150 rpm for 2 h

for stable structure. And then formed beads were filtered,

rinsed several times with distilled water for remove unre-
acted CaCl, and dried at room condition.

CoNi-chitosan bead type catalysts synthesis; 0.1 g Co-
Cl,.6H,0 and 0.1 g NiCl,.6H,0 were dissolved in 50 mL
acetic acid (1 v/v%) and added a solution containing 2%
chitosan (w/v). The mixture was stirred for 3 h at room
temperature and then dropped into 100 mL of 1 M NaOH
solution with a syringe. The occurred beads were kept in
NaOH solution at 150 rpm for 2 h for stable structure and
then filtered, washed several times with distilled water for
remove unreacted NaOH on the surface of beads and dried
at room condition.

2. 3. Characterization of Co-alginate and
CoNi-chitosan Bead Type Catalysts

X-ray diffraction (XRD) patterns were taken in the
20 range of 10-90° with 0.02° step size and scan speed of
1°/min using Philips PW 3040 device with CuKa radiation
(A = 0.15406 nm). The crystallite sizes (D) of metal species
within polymer matrix were determined from Debye
Scherrer equation (D = 0.9 A\)/(BcosB)) where B is full
width half maximum (FWHM) of the strongest peak cor-
responding to metal species.’’

Scanning electron microscopy (SEM) images were
taken on Quanta 400F Field Emission model electron mi-
croscope at 30 kV. Before the analysis samples were at-
tached on carbon tape and covered with a very thin layer
of Au-Pd.

Fourier transforms infrared (FTIR) spectra (resolu-
tion of less than 0.09 cm™') were recorded on a Thermo
Scientific/Nicolet IS50 instrument with a Pike ATR (atten-
uated total reflectance) adapter. FTIR data were collected
with 0.5 cm™! increment in the wavelength range of 600~
4000 cm™.

2. 4. Catalytic Activity Evaluation of
Co-alginate and CoNi-chitosan Bead
Type Catalysts

The activity of the catalysts was tested in the reduc-
tion reaction of Remazol Yellow 4GL (RY) and Remazol
Black B (RB) dyes in the presence of NaBH,. All solutions
were freshly prepared before reaction test. 1.5 mL of dye
solution (20 mg/L) and 1 mL of NaBH, solution (0.3 M)
were mixed. And then mixture was taken to a quartz cu-
vette, followed by addition of 30 mg of catalyst. Catalytic
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reduction was monitored at regular intervals of time using
a Thermo Scientific/Evolution-201 UV-vis spectropho-
tometer in the wavelength range of 200-700 nm. Kinetic
data were collected by measuring the absorbance values of
RY and RB dye solutions at 429 nm and 562 nm, respec-
tively. The kinetics of the reduction were investigated by
implying the reaction process pursuing the pseudo-first
order and pseudo second-order law, with the following
equations: Egs. (1) and (2), respectively. Reduction rate %
was calculated using Eq. (3).

I (§) = —kgppt (1)
1/Ac = —kappt (2)
Reduction rate % = (4, — A,)/A,x100 (3)

Where k,, (min~!) is the rate constant, A, is absorb-
ance at time ¢, A, is initial absorbance and A, is absorbance
at equilibrium of dye solutions.

3. Results and Discussion

3. 1. Characterization of Catalysts

XRD patterns are given in Fig. 1. Co-alginate exhib-
ited semi-crystalline structure while CoNi-chitosan
showed an amorphous structure. The semi-crystallinity
due to chitosan derives from the presence of inter- and in-
tramolecular hydrogen bonds between the hydroxyl and
amine groups on glucosamine units that lead to the forma-
tion of parallel and closely packed polymer chains.*® Two
broad peaks corresponding to crystalline plane of chitosan
were obtained at ~ 20° and 40° Bragg angle values for Co-
Ni-chitosan®*%°. No obvious diffraction peaks related to
the cobalt and nickel phases were obtained due to the met-
als might be embedded/settled as very small particle to the
chitosan structure. Co-alginate exhibited oxide (20: 29.14°,
33.96° and 36.98°) and metallic (20: 44.54°) forms of co-
balt species*"* and crystallite size of cobalt was calculated
as 25.12 nm from the highest peak intensity at 33.96 ° by
Scherrer equation.

CoNi-chitosan

Co-alginate

Intensity (a.u.)

0 20 30 40 50 60 70 80 90
Bragg angle (26)

—

Figure 1. XRD patterns of Co-alginate and CoNi-chitosan bead
type catalysts.

Fig. 2 shows the surface morphology of Co-alginate
and CoNi-chitosan. Grainy structure of 4-25 pum size were
observed on the surfaces of catalysts (Fig. 2a and c). It was
observed that the surface of CoNi-chitosan (Fig. 2d) was
rougher than Co-alginate (Fig. 2b). In addition to, grainy
and rod-like structures were also observed for CoNi-chi-
tosan. This different morphological structure may be relat-
ed to the interaction between metals and alginate and chi-
tosan.

Co-alginate

CoNi-chitosan

Figure 2. SEM images bead type catalysts of Co-alginate (a, b) and
CoNi-chitosan (¢, d).

FTIR spectrums of catalysts are shown in Fig. 3. The
peak at 850 cm™! related to the C—H band in the chitosan
structure. The peak observed at around 1030 cm™! indi-
cates the C—O vibration, while the peaks obtained at 1350
cm™! and 1460 cm™! shows the C—H vibration originating

from the CH,/CHj; groups. The peak detected at 1644
1

cm™! was assigned the C=0 bond found in chitosan and
§ CoNi-chitosan

=

T

c

=

Co-alginate
4000 3000 2000 1000

Wavenumber (cm-1)

Figure 3. FTIR spectrums of Co-alginate and CoNi-chitosan bead
type catalysts.
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alginate structures. Addition, the N—H groups of chitosan
were observed at 1557 cm ™! and 3270 cm™! wavenumbers.
The peak obtained at approximately 3450 cm™ is due to

the O—H band in the structure of chitosan and algi-
nate,40.43-46

3. 2. Catalytic reduction of RY and RB over
catalysts

The Co-alginate and CoNi-chitosan catalysts were
tested in RY and RB reduction reaction and monitored re-
sults by UV-vis absorption spectra with time-dependent
(Fig. 4). The dyes were reduced immediately in a short
time. The rapid decrease in the absorption peaks observed
at 429 nm and 562 nm clearly indicated the degradation of
RY and RB, respectively. The reduction rate of RY in the
first 2 min was about 18% for both catalysts. In total, RY
was degraded by 74.0% in 10 min with Co-alginate and
50.4% in 6 min with CoNi-chitosan. RB degraded by 33%
with CoNi-chitosan and by 4% with Co-alginate within

1.2

1.0

0.8

0.6 -

0.4-

Absorbance

0.2

0.0 - - - :
200 300 400 500 600

Wavelength (nm)
1.0

0.8- 4

0.6

0.4

Absorbance

0.24

3(')0 460 560 660
Wavelength (nm)

200

700

the first 2 min. As can be predicted from the reduction in
the absorption peak intensity at 562 nm, 66.4% and 21.9%
of RB degraded by Co-alginate and CoNi-chitosan, re-
spectively (Fig. 4a-d and Fig. 5b).

The difference in degradation performance of two
dyes with different structures on different catalysts is
due to the different physicochemical properties and mo-
lecular and electronic structures of the catalysts and
dyes. It is well known that functional groups such as sul-
fonic (SO3), hydroxyl (OH), methyl (CHj3), nitro (NO,),
and azo linkages (N=N) present in dye structures play a
significant role in influencing the degradation pro-
cess.”’* Khataee and Kasiri reported that monoazo
dyes exhibited a higher degradation rate.** Rauf et al.
stated that dye degradation occur primarily due to the
cleavage of -N=N- azo bonds.>® The -NH group in dye
molecule is the fragile group. Besides, the sulfonic group
may be increased the adsorb ability of the dye molecules
on the catalyst contributing to higher degradation rate.
On the other hand, the electron donating group attached

1.2
b RY .,
1.0-
4
0.8 —— 6 min
0.6
0.4
0.2
0.0 L . L ——
200 300 400 500 600 700
Wavelength (nm)
1.0
d RB 2
—2
0.8 4
—— 6 min
0.6
0.4
0.2
0_0 1 1 1 1
200 300 400 500 600 700

Wavelength (nm)

Figure 4. Time dependent UV-Vis absorption monitoring reduction of RY dye (a: Co-alginate, b: CoNi-chitosan) and RB dye (c: Co-alginate, d:

CoNi-chitosan) over catalysts.
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Figure 5. (a) The relationships of (C/C,) versus reaction time (b) Reduction rate percent of dyes over catalysts.

to the molecular structure of dyes becomes more nu-
cleophilic by donating some of its electron density.*8
Pervez et al. stated that the presence of ~CH; group has
a significant effect on the molecular mobility of dye mol-
ecules in the catalytic degradation of dyes.*” Khataee
and Kasiri explained that the number of -OH groups in
dye molecule can increase the dye degradation rate.*

0.2
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C/Co)

n
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Co-alginate (dye:RY) O

Apart from these discussions, Von-Kiti et al. stated that
the topological polar surface area (TPSA) of dyes is ef-
fective in dye removal, and that dyes with a low TPSA
can show better removal performance.>!

In the present study, the reduction rate of RY was
found to be higher than that of RB. There could be several
reasons for this. For example, RY is a monoazo dye (with a

12

. b

1/C

t (min)
CoNi-chitosan (dye:RY)

A Co-alginate (dye:RB) 7 CoNi-chitosan (dye:RB)

Figure 6. Kinetic plots of catalytic reduction of RY and RB dyes over Co-alginate and CoNi-chitosan bead type catalysts (a) first-order (b) second-or-

der.

Table 1. Properties of dyes.

Dye Properties

NN=N Nso3 NOH NNH NCH3 HBDC* TPSA (A)z* Complexity*
Remazol Yellow 4GL 1 2 - 4 2 5 355 1720
Remazol Black B 2 4 1 1 - 2 462 2030

N: number of groups; *: Ref: https://pubchem.ncbi.nlm.nih.gov/
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Table 2. First-order and second-order kinetic parameters for the reduction of RY and RB over catalysts.

Catalyst Dye Pseudo-first-order Pseudo-second-order
K,pp (min') R? Kopp (Lg"'min~!)  RZ
Co-alginate Remazol Yellow 4GL 0.140 0.979 0.346 0.887
CoNi-chitosan Remazol Yellow 4GL 0.124 0.969 0.452 0.928
Co-alginate Remazol Black B 0.174 0.930 1.127 0.860
CoNi-chitosan Remazol Black B 0.052 0.968 0.115 0.960

single -N=N- bond), and it has a higher number of -NH
and -CHj; groups compared to RB. Additionally, the hy-
drogen bond donor count (HBDC) of RY is higher than
that of RB. Moreover, the topological polar surface area
(TPSA) and complexity values of RY are lower than those
of RB. Although RB has a higher number of SO; and ~-OH
groups compared to RY, its lower removal percentage may
be due to the reduced interaction between the catalyst and
the dye molecules, or its higher complexity and greater
number of N=N groups (Table 1).

To discuss the kinetics of the dye reduction, pseu-
do-first-order and pseudo-second-order kinetic models
were applied.”>>* The k,,, values were estimated from the
slope of the lines in Fig. 6. The rate constants and coeffi-
cients of determination (R?) calculated for the models are
presented in Table 2. As the kinetic models were com-
pared, kinetic data fitted well pseudo-first-order kinetic
model (R? < 0.979). The kqpp values for RY were found to
be 0.140 and 0.124 min! for the Co-alginate and Co-
Ni-chitosan, respectively and for RB as 0.174 and 0.052
min~!. Both higher dye reduction and a higher reaction
rate constant were obtained with Co-alginate. Possible rea-
sons for this include the combination of cobalt with algi-
nate may be improve the steric structure inside the algi-
nate, thereby increasing the adsorption of dye onto the
catalyst surface.?

Reusability test was performed for Co-alginate in
degradation of RY. Firstly, the catalyst was easily collected

after completing of reaction thanks to their bead shape,
washed with deionized water and then reused under the
same reaction conditions. The catalyst could be successful-
ly recycled up to 4 runs and the reduction efficiency of RY
was determined as 70% even after 4 runs (Fig. 7).

100
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40
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30
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Figure 7. Reusability of Co-alginate for RY dye.

The dye reduction performance of the synthesized
catalysts was compared with that of different materials and

Table 3. The catalytic degradation reaction kinetic of RY and RB over different catalysts.

Sample Dye Dye Degradation Degradation Degradation k,,,  Reference
concentration method (%) time (min) (min!)
(mg/L)
Co-alginate Remazol Yellow 4GL 20 Catalytic reduction 74.0 10 0.140  This work
CoNi-chitosan Remazol Yellow 4GL 20 Catalytic reduction 50.4 6 0.124  This work
PANI-SnO,@Diatomite ~ Remazol Yellow 4GL 50 Photocatalytic 96.0 60 0.042 7
Sn/SBA-15@APTES(EA) Remazol Yellow 4GL 50 Photocatalytic 58.2 150 0.0016 8
a-Fe,0; NPs Remazol Yellow RR 50 Photocatalytic 75.0 250 0.006 4
Fe?* ions Remazol Yellow FG 100 Contact glow discharge 51.3 180 - 55
electrolysis
Co-alginate Remazol Black B 20 Catalytic reduction 66.4 6 0.174  This work
CoNi-chitosan Remazol Black B 20 Catalytic reduction 21.9 6 0.052  This work
Electric arc furnace dust Remazol Black B 40 Photocatalytic 81.0 150 0.002 2
TiO,-NF’s-anatase Remazol Black B 20 Photocatalytic 50.0 20 0.068 4
GO/CoFe,O, Remazol Black B 10 Photocatalytic 53.0 60 0.102 5

Akti:  Green Synthesis of Co-alginate and CoNi-chitosan Catalysts ...



Acta Chim. Slov. 2025, 72, 389-399

cl Cl
H, N:< H, N:<
N~ N NN
H.NOC ~ CHs N H.NOC ~ CHs N
— /,N N—H - N—H
O / N — O Y. N™
N NaO;S NaBH, N Na0;S
HC  OH HiC  OH
NaO3SOH,CH,CO,S NaOsSOHACH,CO,S
Remazol Yellow 4GL Degradation
e 5
........................... : H N=
HNOC  CH; i N—<\ /N
o NH i
R >Z<
HC  oH i NaO;S
i :
Nao3SOH2<:H;_,COQS
d 2
S0,CH,CH,0S0;Na S0,CH,CH,0S0:Na
kS N.-
H.N HaN N
HO Q HO
SO,N
O aNa NaBH4 N 803Na
N’ Y
SO;Na . $o;Na
02CH2CH20303N3 02CH2.CH20803N3
Remazol Black B .
Degradation
e, ST N TN
{HN : HO SO,CH.CH,0S0;Na
. s
[
b ... B0:CHCHOSOMNa: L So,ng Y
1 2 3

Scheme 1. Possible mechanism of reduction reaction of two dyes by catalysts.

reduction methods, and the results are presented in Table
3. In the present study, both high reduction capacity and a
high reaction rate constant value were achieved with the
synthesized catalysts, and it was observed that reduction
or degradation occurred in a shorter time. From this per-
spective, it can be said that the catalysts are promising for
dye reduction.

of RY and RB Dyes
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3. 3. Possible Catalytic Reduction Mechanism

The reduction reaction of dyes in the presence of
NaBH, proceeds via Langmuir-Hinshelwood mechanism,
where the reaction occurs due to interaction between ad-
sorbed species (both dye and reductant). In this dye reduc-
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tion process, the first step involves the diffusion of reac-
tants into the pores of catalysts, and it is generated that
electrons from NaBH, and hydrides from aqueous media.
In the second step, these electrons and active hydride spe-
cies are transferred to metal nanoparticles, resulting in the
formation of metal-hydride bonds. Dye molecules incline
to capture hydrogen and electrons from the metal-hydride
complex.2656-5 According to the previously reported liter-
ature studies!®?63-2, the possible mechanism of dye re-
duction by catalyst and resulting products are proposed in
Scheme 1. The H atom attaches to the N atom of heterocy-
clic ring in dye and breaks down azo double bond (-
N=N-) between N and aromatic ring via conjugation. The
broken bonds reduce to hydrazine group (-HN-NH-)
and convert to products. The products occur according to
azo double bond number of RY (single azo class) and RB
(double azo class) (Scheme 1a and 1b).

4. Conclusion

Co-alginate and CoNi-chitosan catalysts were suc-
cessfully designed for the catalytic reduction of RY and RB
dyes. Co-alginate demonstrated high catalytic efficiency
within a short time. The RY degraded 74% and 50% with
Co-alginate and CoNi-chitosan, and also RB 66% and
22%, respectively. Different results were obtained with the
same catalyst for RY and RB reduction. This behavior is
thought to be due to the interaction between the dye and
the catalyst. The rate constant, reaction time and reusabil-
ity obtained in this study are quite assertive. The catalysts
may serve as potential candidates not only for the dye re-
duction but also for the removal of various harmful organ-
ic and inorganic pollutants.
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Katalizatorji, dopirani s kobaltom in nikljem, so bili sintetizirani z uporabo hitozana in alginata ter uporabljeni pri degra-
daciji barvil Remazol Yellow 4GL (RY) in Remazol Black B (RB). XRD vzorec katalizatorjev je pokazal amorfno obliko
za CoNi-hitozan in polikristalini¢no obliko za Co-alginat. SEM slike so pokazale, da je bila povrsina katalizatorja groba,
zrnata in z valjastimi strukturami. Povrsinske funkcionalne skupine so bile dolo¢ene z metodo FTIR analize in jasno je
bila opaZena prisotnost alginata in hitozana. Katalizatorji Co-alginat so pokazali vi§jo degradacijo barvila (74% za RY)
in tudi krajsi ¢as reakcije (6 min za RB). Reakcija redukcije je bila dobro skladna s kineti¢nim modelom pseudo-prvega
reda, konstanta hitrosti reakcije pa je bila dolo¢ena kot 0,140 min~! za RY in 0,174 min~! za RB. DeleZ redukcije RY z
obema katalizatorjema je bila visja kot pri RB. Co-alginat je pokazal priblizno 70% ucinkovitost redukcije za RY celo po 4
ponovitvah. U¢inkovitost redukcije barvila in katalitska aktivnost katalizatorjev obetata moznosti za aplikacije katalitske

redukcije organskih onesnazevalnih barvil.
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Abstract

This research aims to develop various types of asphalt materials with enhanced rheological properties compared to un-
modified asphalt. Three types of polymeric materials (PS), (PFR), and (PP)-were used to modify Al-Doura asphalt, with
the goal of evaluating their impact on the rheological characteristics of the resulting asphalt systems. These modified
materials were then compared with each other with both local and international standards to assess their suitability for
specific applications. Polymeric waste materials were used instead of virgin polymers to reduce environmental pollution
and lower modification costs. The modification process was carried out using two approaches: physical treatment and
chemical treatment. The chemical method involved a catalytic reaction using 2% (FeCls) and 1% (S). Results showed that
chemical treatment had a more significant positive impact on the rheological properties of the asphalt systems compared
to physical treatment. In both approaches, the addition of polymers led to an increase in de-asphaltene %, with the high-
est values recorded for AsPS (44.5%), AsPFR (40%), and AsPP (40%). Furthermore, chemically modifying asphalt with
PS produced the most notable improvements among the tested polymers. Based on key performance indicators such as
softening point, penetration, ductility, penetration index (PI), and asphaltene %, the modified asphalt samples demon-
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commons

strated suitability for use in producing mastic, which are widely applied as waterproofing material.

Keywords: Rheological properties, Polymeric wastes, Asphalt, Softening point, Penetration Index

1. Introduction

Pure asphalt is a complex structure chemical sub-
stance that can be obtained through the distillation pro-
cess of crude oil and has many properties such as: little cost
and widely spread, It also have associative viscoelastic, wa-
ter-resistant properties, which can be used in various ap-
plications such as paving and others."> The chemical com-
position of asphalt consists mainly of hydrocarbon
compounds (paraffinic, naphthenic, and aromatic) in
which carbon atoms reach 88% and hydrogen about 11%.
It also includes cyclic or non-cyclic compounds containing
oxygen, nitrogen, and sulfur, which are called heterogene-
ous atoms, and these last atoms are responsible. About the
polarity of bitumen.> Mineral elements that are polar in
nature affect the physical and chemical properties in addi-
tion to increasing the interaction between molecules of
asphalt. Asphalt have a chemical composition consisting
of four parts called SARA (i.e. Saturates, Aromatics, Res-
ins, and Asphaltene). These components differ in their
properties such as solubility and polarity. And its molecu-

lar weight, as maltin consists of non-polar parts that are
characterized by a low molecular weight (Aromatics, Satu-
rates), which represent the dispersed part in the asphalt.
As for the polar part, which have a higher molecular
weight compared to the first two parts, it is the resin. These
three parts have the ability to dissolve in n-heptane.* As-
phaltene represents the part responsible for gaining as-
phalt stability and hardness properties.> Asphalt is known
by several names around the world, In North America, the
word asphalt is called bitumen, while abroad it is called
mixtures of bitumen with a mixture of mineral materials.®

The chemical inertness that characterizes asphalt,
coupled with its physical properties, is what makes it el-
igible for wide uses in construction and industry, and the
physical properties is what determines the nature of the use
more than the chemical ones.” Given the physical proper-
ties of asphalt its wide availability in nature, its different
sources, and its diverse applications many researchers have
conducted studies in order to improve and develop many
of its characteristics, for example: softening, ductility, and
penetration using different types of additives, in various
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ways and methods, and by referring to the literature, many
studies in this field, including:

Awaeed et al.® was able to use polymeric waste such
as poly (ethylene-terephthalate) taken from plastic water
bottles in modifying the rheological specifications of as-
phalt. Different percentages of polymer were used, the best
of which was (8%) by weight of the asphalt mixture. The
Marshall test was conducted and it was found that these
the mixtures give maximum stability and rigidity voids are
filled with asphalt when using this type of modification.

Firyal and Mohanad® were able to improve the flow
properties of asphalt by adding several different polymers,
namely Poly (Acrylonitrile-Co-Maleic anhydride), Poly (In-
dene-Co-Maleic anhydride), and Poly (Dipentine-Co-Ma-
leic anhydride), and using sulfur. The results are high
properties of these mixtures when compared with original
asphalt. All improvements include increased asphalt viscosi-
ty, thermal sensitivity, increased asphalt cohesion, increased
resistance to permanent deformation, improved impact re-
sistance at low temperatures, and improved binder adhesion
(viscosity is higher than that of the binder).

Soultan!® studied the addition of different percent-
ages (1, 2, 3, 4, 5, 6, 7, 8%) of polypropylene to bitumen
(60-70). It was able to improve the properties of asphalt
in terms of increasing its resistance and tolerance to high
temperatures under various climatic conditions. The study
was conducted Tests on modified bitumen samples in-
cluded penetration, ductility, softening, penetration index
calculation, and using the RTFOT rotary thin-layer oven.
Bitumen compounds were also identified by performing
a structural diagnosis of its constituent groups. Results
showed that the ideal percentage of polypropylene added
was (7%).

Lin et al.!! were able to improve the attributes of as-
phalt by using quick waste bags (WEBs), which are difficult
to recycle. The results showed increase in viscosity and de-
crease in penetration and softening. Results of FT-IR spec-
troscopy showed that the modification was physical with-
out a chemical reaction occurring. Khiavi et al.!> modified
the rheological properties at high temperature to bitumen
by adding Polymer 2 hydroxyethyl methacrylate (PHE-
MA) in different proportions (3%, 5% and 7% by weight),
the samples were in the form of homogeneous mixtures.
The obtained results show that enhancement in the re-
sistance of permanent deformation of the asphalt at high
temperatures, from through multiple measurements light
scanning, penetration, softening and viscosity. Fournier
et al. Pstudied the possibility of using construction and
demolition waste (CDW) to obtain recycled coarse aggre-
gate suitable for manufacturing hot mix asphalt (HMA),
which makes this mixture economically beneficial due to
reducing the acquisition of aggregate from natural sources
as well as maintaining a healthy and clean environment.

Hamedi et al. were also able to modify asphalt with
the polymer styrene-butadiene rubber (SBR), and the re-
sults obtained showed that the polymer added to the mix-

ture produced a good improvement through the change ob-
served in the moisture susceptibility of the axle asphalt, and
this was confirmed by repeated loading tests under dry and
wet conditions. Salih et al.!® using solid waste represented
by PVA in addition to spent lubricating oils to enhance the
characteristics of the bitumen. The process was carried out
at a temperature of (180 °C) in the presence of anhydrous
aluminum chloride at one time and sulfur at other times.
The results showed an enhancement in the properties of bi-
tumen compared to original bitumen. The measurements
were repeated again after 12 months. AL-Shabani and
Obaid!® were able to study the use of reclaimed asphalt pav-
ing (RAP) with a ratio of (15, 30, and 45%) and the polymer
polystyrene butadiene styrene (SBS) with a ratio of 4% on
the properties of the asphalt mixture. Mineral fillers made
of Ordinary Portland Cement (OPC) were also used. It was
concluded that the use of polymer in the asphalt mixture
led to a significant improvement in its performance.

The process of obtaining good asphalt samples that
can be used in different fields is a difficult process, espe-
cially since their use varies according to the weather con-
ditions of the area of use. This research is focused on using
waste industrial polymers PS, PFR, and PP for the purpose
of modifying the rheological characteristics of asphalt to
determine its suitability for use in a specific field. Waste
polymeric materials used instead of virgin materials for
purpose of reducing environmental pollution, reducing
costs of modification. The treatment was carried out using
two methods: physical treatment based on mixing ther-
mally broken down polymeric materials with asphalt and
Chemical treatment.

2. Experimental

2. 1. Material and Characterization

This section includes an explain of the initialization
mechanism for carrying out the asphalt improvement pro-
cess by mentioning the materials used, and the devices
used to measure the properties of asphalt. It also mentions
the initialization of the polymeric materials that will be
used in the asphalt treatment process.

2. 1. 1. Raw Materials

Asphalt: AL-Doura asphalt was used as a raw
material for treatment and was characterized by the
properties shown below:

Table 1. Rheological properties of asphalt material

Properties Experimental Value
Softening point (°C) 50

Penetration, mm (100g, 5sec, 25 °C) 45.5

Ductility (cm, 25 °C) +100

Asphaltene % 18
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n-Hexane (Obtained from Fluka company), and Polysty-
rene, Phenol-Formaldehyde Resin, Polypropylene Ob-
tained from waste materials from which they are manufac-
tured, Anhydrous Ferric Chloride (Obtained from Fluka
company), Sulfur.

2. 1. 2. Characterization Methods

Ring and Ball Apparatus: The measurement was
conducted using ASTM (D36-95), which areinternationally
dependent.!” Penetrometer: The measurement was based
on ASTM (D5/D5 M-13), which are internationally
approved.'® Ductility: The measurement was conducted
using ASTM(D113-07) internationally dependent."’

Treatment apparatus asphalt by polymers: The de-
vice consists of the following parts:

1. Alarge glass round (200 ml) three necked flask

2. A mechanical motor mounted on the middle

opening of the flask.

3. Electrical mental equipped with a regulator to

control the temperature.

4. A thermometer installed in one of the side

openings.

5. Aniron stand equipped with a holder to fixed the

flask.

2. 2. Preparing the Polymeric Materials for
the Reaction

The polymeric waste was subjected to a mechanical
and thermal crushing process before being mixed and re-
acted with asphalt to obtain polymeric materials that have
a little molecular weight. This process was carried out
based on thermo-gravimetric analysis.

The polystyrene sheets were crushed into small piec-
es, then placed in a ceramic crucible and heated for a full
hour at a temperature of (350 °C). Then it was cooled and
ground until it became a fine powder. The phenol-formal-
dehyde resin was prepared in the same way as the previous
thermal cracking method, with the difference in heating
time, which reached half an hour and at a temperature of
(400 °C). By thermal cracking method, which was done on
polystyrene sheets, polypropylene was broken.

2. 3. Asphalt Treatment

Asphalt was treated with polymeric materials
through two paths:

2. 3. 1. The First Path: Physical Treatment
Procedure

This treatment included physical mixing of polymer-
ic materials in weight ratios (3%, 6%, 9%, 12%, 15%) with
specific weights of asphalt that were weighed accurately
and using the processing device described as above. The

mixing continues for an hour at a temperature (160)°C,
and after completing the treatment, the necessary rheolog-
ical measurements were carried out for the prepared as-
phalt samples.

2. 3. 2. The Second Path: Chemical Treatment
Procedure

This treatment was carried out by conducting a
chemical reaction between certain quantities of accu-
rately weighed asphalt and weight percentages (3%, 6%,
9%, 12%, 15%) of the polymeric materials, using anhy-
drous ferric chloride as a catalyst, and in the presence of
sulfur, as the asphalt is mixed well with the polymer.
And also, using the treatment device referred as above,
then 2% by weight of the catalyst and 1% sulfur were
added, and the reaction continued for an hour at a tem-
perature of (160 °C). After the end of the treatment, rhe-
ological measurements were carried out on the prepared
asphalt samples.

2. 3. 3. De-Asphaltene

Placed a (2) g of asphalt material in a glass flask and
weigh it accurately, add (80) ml of n-hexane at a ratio of
(1:40) (g/ml), and shake the mixture using an electric
shaker for two hours at zero degrees Celsius, and then
leave the solution for Half an hour at laboratory tempera-
ture, then the precipitate was filtered and washed with suf-
ficient amounts of n-hexane until the wash drops became
colorless. The precipitate was then dried at laboratory tem-
perature, then the percentage of the precipitate (as-
phaltenes) was weighed and calculated. Here we chose this
ration of n-hexane according to research.?’

3. Results and Discussion

Obtaining asphalt with excellent rheological speci-
fications to suit the purposes for which it is used is ex-
tremely important. From this standpoint, this research
focused on the use of three types of different polymers in
terms of their compositional forms. The polymers (poly-
styrene, phenol-formaldehyde resin, polypropylene)
were treated as described in the method of work, as the
temperature used in these polymeric materials was in-
ferred from the results of thermo-gravimetric analysis
(TGA), which gives information about the temperatures
at which the polymeric materials begin to break down.
The amount of loss in polymer weight at those tempera-
tures. (Table 2-4) and (Figure 1-3) show the curve of the
results obtained.

The reason to use polymeric waste instead of com-
mercial virgin materials is to reduce the cost of modifica-
tion as well as the many environmental and economic ben-
efits.
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Table 2. TGA results for polystyrene

Table 4. TGA results for polypropylene

Temperature (°C) Loss in Weight (gm) Temperature (°C) Loss in Weight (gm)
0 *0.5006 0 *1
100 0.4963 100 0.9995
150 0.4932 150 0.9975
200 0.4908 200 0.9944
250 0.4271 250 0.9424
300 0.3753 300 0.8794
350 0.2506 350 0.7478
400 0.1011 400 0.5103
450 0.0664 450 0.250
500 0.0035 500 0.0001

* Original weight

* Original weight
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Figure 1. TGA curve for polystyrene
Table 3. TGA results for phenol-formaldehyde resin
Temperature (°C) Loss in Weight (gm)
0 *1.0673
100 1.0412
150 0.9763
200 0.8345
250 0.5674
300 0.5210
350 0.4833
400 0.3075
450 0.2013
500 0.1909
* Original weight
1.2
1 =
— 0.8
22 0.6
0.4
0.2
0] T ‘ ‘ |
0 100 200 300 400 500 600

Temp. °C

Figure 2. TGA curve for phenol-formaldehyde resin

Figure 3. TGA curve for polypropylene

3. 1. Modifying Rheological Attributes of
Asphalt by Physical Treatment

3.1.1. Asphalt Treatment with Polystyrene (AsPS)

Asphalt was treated with different percentages rang-
ing between (3, 6, 9, 12, 15%) of polystyrene waste under
the conditions shown below at a temperature of (160 °C)
for one hour. The rheological properties of the treated as-
phalt were measured, including softening point, penetra-
tion, ductility, and the percentage of separated asphaltene,
and the penetration index was calculated. These character-

100 +

80 A

60 A

40 A

20 1

Rheological asphalt specifications

As, As, As; As, Asg

Samples

B Softening Point M Penetration ¥ Ductility =~ W Asphaltene

Figure 4. Rheological asphalt specifications mixed with various
proportions of polystyrene
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Table 5. Rheological asphalt specifications mixed with various proportions of polystyrene (PS) at temperature

(160°C) for 1 hr.

Sample  %PS Softening Penetration, Ductility =~ Asphaltene Penetration
Point (°C) (100 g, 5 sec, 25 °C) (cm, 25 °C) % Index (PI)
As, 0 50 45.5 +100 18 -1.404
As, 3 52 42.9 97 20.5 -1.052
As, 6 53.5 40.5 95 23 -1.198
As; 9 54.5 38.8 92 27 -1.415
As, 12 55 36 90 32 -0.755
As; 15 56.5 35.5 87 33.5 -0.567
Asy: Asphalt AL-Doura without treatment.

istics determine the suitability of the modified asphalt for 100 -

use and the success of the treatment process. (Table 5) and |

(Figure 4) show the results of this treatment. I w0

It is clear to us from Table 5 that the asphalt physical- i

ly treated with polystyrene waste (AsPS) differed in its rhe- £

ological properties from the original asphalt (As) by £ 407

changing the degree of softening point, penetration and 2 oy

ductility. When the percentage of added polymer in- £ .

creased, it was observed that values of softening point in-
creased, and values of penetration and ductility decreased.
That is, the relationship between percentage of added pol-
ymer and softening point is a direct relationship, while the
relationship is inverse with both penetration and ductility.

As for the Penetration Index (PI), it is a developed
relationship linking the softening point of the sample and
its penetration. The PI is considered a function of the ex-
tent of the sensitivity of the asphalt material and its effect
on temperatures, and it can be calculated from the follow-
ing mathematical relationship:?!

20-PI _ 0 [logBUO—logpen.]
10+PI Tre—-T

(1

Tgp = softening point
T = temperature at which the penetration was measured 25 °C

3. 1. 2. Asphalt Treatment with Phenol-
Formaldehyde Resin (AsPFR)

Mixing asphalt with different weight ratio of phe-
nol-formaldehyde resin waste for the purpose of studying
this type of additives on the resulting asphalt systems, (Ta-
ble 6) and (Figure 5) shows the treatment results.

Acg As; Asy Acy Acyg
Samples

M Softening Point M Penetration Ductility ~ M Asphaltene

Figure 5. Rheological asphalt specifications mixed with various
proportions of phenol-formaldehyde resin

It was observed from the table above a clear update
in rheological asphalt specifications physically treatment
by phenol-formaldehyde resin waste (AsPFR) comparison
with source asphalt (As), where values of the softening
point of the treated asphalt changed and increased with
the increase in the ratio of added polymer, with the excep-
tion of (As),) due to heterogeneity. The values of penetra-
tion and ductility decreased with increasing polymer ratio.

3. 1. 3. Asphalt Treatmentwith Polypropylene (AsPP)

Physically mixing asphalt with different ratio of
polypropylene (AsPP), (Table 7) and (Figure 6) shows the
treatment results.

It was noted from (Table 7) that asphalt physically
treated with different ratio of AsPP generally led to prod-
uct asphalt systems by rheological characteristics different

Table 6. Rheological asphalt specifications mixed with various proportions of phenol-formaldehyde resin (PFR) at

temperature (160 °C) for 1 hr.

Sample %PFR Softening Penetration, Ductility =~ Asphaltene Penetration
Point (°C) (100 g, 5 sec, 25 °C) (cm, 25 °C) % Index (PI)
As, 0 50 45.5 +100 18 -1.404
Asg 3 53 44 96 20.3 -0.769
As; 6 54.5 43 95 26 -0.482
Asg 9 55 41 93 27.5 -0.479
Asg 12 56.5 39 90 28 -0.266
Asyg 15 55 37 85 30 -0.697
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Table 7. Rheological asphalt specifications mixed with various proportions of polypropylene (PP) at temperature

(160°C) for 1 hr.

Sample  %PP Softening Penetration, mm  Ductility  Asphaltene Penetration
Point (°C) (100 g, 5 sec, 25 °C) (cm, 25 °C) % Index (PI)

As, 0 50 45.5 +100 18 -1.404

Asyy 3 52 41.9 95 21 -1.103

Asy, 6 54.2 40.5 90 22 -0.680

Asyz 9 55 394 81 28 -0.566

Asyy 12 55.5 37.5 79 30 -0.560

Asys 15 57 36.8 75 32 -0.275
, 100 1 phalt modified with phenol-formaldehyde resin, the pre-
-g i o pared samples appeared with higher values. Average be-
3 tween the rest of the other modified samples.
£ 601 As for the ratio of asphaltene for the three asphaltene
B i o systems, it was noted that it was higher compared to the
3 original asphalt. It is believed that the reason for this is due
;;. 25 to the interference of some of the polymeric molecules
S with asphaltene-like materials, and thus they will precipi-

Asyy Assy s;”::ﬂ Asw Asss tate and the ratio of asphaltene will increase.
M Softening Point M Penetration Ductility =~ M Asphaltene

Figure 6. Rheological asphalt specifications mixed with various
proportions of polypropylene

from original (As). Also note that the softening point is
directly proportional to the ratio of PP added and inverse-
ly proportional to both penetration and ductility.

It was observed from the (Tables 5-7) shown previ-
ously that most of the asphalt samples (AsPP, AsPFR,
AsPS) were characterized by good resistance to thermal
sensitivity. This was demonstrated by calculating the PI
values for these samples, as they generally increase with
the increase in the ratio of polymer added.

It was also observed that there was a clear increase in
the ratio of asphaltene for the three asphalt systems com-
pared to the original (As), accompanied by an increase in
the ratio of added polymer. This is due to the fact that the
addition of polymers led to a change in the nature of the
existing balances within the components of the asphalt
system due to the relatively high molecular weight of these
polymers.

When comparing the rheological properties of the
three physically treated asphalt systems, it becomes clear to
us that in terms of the softening point they were close, as the
effect of physical mixing on the softening point is very sim-
ilar despite the difference in the polymers used. The reason
may be the lack of complete mixing with the asphalt.

As for the penetration point, it was observed that its
values were similar for all the prepared asphalt systems. As
for the ductility values, it was noted that the ductility val-
ues of the asphalt samples modified with polystyrene with
a linear composition were higher than the ductility values
of the asphalt modified with polypropylene. As for the as-

3. 2. Modifying the Rheological Properties of
Asphalt Through Chemical Treatment

Asphalt was treated by conducting a chemical reac-
tion between the asphalt and the polymeric material, using
anhydrous ferric chloride as a catalyst and in the presence
of sulfur. This catalyst was chosen based on what was indi-
cated in the scientific literature, and the choice of the sul-
fur percentage of 1% was based on a previous study.??

3. 2. 1. Asphalt Treatment with Polystyrene (AsPS)

This treatment depends on linking the polystyrene
molecule with the asphalt molecule with existence sulfur,
anhydrous ferric chloride as a catalyst for this process, (Ta-
ble 8) and (Figure 7) shows the results of this treatment.

It was noted from the table above that the chemi-
cal treatment of asphalt with polystyrene (AsPS) led to a
change in its rheological properties from the original (As),
and a clear increase in softening values was also observed

Asyg Asyy Asyg Asyg Asyg
Samples

100 -~

co
o
1

Rheological specifications

20 A

Softening Point Penetration Ductility Asphaltene

Figure 7. Rheological specifications of chemically treated asphalt
with various ratio of polystyrene
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Table 8. Rheological specifications of chemically treated asphalt with various ratio of polystyrene (PS) at temperature
(160 °C), catalyst ratio (2% FeCl;) and (1%) sulfur for an hour

Sample  %PP Softening Penetration, mm  Ductility ~ Asphaltene Penetration
Point (°C) (100 g, 5 sec, 25 °C) (cm, 25 °C) % Index (PI)
As, 0 50 45.5 +100 18 -1.404
Asg 3 53 40.1 87 34 -0.966
Asyy 6 56.5 38.5 85 35.4 -0.297
Asg 9 58.5 35.3 80 28.2 -0.076
Asyg 12 61 29.5 78 37 +0.045
Asygy 15 62 27.6 75 44.5 +0.077

with an increase in the ratio of added polymer in the pre-
pared asphalt samples, accompanied by a decrease in the
values of penetration and ductility.

3. 2. 2. Asphalt Treatment with Phenol-
Formaldehyde resin (AsPFR)

This treatment depends on linking the phenol-for-
maldehyde resin (PFR) molecule with the asphalt mole-
cule with existence sulfur and anhydrous ferric chloride as
a catalyst for this process. (Table 9) and (Figure 8) shows
the results of this treatment.

Looking at the results recorded in (Table 9), it was
noted that treating asphalt with this polymeric material led
to increase softening point of modified asphalt samples
(AsPFR), while remaining constant at (58 °C) despite the
increase in the ratio of polymer, while the values of the

penetration point and ductility decreased. It also led to this
is due to the increase in the ratio of asphaltene, which in-
creases with the increase in the ratio of polymer.

3. 2. 3. Asphalt Treatment with Polypropylene
(AsPP)

This treatment depends on linking the polypropyl-
ene molecule with the asphalt molecule with existence sul-
fur, anhydrous ferric chloride as a catalyst for this process.
(Table 10) and (Figure 9) shows the results of this treat-
ment.

Following the samples shown in (Table 10), it was
observed that there was a clear increase in the softening
values of the modified asphalt samples (AsPP) with an in-
crease in the ratio of added polymer, accompanied by a
decrease in the values of penetration and ductility.

Table 9. Rheological specifications of chemically treatment asphalt with various ratio of phenol-formaldehyde resin
(PFR) at temperature (160 °C), catalyst ratio (2% FeCl;) and (1%) sulfur for an hour

Sample %PFR Softening Penetration, mm  Ductility ~ Asphaltene Penetration
Point (°C) (100 g, 5 sec, 25 °C) (cm, 25 °C) % Index (PI)
Asy 0 50 45.5 +100 18 -1.404
Asy, 3 55.5 38 90 27 -0.430
Asy, 6 56 35 86 30 -0.598
Asys 9 57 335 83 325 -0.485
Asy, 12 58 31 73 33 -0.442
Asys 15 58 29.5 70 40 ~0.542
100 -
100 ~
- 2 ]
£ 801 : § ¥
% 60 4 | o E 60 - 1] - =
E a0 ‘ ‘ \ ';:, 40 A
f 3
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Softening Point Penetration Ductility Asphaltene Softening Point Penetration M Ductility Asphaltene

Figure 8. Rheological specifications of chemically treatment asphalt
with various ratio of phenol-formaldehyde resin

Figure 9. Rheological specifications of chemically treated asphalt
with various ratio of polypropylene

Khaleel: Studying the Effect of Adding Polymeric Wastes on the ...



Acta Chim. Slov. 2025, 72, 400-408

Table 10. Rheological specifications of chemically treated asphalt with various ratio of polypropylene (PP) at temper-
ature (160 °C), catalyst ratio (2% FeCl;), and (1%) sulfur for an hour.

Sample  %PP Softening Penetration, mm  Ductility  Asphaltene Penetration
Point (°C) (100 g, 5 sec, 25 °C) (cm, 25 °C) % Index (PI)
As, 0 50 45.5 +100 18 -1.404
Asyg 3 53 36 82 30 -1.189
As,; 6 54 31 80 33.5 -1.263
Asyg 9 56 26 75 35 -1.179
Asyg 12 58 25 73 38 -0.856
As;g 15 59 23 68 40 -0.817

When comparing the rheological specifications of
chemically treated asphalt systems (AsPP, AsPFR, AsPS), it
was noted that there is a clear discrepancy in terms of the
values of the softening point. It was found that the asphalt
modified with polystyrene has the highest values of soften-
ing, the lowest than that treated with polypropylene, and
the least than both treated with phenol-formaldehyde res-
in. It is believed The reason for this is that thermally bro-
ken polystyrene has more active sites, which makes the
possibility of chemical bonding (chemical reaction in the
presence of FeCls, sulfur) of the polystyrene molecule to
the asphalt molecule to a greater degree than the other two
polymers. This is clear from the rise in asphaltene values
and also reflected in the decrease penetration values.

The increase in the polymer ratio led to an increase
in the amount of non-reactive polymeric materials, which
affected the ductility and penetration values and made
them lower than the original, and this may also be reflect-
ed in the penetration index (PI) values.

As for the ductility values of asphalt treated with pol-
ystyrene (AsPS), we find that they are higher than the duc-
tility values of polypropylene (AsPP), despite the lower
penetration values and higher softening point of the
(AsPS) system compared to the (AsPFR) system. The rea-
son for this may be attributed to the association of the lin-
ear polystyrene molecule with asphalt chemical composi-
tions, it contributed to imparting ductility properties to a
higher degree than asphalt linked to PP.

After looking at the results obtained, it was found
that part of these samples, especially those resulting from
chemical treatment were characterized by high softening
points and low penetration and ductility values that quali-
fy them for use in the production of Mastic, which is used
as water proofing material. It has many uses and in wide
fields, such as its use for the purposes of roofing, surfacing,

Table 11. American standard specifications ASTMD (D491-41) for
asphalt used to produce mastic?

Rheological Measurements Minimum  Maximum

Softening point (°C) 54 65
Penetration, mm (100g, 5sec, 25 °C) 20 40
Ductility (cm, 25 °C) 15 -

and covering pipes for transporting liquids and gases un-
der the surface of the earth to prevent their corrosion and
collapse, based on the standard specifications shown in
(Table 11-13).

Table 12. Specifications of American standards ASTM (D491-41)
for mastic asphalt used as a moisture insulating material?*

Rheological Measurements Minimum  Maximum

Softening point (°C) 50 70
Penetration, mm (100g, 5sec, 25°C) 15 40
Ductility (cm, 25 °C) 15 -

Table 13. Iraqi standard specifications for asphalt used in surfac-
ineS
ing

Rheological Measurements Minimum Maximum
Softening point (°C) 57 66
Penetration, mm (100g, 5sec, 25°C) 18 40
Ductility (cm, 25°C) 10 —-—

4, Conclusions

Chemical treatment yields more favorable effects on
the rheological properties of the asphalt systems compared
to physical treatment methods. Both treatment approach-
es-chemical and physical-led to an increase in the separat-
ed asphaltene percentage within the modified asphalt,
with the highest values recorded for AsPS (44.5%), AsPFR
(40%), and AsPP (40%). Among the tested polymers,
chemically modifying asphalt with polystyrene had the
most significant impact on enhancing rheological charac-
teristics. Notably, some of the modified asphalt samples
demonstrated rheological properties that make them suit-
able for applications as moisture and leakage-resistant ma-
terials (mastic), particularly when evaluated against both
local and international performance standards.
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Povzetek

Namen raziskave je bil razvoj razli¢nih vrst asfaltnih materialov z izbolj$animi reolokimi lastnostmi v primerjavi z ne-
spremenjenim asfaltom. Uporabljene so bile tri vrste polimernih materialov (PS), (PFR) in (PP) za modifikacijo asfalta
Al-Doura, s ciljem oceniti njihov vpliv na reoloske lastnosti nastalih asfaltnih sistemov. Ti spremenjeni materiali so
bili nato primerjani med seboj s tako lokalnimi kot mednarodnimi standardi za oceno njihove primernosti za speci-
ficne aplikacije. Uporabljeni so bili polimerni odpadni materiali namesto deviskih polimerov za zmanjsanje okoljske
onesnazenosti in znizanje stroskov modifikacije. Postopek modifikacije je bil izveden z uporabo dveh pristopov: fizikale
in kemijske obdelave. Kemijska metoda je vkljucevala katalizirano reakcijo z uporabo 2% (FeCls) in 1% (S). Rezultati so
pokazali, da je imela kemijska obdelava pomembnejsi pozitiven uc¢inek na reoloske lastnosti asfaltnih sistemov v prim-
erjavi s fizikalno obdelavo. V obeh pristopih je dodatek polimera pripeljal do povecanja % de-asfaltena, pri cemer so
najvisje vrednosti belezili za AsPS (44,5%), AsPFR (40%) in AsPP (40%). Poleg tega je kemijsko modificiranje asfalta s PS
prineslo najbolj opazne izbolj$ave med preizkusenimi polimeri. Na podlagi klju¢nih kazalnikov uspesnosti, kot so tocka
mehcanja, penetracija, duktilnost, indeks penetracije (PI) in odstotek asfaltenov, so modificirani vzorci asfalta pokazali
primernost za uporabo pri proizvodnji mastik, ki se $iroko uporabljajo kot vodoodporen material.

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

Two new cobalt(III) complexes, [CoL,]NO; (1) and [CoL,],[CoCl,] (2), where L is 5-bromo-2-(((2-isopropylamino)
ethyl)imino)methyl)phenolate, have been prepared and characterized by physico-chemical methods and single crystal
X-ray analysis. X-ray analysis indicated that the Co atoms in both complexes are in octahedral coordination except for
that in [CoCl,] unit which in a tetrahedral coordination. Crystal structures of complexes are stabilized by hydrogen
bonds and -7 interactions. Catalytic property of both cobalt complexes was studied on the epoxidation of cyclooctene
with tert-butylhydroperoxide (TBHP) as oxidant. Both complexes show good catalytic activity and high epoxides selec-

tivity.

Keywords: Schiff base; Cobalt complex; Crystal structure; Catalytic property

1. Introduction

Schiff bases are readily synthesized by condensation
reaction of carbonyl compounds with primary amines.
Schiff bases have been widely investigated for their biologi-
cal activities, such as antibacterial and antitumor activities.!
Metal complexes of Schift bases have also been received
much attention. These complexes show interesting proper-
ties in catalytic and enzymatic reactions, magnetism and
molecular architectures,? as well as biological activities.?

In the last years, Schiftf base complexes have been
widely used as catalysts for sulfoxidation,* epoxidation,®
etc. Among the complexes, those with cobalt center
have received particular attention in the field of catalytic
epoxidation reaction.® The oxygen binding ability of co-
balt complexes stimulated the study on reversible oxygen
binding of cobalt complexes and their usage as catalysts.”
Epoxides are important precursors for the production of a
variety of fine chemicals. Thus, the catalytic epoxidation of
alkenes is an important reaction. A number of cobalt com-
plexes have shown remarkable and interesting catalytic
properties for the epoxidation of olefins.® During search of
literature, cobalt complexes with Schift bases derived from

4-bromosalicylaldehyde are seldom reported. As continu-
ation of this work to explore more efficient new catalysts,
we report herein the synthesis, characterization, crystal
structures, and catalytic properties of two new cobalt(III)
complexes, [CoL,]NOj; (1) and [CoL,],[CoCl,] (2), where
L is 5-bromo-2-(((2-isopropylamino)ethyl)imino)methyl)
phenolate (HL; Scheme 1).

\N/\/NT/

Br OH

Scheme 1. The Schiff base HL.

2. Experimental

2. 1. Materials and Measurements

4-Bromosalicylaldehyde and N-isopropylethane-
1,2-diamine with AR grade were obtained from Aldrich
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and used as received. Cobalt nitrate and cobalt chloride
were purchased from TCI. Elemental analyses were per-
formed using a Perkin-Elmer 240C analytical instrument.
Infrared spectra were recorded on a Nicolet 5DX FT-IR
spectrophotometer with KBr pellets. Molar conductance
was measured with a Shanghai DDS-11A conductometer.

2. 2. Synthesis of [CoL,]NO; (1)

4-Bromosalicylaldehyde (0.20 g, 1.0 mmol) and
N-isopropylethane-1,2-diamine (0.10 g, 1.0 mmol) were
dissolved in methanol (30 mL). To the mixture was added
cobalt nitrate hexahydrate (0.29 g, 1.0 mmol). A brown
solution was formed immediately. After 20 min stirring,
the solution was filtered and the filtrate was kept for slow
evaporation. The diffraction quality colorless single crys-
tals that deposited over a period of a few days were collect-
ed by filtration and washed with methanol. The yield was
0.13 g (38%). Anal. Calcd. for C,,H3,Br,CoN;O;5 (%): C,
41.82; H, 4.68; N, 10.16. Found: C, 41.66; H, 4.61; N, 10.33.
IR data (KBr, cm™!): 3164, 1647, 1585, 1521, 1466, 1450,
1408, 1385, 1344, 1323, 1288, 1245, 1203, 1175, 1139, 1084,
1062, 1031, 977, 935, 913, 853, 798, 790, 730, 678, 620, 600,
561, 470. UV-Vis data in methanol [\,,,, (nm), & (L mol™!
cm™1)]: 225, 15370; 257, 18210; 378, 1923.

2. 3. Synthesis of [CoL,],[CoCl,] (2)

4-Bromosalicylaldehyde (0.20 g, 1.0 mmol) and
N-isopropylethane-1,2-diamine (0.10 g, 1.0 mmol) were
dissolved in methanol (30 mL). To the mixture was added
cobalt chloride hexahydrate (0.24 g, 1.0 mmol). A brown
solution was formed immediately. After 20 min stirring,
the solution was filtered and the filtrate was kept for slow
evaporation. The diffraction quality colorless single crys-

tals that deposited over a period of a few days were collect-
ed by filtration and washed with methanol. The yield was
0.22 g (30%). Anal. Calcd. for C,3Hg,Br,Cl,CosNgO, (%):
C,39.61;H,4.43; N, 7.70. Found: C, 39.45; H, 4.53; N, 7.76.
IR data (KBr, cm™): 3177, 1647, 1585, 1523, 1465, 1450,
1410, 1345, 1326, 1291, 1245,1203, 1175, 1141, 1082, 1062,
1027, 975, 935, 911, 853, 798, 787, 722, 667, 635, 593, 560,
543, 475. UV-Vis data in methanol [A,,,, (nm), & (L mol™!
cm™)]: 225, 16120; 260, 17870; 380, 2105.

2. 4. X-Ray Crystallography

Suitable single crystals of the complexes were select-
ed and mounted on a Bruker Smart 1000 CCD area-detec-
tor diffractometer with graphite monochromatized Mo-
Ka radiation (I = 0.71073 A). Diffraction data for the
compounds were collected by w scan mode at 298(2) K.
Data reduction and cell refinement were performed by the
SMART and SAINT programs.’ Empirical absorption cor-
rection was applied by using SADABS.!? The structures
were solved by direct methods and refined with the
full-matrix least-squares technique using SHELXL97.!!
The non-H atoms in the structures were subjected to re-
fined anisotropic refinement. The hydrogen atoms were
located in geometrically and treated with the riding mode.
Crystallographic data and experimental details for the
compounds are summarized in Table 1. Selected bond
lengths and angles for the compounds are listed in Table 2.

2. 5. Catalytic Oxidation Reaction

The two cobalt complexes were tested as catalysts for
the oxidation of cyclooctene with TBHP as oxidant. The
reaction was monitored by gas chromatography at 60 min

Table 1. Crystallographic data for the two cobalt complexes

1 2
Molecular formula C,4H3,Br,CoN;5O5 CygHg4Br Cl,Co3NgO,
Molecular weight 689.30 1455.30
Crystal system Monoclinic Orthorhombic
Space group C2/c Fddd
a, A 21.4695(15) 16.4270(17)
b, A 12.7142(13) 25.7287(18)
¢ A 12.4588(13) 27.0688(18)
a, ° 90 90
B° 125.178(1) 90
»° 90 90
V, A3 2779.7(5) 11440.5(16)
Z 4 8
Pealed> & €M™ 1.647 1.690
W, mm- 3.535 3.889
Reflections collected/unique 14875/2589 14744/2676
Observed reflections (I > 2c(I)) 2229 1902
Data/restraints/parameters 2589/0/171 2676/0/164
GOOF on P 1.048 1.011

Ry, wR, (I2205(1))
R}, wR; (all data)

0.0289, 0.0718
0.0367, 0.0761

0.0444, 0.1019
0.0699, 0.1166
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Table 2. Selected bond distances (A) and angles (°) for the two cobalt complexes

1
Co(1)-0O(1) 1.8970(17) Co(1)-N(1) 1.905(2)
Co(1)-N(2) 2.034(2)
O(1)-Co(1)-0(1A) 87.74(11) O(1)-Co(1)-N(1A)  86.65(8)
O(1)-Co(1)-N(1) 94.29(8) N(1)-Co(1)-N(1A)  178.69(13)
O(1)-Co(1)-N(2A) 90.39(8) N(1)-Co(1)-N(2A)  94.46(8)
O(1)-Co(1)-N(2) 177.89(8) N(1)-Co(1)-N(2) 84.62(8)
N(2)-Co(1)-N(2A) 91.50(12)

Symmetry code: A) 1 - x, -y, -z.
2
Co(1)-0O(1) 1.891(3) Co(1)-N(1) 1.911(4)
Co(1)-N(2) 2.030(4)
O(1)-Co(1)-O(1B) 88.93(18) O(1)-Co(1)-N(1B)  84.55(14)
O(1)-Co(1)-N(1) 92.88(14) N(1)-Co(1)-N(1B)  176.4(2)
O(1)-Co(1)-N(2B) 90.32(13) O(1)-Co(1)-N(2) 177.38(13)
N(1)-Co(1)-N(2) 84.55(15) N(1)-Co(1)-N(2B)  97.99(15)
N(2)-Co(1)-N(2B) 90.5(2)
Cl(1)-Co(2)-CI(1B) 106.50(8) Cl(1)-Co(2)-CI(1C) 109.95(11)
Cl(1)-Co(2)-CI(1D) 112.01(11)

Symmetry codes: B) 5/4 - x, y, 5/4 - z; C) 5/4 - x,5/4 - y, 2, D) x,5/4 - y, 5/4 - z.

intervals in different solvents and conditions. The reten-
tion times for the starting materials and the products were
determined by comparison with authentic samples. In the
absence of the catalysts, very little products were formed.
Cycloocteneoxide is the major product of the oxidation
process with cyclooctene as the starting material. The cat-
alyst (10 umol) was dissolved in solvent (10 mL) and cy-

3. Results and Discussion

3. 1. Chemistry

Complexes 1 and 2 were
of 4-bromosalicylaldehyde,

prepared by in situ reaction
N-isopropylethane-1,2-di-

amine, with cobalt nitrate and cobalt chloride, respectively
in methanol (Scheme 2). As usually observed for the

clooctene (15 mmol) and TBHP (30 mmol) were added.
The mixture was stirred under reflux and with the reaction
monitored at 60 min intervals by gas chromatography.

preparation of cobalt complexes, Co™ in [CoL,] units un-
derwent aerial oxidation to Co™ in the synthetic route of
both complexes. The molar conductivities of the complex-

— -+
Br /CEO\\\ \ /< NO,”
Br.
= o / ’<
ool 4oV
Br OH L
l — —+
N O
W N IO
2| Br o\\ [coct

o<

Scheme 2. The synthetic route for both complexes.
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es 1 and 2 measured in methanol at concentration of 1073
mol L™ are 223 and 345 Q7! cm? mol™, indicating the 1:1
and 1:2 electrolytic nature of the complexes in solution.!?

3. 2. Infrared and Electronic Spectra

In the infrared spectra of the complexes, the weak
absorptions in the range 3164-3177 cm™! are assigned to
the N-H vibrations of the Schiff base ligands. The charac-
teristic imine stretching is observed at 1647 cm™! as strong
signal.!® The spectrum of complex 1 shows an intense
band at 1385 cm™! characteristic of ionic nitrate.!* The
Schiff base ligands coordination is substantiated by the
phenolic C-O stretching bands at 1175 cm™! in the com-
plexes.!> Coordination of the Schiff bases is further con-
firmed by the appearance of weak bands in the low wave

Fig. 1. Molecular structure of complex 1. Unlabeled atoms are relat-
ed to the symmetry operation 1 - x, y, %2 - z.

numbers 400-600 cm™!, corresponding to v(Co-N) and
v(Co-0).10

In the UV-Vis spectra of the complexes, the bands at
225 nm and 257-260 nm are attributed to the 7-7* and
n-7* transitions.!” The bands at 378-380 nm can be attrib-
uted to the ligand to metal charge transfer transition
(LMCT).!8

3. 3. Crystal Structure Description of the
Complexes

Molecular structures of complexes 1 and 2 are
shown in Figs. 1 and 2, respectively. Complex 1 contains a
[CoL,]" cation and a nitrate anion, and complex 2 contains
two [CoL,]* cations and a [CoCl,]?>" anion. The Co atom in
each [CoL,]* cation is coordinated by two phenolate oxy-
gen, two imino nitrogen and two amino nitrogen from two
Schiff base ligands, forming octahedral coordination. The
equatorial plane of the octahedral coordination is defined
by O(1), N(1), N(2) and N(1A) atoms, and the axial posi-
tions are occupied by O(1A) and N(2A) atoms. The octahe-
dral geometry is distorted from ideal model, as evidenced
by the bond angles. The cis and trans angles in the octahe-
dral coordination are in the ranges of 84.62(8)-94.46(8)°
and 177.89(8)-178.69(8)° for 1, and 84.55(15)-97.99(15)°
and 176.4(2)-177.38(13)° for 2, respectively. The Co-O
and Co-N bond lengths are comparable to those observed
in Schiff base cobalt complexes.!® The Co atom in the [Co-
Cl,]? anion is in a tetrahedral coordination, with the bond
angles ranging from 106.50(8) to 112.01(11)°.

As shown in Fig. 3, the nitrate anions in complex 1
are linked to the complex cations through N-H---O hydro-
gen bonds (Table 3), to form a dimer. In addition, there are
m--1 interactions among the molecules (Cg(3)~-Cg(3)b
4.320(5) A, symmetry code: b) —x, 1 - y, 1 - z; Cg(3) is the
centroid of C(1)-C(2)-C(3)-C(4)-C(5)-C(6)). As shown
in Fig. 4, the [CoCl,]?" anions and the complex cations in
complex 2 are linked through N-H---Cl and C-H---Cl hy-
drogen bonds (Table 3), to form two-dimensional sheets
parallel to the bc plane. In addition, there are -7t interac-

Fig. 2. Molecular structure of complex 2. Unlabeled atoms are related to the symmetry operations 5/4 - x, y, 5/4 - zand 5/4 - x, 5/4 - y, z.
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Fig. 3. Molecular packing structure of complex 1, viewed along the
¢ axis. Hydrogen bonds are shown as dashed lines.

tions among the molecules (Cg(4)--Cg(4)¢ 4.461(5) A,
symmetry code: ¢) % - x, y, %4 - z; Cg(4) is the centroid of
C(1)-C(2)-C(3)-C(4)-C(5)-C(6)).

3. 4. Catalytic Property

The catalytic oxidation of cyclooctene with the two
cobalt complexes as catalysts produced three products
9-oxa-bicyclo[6.1.0]nonane, cyclooct-2-enol and cy-
clooct-2-enone. Reaction conditions such as solvent, reac-
tion time, catalyst, as well as oxidant to substrate ratio were
optimized. Each catalyst (10 pmol) was dissolved in meth-
anol (10 mL). Then, cyclooctene (15 mmol) and TBHP (30
mmol) were added. The mixture was stirred at reflux for
36 h. The reaction was monitored at 60 min intervals by
gas chromatography. As a result, the conversion increased
up to 20 h and reached the limit. Thus, 20 h was chosen as

Fig. 4. Molecular packing structure of complex 2, viewed along the
a axis. Hydrogen bonds are shown as dashed lines.

the optimized reaction time. Both complexes have similar
properties and complex 1 was chosen to investigate the ef-
fect of other variables. The solvent type, catalyst load, and
the oxidant to substrate ratio were shown as Fig. 5. Meth-
anol is the best solvent for this reaction. The conversion of
both complexes as catalysts is over than 75%, and epoxide
selectivity is over 56% (Table 4). The catalytic performance
of the present complexes is comparable with those report-
ed in literature.?’

Table 4. The catalytic results for the two cobalt complexes.

Complex Conversion Selectivity (%) TON
(%) Epoxide Other products

1 78 58 42 1167

2 75 56 44 1128

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

N(2)-H(2)--0(2)*! 0.91 2.59 3.375(3) 146(5)
N(2)-H(2)--0(2)*2 0.91 2.18 3.059(3) 161(5)

2

N(2)-H(2)--Cl(1)*? 0.91 2.68 3.501(4) 151(6)
C(8)-H(8A)--Cl(1)*3 0.97 2.66 3.478(4) 142(6)
C(8)-H(8B)--Cl(1)** 0.97 2.66 3.585(4) 159(6)
C(11)-H(11A)--0(1)**  0.96 2.46 3.151(4) 129(6)

Symmetry codes: #1: —x, -y, 1 — z; #2: x, -y, —%2 + z; #3:

#5:%h-xy, % -z

Vet x, oty 4 Ve -x, Y-y, -2
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Fig. 5. The influence of solvent type (a), the oxidant to substrate
ratio (b) and the amount of catalyst (c).

4. Conclusion

Two new cobalt complexes have been prepared and
characterized. Structures of the complexes were character-
ized by spectroscopic methods, and confirmed by single

crystal X-ray determination. One complex is a nitrate salt
of a cobalt(III) complex, and the other one is a cobalt(II)
tetrachloride salt of a cobalt(II) complex. The Schiff base
ligand coordinates to the cobalt atoms through phenolate
oxygen, imino nitrogen and amino nitrogen atoms. Both
complexes are good catalysts for the oxidation of cyclooc-
tene with TBHP as oxidant and methanol as solvent. The
catalytic activity and epoxide selectivity were in high level.

Supplementary Material

CCDC reference numbers 2061676 (1) and 2061677
(2) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge at
www.ccde.cam.ac.uk, or from Cambridge Crystallograph-
ic Data Center, 12, Union Road, Cambridge CB2 1EZ, UK;
Fax: +44 1223 336 033; e-mail: deposit@ccdc.cam.ac.uk.
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Abstract

In this study, a series of new condensation products L;-Ls have been synthesized from substituted pyridinecarbalde-
hydes and 2-aminobenzothiazole and characterized by FTIR, UV-Visible, 'H NMR spectroscopy and ESI-MS analysis.
Additionally, compound L; was structurally characterized through single-crystal X-ray diffraction study exhibiting four
crystallographically independent molecules in the asymmetric unit. All the synthesized compounds exhibited antibac-
terial activity against Gram-negative and Gram-positive bacteria as well as against Candida albicans ATCC 60193 and
Candida tropicalis ATCC 13803. All the compounds were optimized by using DFT-D method. Total energy values for
compounds were calculated then, the reactivity descriptors were theoretically proven by computing the HOMO and
LUMO energies. The prediction of ADME properties indicated that all of the compounds exhibit good drug-likeness and

pharmacokinetic properties.

Keywords: (E)-N-((6-methoxypyridin-3-yl)methylene)benzo[d]thiazol-2-amine; Crystal structure; Bioactivities; Com-

putational Studies; Swiss ADME.

1. Introduction

2-Aminobenzothiazole (2-ABT) has a significant
role in the synthesis of organic compounds due to the
presence of the electrophilic amino group (-NH,) which
can yield fused heterocycles.! It is an important compound
due to its high reactivity, and can be modified according to
the needs by the substitution on the benzene ring, making
such derivatives ideal for medicinal chemistry.? Riluzole is
2-ABT derivative which has been extensively investigated
for its role as a central muscle relaxant and glutamate neu-
rotransmission inhibitor since the 1950s.% Its derivatives

showed to be promising anticancer candidates, empha-
sizing targeted delivery systems to enhance efficacy and
reduce side effects.* 2-Aminobenzothiazole derivatives
have been extensively explored for antimicrobial, anticon-
vulsant, anti-HIV, analgesic, anti-viral, anti-inflammatory,
antileishmanial, antitubercular and anticancer activities.
The unique structural features of benzothiazole make
them versatile scaffolds for drug development.”>~'> The
presence of electronegative substitution such as halogen
(-X) on aromatic ring has shown potent antimicrobial and
anti-tuberculosis activities.!® Another study demonstrated
that these compounds have significant role in antifungal
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and antibacterial activities against Candida albicans, As-
pergillus niger, Staphylococcus. aureus, Streptococci, Escher-
ichia coli, and Pseudomonas.'”

Schiff base is usually obtained by treating amines
with an aldehyde or ketone, making an imine or azome-
thine functionality.!® This imine (—C=N-) group in Schiff
bases is crucial for their impressive biological activities, in-
cluding anti-bacterial, antifungal, anti-viral, anti-oxidant,
anti-leishmanial, anti-convulsant, anti-tumor, analgesic,
anti-inflammatory, anti-glutamate, anti-tuberculosis, an-
ti-diabetic, anti-malarial, anthelmintic and herbicidal
properties.!®-22 2- Aminobenzothiazol derivatives serve as
ideal precursors for the synthesis of Schiff base ligands. The
aromatic moiety significantly enhances DNA binding ca-
pacity through effective stacking interactions, contributing
to the stabilization of the DNA double helix.?* Schiff bases
derived from 2-ABT are suitable for the synthesis of metal
complexes as well. These compounds can also be used as
catalysts in various industrial applications, including po-
lymerization and fine chemical synthesis.?* Schiff bases of
2-ABT have shown potential ability as chemo-sensors for
detecting Hg>* ions, indicating interesting applications in
medicinal and environmental fields.!® Upadhyay et al. syn-
thesized three novel Schiff bases using 4,6-difluoro-2-am-
inobenzothiazole. One of those compounds N-((1H-in-
dol-3-yl)methylene)-4,6-difluorobenzothiazole-2-amine
demonstrated excellent antimicrobial activity, particularly
against fungal strains.?> Moustafa et al. synthesized a series
of compounds derived from 2-ABT showing significant
antitumor activity against HeLa cells and COS-7 cells sug-
gesting their potential as new antitumor agents.?

To develop medicinal drugs with minimum side ef-
fects, computational studies such as molecular docking,
density functional theory (DFT) and absorption, distribu-
tion, metabolism, elimination and toxicity (ADMET) are
used extensively. These theoretical methods help in pre-
diction of the geometry, interaction with specific target en-
zyme and possible pharmacokinetic, pharmacodynamics
and physicochemical significance.?’~%

Inspired by excellent biological potential of 2-amin-
obenzothiazole compounds, we have synthesized five new
Schiff bases using substituted pyridine carboxaldehydes.
All compounds were characterized using different ana-
lytical techniques including single crystal XRD, 'H NMR,
ESI-MS, FTIR and UV-Visible spectrophotometry. All
the compounds were tested for antibacterial, antioxidant
and anti-fungal activities experimentally. Furthermore,
DFT-D, molecular docking and drug-likeness studies were
applied in predicting possible biological activities.

2. Experimental

2. 1. Reagents and Materials

All the chemicals utilized in this study were obtained
from Fluka (Switzerland) and all solvents were purchased

from Merck (Germany). Both, chemicals and solvents in
current study were used without further purification. Dis-
tilled water was employed throughout the experiments.
Thin layer chromatography was performed using Silica
Gel G (Merck Index) pre-coated plates and the spots were
visualized by exposure to UV light.

2. 2. Instrumentations

The melting points of the prepared compounds
were checked by capillary tube using a Gallenkamyp, serial
number C040281, UK, an electro thermal M.P. apparatus.
FT-IR spectra of the compounds were obtained on Perkin
1,600,300 Laintrisant S.No 95,120 UK from 4000 to 400
cm~L. The UV-Visible spectrophotometer Shimadzu Mod.
UV 1800-240 V with 1.0 cm quartz cells was used for spec-
tral analysis. Bruker Avance Digital 300 MHz NMR spec-
trometer was used for 'H NMR study. ESI mass spectra
were collected on a Waters ZQ 4000 mass spectrometer
using methanol as solvent and are presented in Figures
758-9S. Suitable crystals of L; were obtained by slow evap-
oration of toluene solution. Single crystal X-ray diftrac-
tion data was collected on XtaLAB Pro II AFC12 (RINC):
Kappa single diffractometer using Mo Ka Radiation (A
= 0.71073). The crystal was kept at a temperature of 100
K (+ 2 K) and the data was collected by PLATON.* The
structure was solved by direct methods and was refined
on F? by the full-matrix least-squares method using the
SHELXL-2019 program.*!

2. 3. Syntheses of Compounds L,-L;

All the compounds L,-Ls were synthesized based on
the following method as presented in Scheme 1.

2. 3. 1. Synthesis of L,

Compound L; was synthesized by refluxing an equi-
molar solution of 6-methoxy-3-pyridinecarboxaldehyde
(0.275 g, 2 mmol) with 2-aminobenzothiazole (0.300 g, 2
mmol) in dry toluene for 3 h. The reaction progress was
continuously monitored by TLC. After 3 h the reaction
mixture was filtered, concentrated to 10 mL and kept for
crystallization at room temperature. Yellow crystals ap-
peared in 3 days. Crystals were filtered off and washed
with diethyl ether and characterized by single crystal
XRD, 'H NMR, ESI-MS, FTIR and UV-Vis spectropho-
tometry. Yellow color; m.p. 170 °C; yield: 0.413 g (77%).
UV-Vis: (1.57 - 103 M, MeOH) A,,,, = 263, 294, 350 nm.
Selected FT-IR data (solid): v,,./cm™! 3061(w), 2981(w),
2949(w), 2852(w), 1690(m), 1600(s), 1560(m), 1492(s),
1473(w), 1452(m), 1427(m), 1346(s), 1311(s), 1284(s),
1257(m), 1219(w), 1154(m), 1102(m), 1059(w), 1010(s),
861(w), 840(s), 818(w), 759(s), 723(s), 664(s), 628(w),
612(m), 527(m). 'H NMR (300 MHz, CDCl5): & 8.83 (s,
1H), 8.19-8.15 (m, 1H), 7.87-7.84 (m, 1H), 7.48 (dd, J =
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7.0, 1.8 Hz, 1H), 7.38 (dd, ] = 7.2, 1.6 Hz, 1H), 7.35 (s, 1H),
7.33 (d, J = 5.5 Hz, 1H), 7.34-7.29 (m, 1H), 6.79 (d, J =
8.7 Hz, 1H), 3.97 (s, 3H). ESI-MS: m/z calculated for [L; =
C,4H;;N;08]*: 269.06, found: [L; + H* = 270.02]".

2 mmol). The final product was characterized by 'H NMR,
FTIR and UV-Vis spectrophotometry. Yellow color; m.p.
133°C; yield: 0.427 g (79%). UV-Vis (1.57 - 10-* M, MeOH)
Amax = 263, 294, 350 nm. Selected FT-IR data (solid):

N

HQN%S

2-Aminobenzothiazole

/l 6]
= N
Br \0\\}@‘1\9{\
e Oﬂe{\\\‘-ﬁq" CH,
N ol c L /N’<:©
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[:» §'<: 2_ N“-\ 13
W @
= 3 p
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Scheme 1. Synthetic rout followed for compounds L;-Ls.

2. 3. 1. Synthesis of L,

For L,, the same procedure was followed as for L,
but using 6-methoxy-2-pyridinecarboxaldehyde (0.275
g, 2 mmol). The final product was characterized by 'H
NMR, FTIR and UV-Vis spectrophotometry. Yellow color;
m.p. 130 °C; yield: 0.392 g (73%). UV-Vis: (1.57 - 107 M,
MeOH) A, = 263, 294, 350 nm. Selected FT-IR data (sol-
id) v, /cm™! 3075(w), 3048(w), 3001 (w), 2861(m), 1702(s),
1675(w), 1573(m), 1552(m), 1465(m), 1382(w), 1367(m),
1292(m), 1260(w), 1206(s), 1122(w), 1107(s), 1012(s),
985(w), 934(w), 847(s), 827(s), 725(m), 707(s), 626(s),
543(s), 480(s), 414(s). 'H NMR (300 MHz, CDCl5): § 9.05
(s, 1H), 8.62 (s, 1H), 8.37 (d, = 6.0 Hz, 1H), 8.35(d, ] = 6.0
Hz, 1H), 7.97 (d, ] = 6.0 Hz, 1H), 7.84 (d, ] = 3.0 Hz, 1H),
7.50-7.35 (m, 1H), 7.88 (t, ] = 6.0 Hz, 1H), 4.02 (s, 3H).

2. 3. 1. Synthesis of L;

For L;, the same procedure was followed as for L,
but using 3-methoxy-2-pyridinecarboxaldehyde (0.275 g,

Vima/cm ™! 3393(w), 3270(w), 3056(w), 2913(w), 2726(w),
1629(m), 1525(m), 1440(m), 1368(w), 1105 (m), 1068(w),
1018(w), 962(w), 917(m), 886(m), 841(w), 737(s), 715(s),
681(m), 628(w), 429(s). 'H NMR (300 MHz, CDCl;): §
9.03 (s, 1H), 8.61 (s, 1H), 8.35 (d, ] = 6.0 Hz, 1H), 7.95 (d,
J = 6.0 Hz, 1H), 7.82 (d, ] = 6.0 Hz, 1H), 7.46 (d, ] = 3.0
Hz, 1H), 7.40-7.33 (m, 1H), 6.87 (t, ] = 6.0 Hz, 1H), 4.02
(s, 3H).

2. 3. 1. Synthesis of L,

For Ly, the same procedure was followed as for L,
but using 5-chloro-2-pyridinecarboxaldehyde (0.283 g, 2
mmol). The final product was characterized by 'H NMR,
ESI-MS, FTIR and UV-Vis spectrophotometry. Yellow
color; m.p.134 °C; yield: 0.445 g (81%). UV-Vis (1.57 - 103
M, MeOH) A, = 263, 294, 350 nm. Selected FT-IR data
(solid): vy /cm™! 3390(w), 3273(w), 3059(w), 2912(w),
2725(w), 1916(w), 1632(s), 1526(s), 1444(s), 1365(w),
1105(s), 1064(w), 1016(m), 961(w), 914(m), 886(m),
842(m), 739(s), 719(s), 685(m), 431(s). 'H NMR (300
MHz, CDCl;): § 10.16 (s, 1H), 8.43-8.39 (m, 2H), 8.39 (s,
1H), 8.10 (d, ] = 2.0 Hz, 2H), 8.09-8.05 (m, 2H), ESI-MS:
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m/z calculated for [L, = C,3H4CIN;S]*: 273.01, found: [L,
+ H* = 273.93]".

2. 3. 1. Synthesis of L;

For Ls, the same procedure was followed as for L;
but using 5-bromo-2-pyridinecarboxaldehyde (0.372 g, 2
mmol). The final product was characterized by 'H NMR,
ESI-MS, FTIR and UV-Vis spectrophotometry. Yellow
color; m.p. 160 °C; yield: 0.482 g (76%). UV-Vis (1.57 - 1073
M, MeOH) A, = 263, 294, 350 nm. Selected FT-IR data
(solid): vy /cm™! 3390(w), 3270(w), 3053(w), 3026(w),
2918(w), 2731(w), 1921(w), 1622(m), 1499(w), 1439(w),
1107(s), 1065(w), 1012(w), 966(w), 920(m), 885(m),
849(m), 740(s), 715(s), 486(m), 429(s). 'H NMR (300 MHz,
CDCl;): §10.18 (s, 1H), 8.43 (d, J= 1.7 Hz, 2H), 8.40 (s, 1H),
8.12-8.09 (m, 2H), 8.08 (s, 2H), ESI-MS: m/z calculated for
[Ls = C,5HgBrN5S]*: 316.90, found: [Ls + H* = 317.83]*.

2. 4. Biological Studies

2. 4. 1. Antibacterial Activity

The in vitro antibacterial evaluation of the synthe-
sized compounds L,-L; was performed against five types
of pathogens: three Gram-negative bacteria (Escherichia
coli, Klebsiella pneumoniae and Pseudomonas aeruginosa)
and two Gram.positive bacteria (Staphylococcus aureus
and Streptococcus pyogenes). The antibacterial assay was
conducted at pH 7.4 + 0.2, with a final inoculum concen-
tration of 10° cfu/mL. The test solutions were prepared for
all compounds in dimethyl sulfoxide (DMSO) at concen-
trations of 2, 10, 20, 40, 60, 80 and 100 ug/mL and diluted
in Mueller-Hinton broth. Then the solutions were incu-
bated at 37 °C and evaluated after 24 h against bacteria.

2. 4. 2. Antioxidant Activity

All the compounds were tested for free radical
scavenging ability using 1,1-diphenyl-2-picryl-hydrazyl
free radical (DPPH) as standard.?? The absorbance of the
samples was estimated at 515 nm on a UV-Visible spec-
trophotometer as compared to a blank of ethanol. Three
different concentrations 50, 100 and 200 ug mL~! were pre-
pared and stored in the dark. A 500 pL solution of DPPH
added to 250 uL of each test samples of L,-Ls. Then all
compounds containing DPPH were incubated for 30 min
at room temperature. The experiments were performed in
triplicate and percentage of inhibition based on the DPPH
scavenging ability was calculated using the following for-
mula (1):

DPPH scavenging effect % = 4o—4s (1)
AU
where A, is the absorbance of the control sample (DPPH
solution) and A, is the absorbance of the sample along with
DPPH solution after incubating for 30 min.

2. 4. 3. Anti-fungal Activity

All the ligands were examined for antifungal activity
using fungal colony of Candida albicans ATCC 60193 and
Candida tropicalis ATCC 13803 and percent inhibition
was calculated using formula (2).

Fungal growth inhibition (%) = A‘_TB % 100 2)

where A is the diameter of the fungal colony in the control
plate and B is the diameter of the fungal colony after treat-
ing with samples.

2. 5. Computational Studies

2.5. 1. DFT-D Calculations

In current study, all compounds were designed in
Material Studio 2017 and the computational calculations
were attained using DFT-D in gaseous phase.3*** In or-
der to describe the exchange correlation effects, the gen-
eralized gradient approximation (GGA) with the Per-
dew-Burke-Ernzerhof (PBE) function was applied in the
calculations and performed by the Dmol® software in this
package.®®* The resultant optimized structures, HOMO/
LUMO distributions, energies and the chemical reactivi-
ty descriptors are given in Figures 6 and 7, and Tables 5
and 6, respectively. All optimized compounds were saved
in Mol2 file format to study molecular docking.

2. 5. 2. Molecular Docking Study

All the compounds were docked with Gram-nega-
tive bacteria E. coli DNA gyrase B in complex with small
molecule inhibitor (PDB code 4DUH) and Gram-posi-
tive bacteria Streptococcus pneumonia (PDB code 4MOT)
which were downloaded from the Protein Data Bank
server https://www.rcsb.org/structure/4mot and https://
www.rcsb.org/experimental/4duh. Molecular docking cal-
culations were performed using Molegro Virtual Docker
(MVD). The dimensions for 4DUH and 4MOT were set
21.24 - 11.84 - 24.16 and 21.38 - 29.05 - 2.13, respective-
ly. Additionally, five poses were set in the software. The
binding interactions for specific receptor sites with ligands
were studied by Biovia Discovery Studio 2016.%

2. 6. ADMET Profiling

In order to understand biological efficacy of com-
pounds presented in this work ADMET study was em-
ployed. This method helps in predicting pharmacokinetic
and pharmacological studies containing log P,,,, blood-
brain barrier (BBB) permeate, gastrointestinal (GI) ab-
sorption, total polar surface area (TPSA), bioavailability
and Lipinski's rule of the newly synthesized compounds.
ADME studies were performed by Swiss ADME using an
online platform. After that, the predictive model of Egan's
Boiled-egg and the bioavailability radar were calculated to
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investigate the central nervous system (CNS) and measure
their oral bioavailability for human health.

3. Results and Discussion

3. 1. FTIR Discussion

FTIR spectroscopy is a highly valuable technique
for the structural determination of the synthesized com-
pounds. The formation of a Schiff base can be confirmed
by the disappearance of characteristic carbonyl (C=0)
and amine (—-NH,) peaks and the appearance of distinct
azomethine (HC=N-), band in the FTIR spectrum. FTIR
spectra of Schiff bases are presented in Figure 1S. The
spectra of L;-Ls showed medium to strong band in the
range of 1622-1690 cm™! typically corresponding to the
stretching vibration of azomethine (HC=N-), while the
weak band in the region of 3048-3061 cm™ corresponded
to aromatic (Ar-H).’® The weak absorption bands in the
range of 2861-2918 cm™! typically indicated azomethine
C-H group. The presence of strong band in the region of
725-759 cm! belongs to (C-S—C) thiazine group.?® The
stretching frequency of pyridine group (—C=N-) was ob-
served in the range of 1499-1560 cm™1.%”

3. 2. UV-Visible Spectroscopic Study

The UV-Visible spectral study of the synthesized
compounds L;-Ls; was conducted at room temperature
in methanol. All the absorption spectra of L;-L; were
compared to the starting material, 2-aminobenzothiazole
as shown in Figure 1. The absorption band at 263 nm is
primarily attributed to the m > n* transitions of the pyri-
dine moiety.”® The small shoulder peak at 294 nm revealed
distinctive m > m* transitions reinforcing the presence of
aromatic rings which could be particularly ascribed to the
n-electrons present in 2-aminobenzothiazole part of the
Schiff base as observed in unreacted form as well. The ap-
pearance of new absorption band at 350 nm is evidence of
n > 7* transitions of azomethine group.2-36:3

3. 3. 'H NMR Study

The 'H NMR spectra of compounds L;-Ls were
measured in CDCl; by using TMS as an internal reference
and are presented in Figures 2S-6S. The multiple signals
corresponding to aromatic protons were observed in the
range of 8.11-6.78 ppm.?> A signal in range 8.6-7.9 ppm
corresponded to aromatic protons in the pyridine ring.
The peaks in the range of 3.97-4.2 ppm confirm the pres-
ence of methoxy substituents in compounds L;-L3.%° The
peaks observed at 8.82 (L;), 8.83 (L), 9.03(L3), 10.16 (L),
and 10.18 (Ls) ppm are assigned to azomethine protons
which is a strong evidence for the synthesis of the men-
tioned Schiff bases.*!*> The observed shifting of azome-
thine protons due to the influence of electron-withdraw-

ing and electron-donating substitution on pyridine group
of the Schiff bases is in line with the literature.!42
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Figure 1. UV-Visible spectra of compounds L;-Ls and 2-amin-
obenzothizole.

3. 4. Structural Description

Compound L, crystalizes in monoclinic crystal sys-
tem with space group C 2/c while the crystal structure and
atomic numbering scheme are illustrated in Figure 2. The
unit cell dimensions and crystallographic parameters are
summarized in Table 1, while the important bond lengths
and bond angles are listed in Table 2. The azomethine (-
C=N-) bond length was found to be consistent with values
reported in the literature.!® The torsion angles Cg—Cq—
Cy3-S;,=179.2(3)° and C;,—N,—Cs—Cq = -179.7(3)° show
that the configurations about the C=N bonds are anti
(1E).*® The specific spatial orientation of the molecules en-
ables O-atom of methoxy group to participate in C-H--O
interaction with the adjacent molecule of the lattice. This
interaction of molecules is shown in Figure 3. Since there
are no O/N/F-H--O/N/F functionalities in the molecule,
there is no H-bonding in the crystal lattice and the packing
diagram is shown in Figure 4.

Figure 2. Structure and atom numbering scheme of L;.
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Figure 3. C-H--O interactions (shown blue) exhibited by mole-
cules in lattice.
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Figure 4. Packing diagram of molecules of L; as viewed along b-ax-

1s.

Table 1. Crystal data and structure refinement for compound L.

Empirical formula C4H1N504
Formula weight 269.32

Crystal system monoclinic
Space group C2/c

alA, biA, c/A 47.9676(16), 4.5345(3), 11.3392(7)
al®, B/o yI° 90, 92.390(5), 90
Volume/A3 2464.2(2)

Z 8

Peale glcm® 1.452

p/mm! 0.257

F(000) 1120
Goodness-of-fit on F? 1.051
Reflections collected 2416

Independent reflections 2166 [Ry, = 0.1242,]
Data/restraints/parameters 2416/0/173

3. 5. Antibacterial Assay

All the synthesized compounds L,-Ls prevent-
ed growth of the microorganisms (Gram-negative and
Gram-positive bacteria) as shown by the data given in
Table 3. All the compounds were found to be good an-
tibacterial agents against five different types of bacteria.
The minimum inhibitory concentrations (MICs, pg/mL)
of compounds L;-L; demonstrated excellent antibacteri-
al activity compared to compounds L, and Ls. All com-
pounds were compared to the standard antibiotic cipro-
floxacin. In addition, MIC of compound L; was lower
than inhibitory concentration of ciprofloxacin and other
compounds against E. coli, P. aeruginosa (-), S. aureus (+)
and S. pyogenes (+). The results demonstrated that com-

pounds L;-Ls showed good activity against Gram-neg-
ative compared to Gram-positive bacterial stains. The
experimental data were found to be in good agreement
with the theoretical results (quantum molecular descrip-
tors and molecular docking). Also, these compounds can
obstruct and destroy respiration process of the studied
organisms due to the presence of heterocyclic rings con-
taining S and N atoms.***> Lipophilicity is a significant
factor to control antimicrobial activity. Compounds
L,-L; showed high lipophilicity, which may subsequently
promote penetration through the lipid layer of the cell
membrane.*® Additionally, lipophilicity and delocaliza-
tion of m-electrons in the structure of a bioactive mol-
ecule have been found to play parallel roles in the en-
hancement of cell death.?

3. 6. Antioxidant Studies

Reactive oxygen and nitrogen species (RONS) as free
radicals that can induce severe oxidative damage on bio-
macromolecules like DNA, lipids and proteins. Hence, re-
cent investigations have focused on synthesizing novel het-
erocyclic compounds as potent antioxidants due to their
pharmaceutical significance.®® In this study, compounds
with methoxy substituent (L;-L;) exhibited slightly higher
activity than the compounds containing halogen groups
as shown in Figure 5. Furthermore, L, having OMe group
on para position with respect to the azomethine func-
tionality revealed good antioxidant activity as compared
with other compounds L,, L; and other halogen-substitut-
ed compounds. Halo groups destabilize the free radicals
while methoxy groups stabilize the radicals to some extent
which might be attributed to the high electronic density.
Furthermore, increase in concentration of the compounds
resulted in a decrease in the DPPH radical scavenging abil-
ity, indicating that the oxidants at low concentrations were
most effective.’

3. 7. Anti-fungal Activity

The anti-fungal screening data revealed that all the
compounds L;-Ls were active against C. albicans ATCC

Table 2. Selected bond lengths, bond angles, and torsion angles for compound L,

Bond lengths (A) Bond angles (°) Torsion angles (°)
C,-S, 1.7302(18) C,-C,-N, 115.07 Cs-N,-C,-S,  166.6 (2)
C-N, 1.301(2) C,-N,-C, 110.52 Cs-N,-C,-N,  -13.7(5)
$;-C, 1.7511(16) C,-$,-C, 88.910 Cg—Cy—Ci3-S1,  179.2(3)
C,-N, 1.391(2) N,-C,-$, 116.30 C,-$,-C,-C, -0.2(2)
N,-C, 1.301(2) $,-C,-N, 115.41 C,-$,-C,-C;  180.0 (3)
N,—Cq 1.284(2) N,-C,-N, 128.23 C-N,-C,-Cs  179.8 (3)
N;-Cp, 1.324(2) C,-N,—Cq 118.26 C,-N,-C,-C, ~0.3 (4)
C15-N; 1.343(2) Cio-N5=C;,  116.09 C,-N,-C4—Cy  -179.7 (3)
C,,-0, 1.349(2) N;-C,,-0,  119.55 — —
0,-C,,  1.4403(19) C,-0,-C,,  117.01 — —

Akbar et al.: Synthesis, Characterization and Biological Evaluation

421



422

Acta Chim. Slov. 2025, 72, 416-429

60193 and C. tropicalis ATCC 13803 with diameter of in-
hibition area ranging from 20-26 and 32-34 mm, respec-
tively. As can be seen from Table 4, all compounds showed
higher antifungal effects compared to the standard drug
fluconazole.

3. 8. DFT-D Calculations

Optimization based on DFT-D was performed to ob-
tain the most stable structures for all compounds as shown
in Figure 6. Total energies for compounds L;-Ls were cal-
culated to be -1169.372, -1169.372, -1171.135, -1514.971,
and -1068.565 kcal/mol, respectively as shown in Table 5.

3.9. HOMO and LUMO Orbitals

The HOMO electron density of compounds L;-Ls is
mainly distributed over aromatic groups and imine group
while the LUMO electron density distribution extends to
N and S atoms as shown in Figure 7.

3. 10. Quantum Molecular Descriptors

Recently, researches are employing DFT calculations
to obtain quantum chemical parameters for prediction of
biological properties. The quantum chemical descriptors
such as the ionization potential (I), electron affinity (A),

Table 3. Minimum inhibitory concentration (MIC) values of the compounds L;-Ls (ug/mL).

Compound E. coli (-) K. pneumoniae (-) P. aeruginosa (-) S. aureus (+) S. pyogenes (+)
L, 7.5%0.11 6.5+ 0.81 8.4+1.73 8.9+0.21 9.3+0.42
L, 7.9 + 0.64 6.9 +0.98 8.6+1.73 9.6 +0.24 10.8 £ 0.47
L; 7.0 £ 0.45 6.9 +0.25 7.0+0.35 9.3+0.55 10.0 £ 0.43
L, 9.5+0.01 7.6 +0.43 9.3+0.32 9.8 +£0.89 11+£0.12
| I 9.9+0.82 7.9+ 0.76 10.9+£0.19 9.8+0.72 12+1.12
Ciprofloxacin 9.8+1.28 4.8 +0.08 9.8 +0.08 9.12 £ 0.85 10.5+0.41
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Figure 5. Histogram representation of DPPH free radicals scaveng-
ing potentials of the compounds L;-Ls relative to ascorbic acid tak-
en as 100%.

¢

Figure 6. Optimized structures L,-Ls (a-e) based on DFT-D meth-
od using DMol® module in Material Studio 2017.

Table 4. The diameter of antifungal studies of compounds L,-Ls against C. albicans ATCC

60193 and C. tropicalis ATCC 13803

Compounds L, L, L; L, L Fluconazole

C. albicans ATCC 60193 24 23 26 22 20 17

C. tropicalis ATCC 13803 32 32 33 32 34 31

Table 5. The energy parameters resulted from DFT-D method for compounds L;-Ls.

com- Sum of Kinetic Electrostatic =~ Exchange- Spin DFT-D Total DFT-D
pounds  atomic energies correlation polarization correction energy
L, -1169.372 -30.443 0.278 1.867 -67.441 -0.029 -1239.331
L, -1169.372 -30.434 0.272 1.866 -67.441 -0.029 -1239.331
L, -1171.135 -10.245 0.155 2.275 1.661 -0.021 -1177.310
L, -1514.971 -31.533 0.620 1.639 -78.003 -0.024 -1593.868
Ls -1068.565 -27.667 0.660 1.625 -61.716 -0.025 -1132.322

Akbar et al.: Synthesis, Characterization and Biological Evaluation



Acta Chim. Slov. 2025, 72, 416-429

W RS

Figure 7. Electron density distributions, HOMO (left) and LUMO
(right) orbitals of the compounds L;-Ls; (corresponding to a-e, re-
spectively).

3. 11. Molecular Modeling Studies

To understand protein-ligand interactions and drug
development affinity of the synthesized compounds to-
ward the targeted proteins, the in silico molecular dock-
ing technique using MVD was employed. The molecular
docking results and the interactions with receptors are
presented in Table 7. The compounds showed good bind-
ing orientation in the binding pocket of E. coli (PDB code
4DUH) and S. pneumoniae (PDB code 4MOT). Com-
pounds L;-Ls with 4DUH revealed a binding affinity of
-95.750, -89.837, —98.960, -90.801, and -91.229 kcal/mol.
While with 4MOT the lowest possible binding energies for
compounds L;-Ls were displayed at —-107.148, -117.347,
-122.728, -103.724, and -104.470 kcal/mol, respective-
ly. Compounds L;-L; revealed the higher binding affin-
ity as compared with L,-Ls in both of receptors in good
accord with energy gap (E,). 3D and 2D predictions on
both of proteins displayed the intermolecular interactions
of ligands with amino acid residues in active site from
the best docking pose. Docking score of all investigated
compounds with S. pneumoniae exhibited negative bind-
ing energy, suggesting their high hydrophobic interac-
tions. 2D and 3D views of the non-bonded interactions

Table 6. The calculated quantum chemical parameters obtained from energy gap.

compounds HOMO LUMO E, I A n=I1-A/2 X u=-X w=p-pl2n
L, -6.224 -3.727 2.5 6.22 3.73 1.25 4.98 -4.98 9.914
L, -6.306 -3.574 2.73 6.31 3.57 1.37 4.94 -4.94 8.93

L; -5.768 -3.707 2.06 -5.77 -3.71 1.03 4.74 -4.74 10.889
L, -6.435 -3.625 2.81 6.44 3.63 1.41 5.03 -5.03 9.00

Ls -6.369 -3.636 2.73 6.36 35 1.37 4.93 -4.93 8.49

chemical potential (), global hardness (#), dipole moment
(¢), and the electrophilicity index (w) were calculated by
HOMO and LUMO energy gaps obtained from the DFT-D
results. The higher energy gap (AE = HOMO - LUMO)
imparts less reactivity, less polarizability and more stability
to molecule and vice versa. Based on the observed ADME
results of energy gaps as listed in Table 6, compound L;
is less stable and more lipophilic indicating more reac-
tivity. Soft molecules have a lower energy gap than hard
molecules and may easily transfer electrons to acceptors,
making them more reactive and interacting with biomac-
romolecules as targets in the biological systems. Conse-
quently, L; and L, showed more inhibitory activities. Ad-
ditionally, L, had high chemical hardness (#) as compared
to other compounds, leading to the most stable and least
reactive compound for the biological activity. Compound
L, exhibited the highest Lewis acid character due to high
electronegativity (y). Global electrophilicity (w) was found
to be significant, indicating that the electrophilic index
confirms biocidal property to kill the microbes.’®>! In ad-
dition, Ly and L; can kill cancer cells more than others due
to higher value of electrophilicity index (w).!®

between structures were docked onto E. coli (PDB code
4DUH) or S. pneumoniae (PDB code 4MOT) and are
shown in Figures 8 and 9.

3. 12. Drug Likeness and In-Silico Bioactivity
Prediction Using Swiss ADME

The behavior of molecules in humans is influenced
by the structural features including bioavailability, trans-
port properties, affinity, reactivity, toxicity, and metabolic
stability.>? Table 8 presents the permeability levels of com-
pounds L,-Ls, describing their potential for molecular
transport across the blood-brain barrier (BBB) and intes-
tinal membranes. But these compounds were not cleared
from the central nervous system (CNS) by the P-glycopro-
tein. Moreover, these compounds had high gastrointesti-
nal (GI) absorption, indicating a high absorbance in the
human intestine, showing high GI absorption.>® Further-
more, all of the tested compounds have a bioavailability
score of 0.55, showing a moderate level of bioavailability.>*
They obey Lipinski's first rule, signifying that these com-
pounds can be developed as orally active small anti-in-
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Figure 8. 3D and 2D dimensions of results of intramolecular interactions for compounds L,-Ls with E. coli.
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Figure 9. 3D and 2D diagrams of intramolecular interactions of compounds L,-Ls with S. pneumoniae.
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Table 7. Docking of compounds into E. coli (PDB code 4DUH) and S. pneumoniae (PDB code 4MOT)

compounds Docking Interacting residues with 4DUH
score (kcal/mol)

L, -95.750 Van der Waals (Pro A:150, Thr B:160, Glu B:159, Gln A:151, His A:147, Gln A:128), nt-donor
hydrogen bond (Gln B:161), m-alky (Val A:149).

L, -89.837 Van der Waals (GIn A:128, His A:147, Gln A:151, Thr B:160, Glu B:159, Glu B:146, Pro A:150),
ni-alky (Val A:149), hydrogen bond (Glu B:161).

L, -98.960 Van der Waals (Gly B:75, Gly B:164, Asp B:73, Gln B:72, Ile B:59, Glu B:58, Val A:149, Glu B:161),
hydrogen bond (Thr B:163, Lys B:162, Gln B:135), n-alky (Ile B:60).

L, -90.801 Van der Waals (Gln A:151, Thr B:160, Glu B:159, Pro A:150), carbon hydrogen bond (Gln B:161),
ni-alky (His A:147, Val A:149).

L -89.837 Van der Waals (Glu B:161, Glu B:159, Thr B:160, Glu B:159, Pro A:150, Thr B:151), n-alky (His
A:147, Val A:149), hydrogen bond (Glu B:161).

Docking score (kcal/mol) Interacting residues with 4MOT

L, -107.148 Van der Waals (Val A:76, Thr A:172, Phe A:99, Ser A:124, Gly A:82, Arg A:84), carbon hydrogen
bond (Pro A:84), alkyl and n-alkyl (Ile A:48, Pro A:84, Met A:83, Ala A:52, Val A:174), hydrogen
bond (Asp A:78), amid n-stacked (Asn A:51).

L, -122.728 Van der Waals (Ser A:124, Phe A:99, Asn A:51, Gln A:77, Lys A:173, Gly A:80), hydrogen bond (Gly
A:82), carbon hydrogen bond (Asp A:78, Thr A:172), alkyl and n-alkyl (Pro A:84, Met A:83, Ala
A:52, Val A:174, Ile A:48).

L; -122.728 Van der Waals (Pro A:84, Lys A:173, Gln A:77, Ser A:124, Phe A:99), amid- stacked (Asn A:51, Gly
A:82), m-alkyl (Met A:83, Val A:174, Ala A:52, Val A:76, Ile A:48), carbon hydrogen bond (Thr
A:172).

L, -103.724 Van der Waals (Val A:76, Asp A:78, Thr A:172, Glu A:55, Phe A:99, Ser A:124, Gly A:82, Asn A:51),
alkyl and m-alkyl (Ile A:48, Pro A:84, Met A:83, Ala A:52, Val A:174).

Ls -104.470 Van der Waals (Val A:76, Asp A:78, Glu A:55, Ser A:124, Phe A:99, Gly A:82, Arg A:140), carbon

hydrogen bond (Thr A:172), amid n-stacked (Asn A:51), alkyl and n-alkyl (Pro A:84, Met A:83, Ala

A:52, Val A:174, Ile A:48).

Table 8: Prediction of the toxicity pharmacokinetic properties based on Swiss ADMET results of the synthesized compounds L;-Ls.

com- H-bond H-bond logP,, logS BBB GI Lipinski Bioavail TPSA Ghose, Class
pounds acceptors donors absorption ability Veber, Egan,

Score Muegge
L, 4 0 330 -394  Yes High Yes 0.55 75.61 Yes Soluble
L, 4 0 3.02 -3.80  Yes High Yes 0.55 66.38 Yes Moderately soluble
L, 4 0 3.02 -3.78  Yes High Yes 0.55 66.38 Yes Moderately soluble
L, 3 0 377 -448  Yes High Yes 0.55 66.38 Yes Moderately soluble
Ls 3 0 294 -4.88  Yes High Yes 0.55 66.38 Yes Poorly soluble

flammatory drugs with minimum ulcerogenic properties.
All compounds based on Veber's rules and Egan's rules
represented the oral bioavailability of a possible drug mol-
ecule. Furthermore, log P, values of less than five with
good lipophilicity value, indicate strong cell membrane
permeability of the compounds and their biological activ-
ity. The compounds did not exhibit as CYP2D6 inhibitors,
concluding that they would not show any adverse drug re-
actions.” TPSA of compounds were measured to be less
than 160 A, demonstrating very helpful statistic for fore-
casting the transport of drug molecules.>® The drug-like-
ness parameters of an orally available bioactive drug are
provided by the bioavailability radar and its graphical
snapshot as a pink hexagonal part indicating size, flexibil-

ity, unsaturation, lipophilicity, solubility, and polarity as
shown in Figure 10.

4. Conclusion

The series of five synthesized compounds L;-L; in
this study were prepared, purified in quantitative yield
and characterized using FTIR, UV-Visible, 'H NMR,
ESI-MS and single crystal XRD. The azomethine group
(—C=N-) was indicated in FTIR in the range of 1622-
1690 cm~!. The UV-Visible spectra showed distinct ab-
sorption band at 350 nm as an evidence of n > n* tran-
sitions of azomethine group. The 'H NMR spectra of the
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Figure 10. The bioavailability radar of the compounds L;-Ls using
Swiss ADME web tool.

compounds were recorded in CDCI; showing a peak in
the range of 8.82-10.18 indicating the presence of azome-
thine group. All compounds demonstrated significant
bioactivity against various target microbes. The antibac-
terial activity of all compounds were examined against
Gram-negative (E. coli, K. pneumoniae and P. aeruginosa)
and Gram-positive (S. aureus and S. pyogenes) bacterial
strains. The activities of compounds L;-L; against var-
ious antibacterial targets showed that compounds con-
taining a methoxy group exhibited better activity com-
pared to those with halogenated groups. The antioxidant
activity of compounds L;-Ls was found to be in the order
of L} > L, > Ly > Ls > L. The anti-fungal screening stud-
ies exhibited that all the compounds were active against
C. albicans ATCC 60193 and C. tropicalis ATCC 13803
with stronger inhibitory properties compared to stand-
ard drugs. Interestingly methoxy-substituted compounds
showed better bioactivities compared to halogen-substi-
tuted compounds. All compounds were optimized by
DFT-D and then their quantum chemical parameters
were investigated by using energy difference between the
HOMO and LUMO orbitals. The chemical parameters,
including energy gap and electrophilicity, obtained from
DFT-D calculations, provided supportive insights into
the biological activity of the compounds L;-Ls.

Molecular docking study exhibited good interaction
in the binding pocket of E. coli (PDB code 4DUH) and S.
pneumoniae (PDB code 4MOT). Finally, Swiss ADME pre-
diction modeling evaluated the physicochemical charac-
teristics such as solubility, permeability, and drug-likeness.
Results obtained from ADME study showed GI absorp-
tion for all compounds. Observation revealed that every
anticipated derivative had favorable gastric absorption,
signifying noteworthy oral bioavailability. All compounds
showed a wide range of lipophilicity, suggesting diverse
cellular permeability and dissolution properties.

Appendix A. Supplementary data

CCDC 2455335 corresponds to the crystallograph-
ic data of compound L,, deposited with the Cambridge
Crystallographic Data Centre. Copies of the data may be
obtained free of charge from The Director, CCDC, 12, Un-
ion Road Cambridge CB21EZ [Fax: +44 (1223)336 033] or
e.mail: deposit@ccdc.cam.ac.uk.
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Abstract

In this study, the self-assembly of gold and silver-based nanoclusters modified by L-cysteine (Cys@Au-Ag/AgCl) was
prepared using a simple and straightforward hydrothermal method. Cys@Au-Ag/AgCl exhibited efficient catalytic ac-
tivity for the rapid reduction of 4-nitrophenol (4-NP) to the less toxic 4-aminophenol (4-AP) in the presence of NaBH,
as a reducing agent, completing the reaction within a few minutes with a rate constant of 6.1 x 1073 s7!. The catalytic
performance of Cys@Au-Ag/AgCl was optimized by studying the effect of various parameters on the catalytic reduc-
tion. In addition, Cys@Au-Ag/AgCl nanocomposite was used for catalytic reduction of K;[Fe(CN)¢] in the presence of
NaBH,, and the reaction rate constant was found to be 1.73 x 1072 s™1. The antibacterial activity of Cys@Au-Ag/AgCl
nanocomposite was also evaluated against common drug-resistant Gram-positive bacteria (Bacillus subtilis and Staphy-
lococcus aureus) and Gram-negative bacteria (Pseudomonas aeruginosa and Escherichia coli). The results demonstrated
that the multifunctional Cys@Au-Ag/AgCl nanocomposite exhibited good antibacterial activity against these clinical

drug-resistant bacteria.

Keywords: Gold; Silver; Nanoclusters; 4-Nitrophenol; K;[Fe(CN)4]; Antibacterial activity

1. Introduction

Over the past decade, noble metal nanoparticles
(MNPs), such as gold, silver, palladium, and platinum, have
attracted considerable attention due to their unique advan-
tages such as high strength, stability, and cost-eftective pro-
duction.'? These nanoparticles exhibit multiple applica-
tions, including in electronics, photonics, catalysis, drug
delivery, biological imaging, magnetic recording devices,
biosensors, and as enzyme mimetic nanoparticles.>* Bime-
tallic nanoparticles of noble metals usually possess advan-
tages in comparison with their monometallic counterparts
due to the synergy between the two components which al-
lows them to exhibit a wide range of new properties and
applications.>® Structural and physico-chemical properties
of bimetallic nanoparticles strongly depend on the elemen-
tal composition and the method used to produce them.”
Recently, many efforts have been devoted to the construc-
tion of a ternary Au/Ag/AgCl heterostructure. Results have
shown that the incorporation of AgCl in bimetallic nanos-
tructure can provide a much higher photocatalytic perfor-

mance in comparison with pure Ag, Au and bimetallic Ag/
Au nanoparticles.® Moreover, Au/Ag/AgCl hybrid materials
can provide the multifunctionality of catalytic and optical
properties that can be utilized in sensor and catalytic sys-
tems. Kuo et al. developed a cost-effective, highly sensitive
and specific sensing system for easy and rapid detection of
nanomolar concentrations of spermine in complex urine
samples based on high peroxidase-like catalytic activity of
Ag-Au/AgCl nanohybrid. They reported that the catalytic
activity of Ag-Au/AgCl nanohybrid was at least 150-fold
higher than that of its Ag, Au and AgCl components.® Sap-
kota et al. described the facile, efficient and ecofriendly syn-
thesis route for Au-Ag@AgCl nanomaterials possessed high
catalytic activity for multicomponent tandem synthesis of
various quinoline derivatives.!® Given its excellent sur-
face-enhanced Raman scattering (SERS), Barveen and
co-workers have demonstrated a facile hydrothermal and
photoreduction approach to fabricate the Ag/Au/AgCl het-
erostructure for the SERS detection of antibiotics and anal-
gesics. This unique properties of Ag/Au/AgCl heterostruc-
ture in the SERS process was related to the coupling of
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bimetal Au and Ag with the semiconductor (AgCl) which
provides the large surface area, high enhancement of Ra-
man signal, improvement of detection sensitivity, reproduc-
ibility and uniformity and also the reusable properties of
SERS substrate due to the photodegradation ability of Ag-
CL!! Devi et al. reported the catalytic and antimicrobial
properties of Ag/Au/AgCl nanoparticles fabricated by using
Aquilaria agallocha leaf juice. They found that the Au@Ag@
AgCl nanoparticles showed better antimicrobial properties
than the monometallic Ag and Au nanoparticles because of
the medicinal properties of the leaf. The as-prepared Ag/
Au/AgCl nanoparticles demonstrated an excellent catalytic
activity in the reduction of toxic nitrocompounds.!? Re-
cently, A u@ Ag@AgCl nanoparticles were employed for vis-
ible-light-driven photocatalytic degradation of various or-
ganic pollutants by Ryu and and co-workers.!® In another
precedent on photocatalytic activity of Ag/Au/AgCl hybrid
materials, Lio et al. fabricated one-dimensional (1D) Ag/
Au/AgCl hollow heterostructures. It was found that the syn-
thesized Ag/Au/AgCl hollow heterostructures showed the
higher catalytic and photocatalytic activity as compared to
pure Ag nanowires. However, the AgCl semiconductor
could act as supporting materials, but the excess AgCl is the
obstacle for contact of Ag/Au bimetals with reactive species.
Moreover, they showed that the Ag/Au bimetals enhanced
the photocatalytic performance of AgCl semiconductor via
the localized surface plasmon resonance (LSPR) and plas-
mon resonance energy transfer (PRET) mechanisms. '
4-Nitrophenol (4-NP) is highly toxic pollutant which
can cause several negative impacts on human health such
as formation of methemoglobin, liver and kidney damage,
anemia, skin irritation, eye irritation, and systemic poi-
soning.!® This pollutant has been listed as a priority pollut-
ant by the US Environmental Protection Agency. Over the
years, various methods such as photocatalytic degrada-
tion, chemical oxidation, electrochemical treatments, ad-
sorption and coagulation have been developed to mini-
mize the pollution of nitrophenols from wastewater.!® In
recent years, chemically reduction of nitrophenols to the
useful product aminophenols using sodium borohydride
(NaBH,) as a reducing agent has been commonly used as
the effective removal methodology for such hazardous
substrate compounds from polluted waters.!”!® In addi-
tion, there is a high industrial demand for aromatic amine
compounds.'® As an example, in pharmaceutical industry,
the conversion of nitrophenols to aminophenols can be
widely used in the production of many analgesics and an-
tipyretics such as paracetamol and phenacetin.?*?! These
reactions have been also utilized as model reaction to as-
sess the catalytic performance of various nanocatalytic
systems especially metallic nanoparticles.!”-?? This is be-
cause the progress of the reduction reaction can be easily
followed by UV-vis spectroscopy during the conversion of
nitrophenols to aminophenols. Up to now, there have been
a large number of mono and bimetallic nanoparticles con-
sisting of Au and Ag have been reported for the catalytic

reduction of nitroaromatic compounds.?>-2® However, the
combination of Au, Au and AgCl nanoparticles is rarely
investigated.

The World Health Organization (WHO) reported
that antimicrobial resistance is one of the top 10 health
threats to humans in recent years. According to the WHO
report, bacterial infection has been one of the main causes
of death worldwide in the past 15 years.?’ Although antibi-
otics have achieved remarkable success as conventional
antibacterial drugs in the treatment of bacterial infections,
the widespread and inappropriate use of antibiotics leads
to antimicrobial resistance.’®> MNPs have been found as
effective mineral agents in presenting antibacterial proper-
ties and optimizing their antibacterial performance is a
major area of interest in new antibacterial treatments.3!32
The chemical and physical nature of MNPs such as their
elemental composition and morphology can significantly
contribute to the interactions between MNPs and the tar-
get biosystem enhancing the development of more effi-
cient antibacterial agents.33-3°

Herein, novel L-cysteine-modified Au and Ag/AgCl
nanoclusters (Cys@Au-Ag/AgCl) were developed via a
simple hydrothermal method. This work advances prior
research on mono/bimetallic Au/Ag nanoparticles by in-
troducing a ternary system with unique synergistic prop-
erties. The Cys@Au-Ag/AgCl nanocomposite demon-
strates enhanced catalytic efficiency for reducing both
organic (4-NP) and inorganic (K;[Fe(CN);4]) pollutants to
less toxic products, along with potent antibacterial activity
against clinical drug-resistant Gram-positive and
Gram-negative bacteria. These dual capabilities make the
Cys@Au-Ag/AgCl nanocomposite a promising candidate
for environmental and biomedical applications.

2. Experimental

2. 1. Materials and Characterization

All the chemicals used in this study were obtained
from either Sigma-Aldrich or Merck and used as received
without further purification. Deionized water was used
throughout all the experiments.

Scanning electron microscopy (SEM) images were
obtained using a field-emission scanning electron micro-
scope (FE-SEM, TESCAN MIRA3, TESCAN Co., Czech
Republic) at an acceleration voltage of 3 KV. UV-vis spec-
troscopic measurements were performed using a UV-vis
spectrophotometer) Shimadzu UV-1800, Japan). FTIR
spectra were recorded on an FTIR spectrophotometer (Al-
pha-Bruker) using KBr disks at room temperature. X-ray
diffraction (XRD) spectroscopy was performed using an
X-ray diffractometer (Philips PW 1730, Netherlands) with
Cu Ka radiation (\ = 1.54 A, 40 kV x 30 mA), and 26 was
scanned from 10° to 80°. X-ray energy diffraction (EDAX)
was performed using an X-ray energy diffractometer
(EM8000F, KY KY CO.,China).
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2. 2. Synthesis of L-Cysteine Modified Cys@
Au-Ag/AgCl Nanocomposite

Self-assembled  gold-silver ~nanoparticles with
L-cysteine were prepared by a facile hydrothermal reduc-
tion method using l-cysteine as reducing and stabilizing
agent.’® In this method, 1ml of HAuCl, solution (0.01M)
and 1 ml of AgNO; solution (0.01M) were added to 10 mL
deionized water. Then, 2 ml of l-cysteine solution (0.1M)
was added dropwise under vigorous stirring for 10 min-
utes at room temperature. The pH of the solution was ad-
justed to 12 using NaOH (0.1M). A dark-brown colloidal
precipitate was obtained, which was kept in autoclave at
120 °C for 2 hours. Then final precipitate was separated by
centrifugation, washed three times with water and once
with ethanol and dried at room temperature and washed
three times with water and once with ethanol and dried at
room temperature.

2. 3. Reduction of 4-Nitrophenol to
4-Aminophenol

To assess the catalytic performance of Cys@Au-Ag/
AgCl nanocomposite, the reduction of 4-NP to 4-AP was
used as a model reaction. In a typical experiment, 300 ul
solution of freshly prepared aqueous NaBH, (0.1M) was
added to 2.5 ml aqueous solution of 4-NP (0.1 mM) in a
quartz cuvette with 1.0 cm path length. The color of the
solution changed immediately from pale to bright yellow
upon the addition of NaBH,. Then, 5 mg of the synthe-
sized Cys@Au-Ag/AgCl nanocomposite was added to the
reaction mixture and the initial yellow color of the solu-
tion faded to colorless as the reaction proceeded. The pro-
gress of the reduction reaction was followed by monitoring
the absorbance of the solution over the wavelength range
of 250-500 nm in the same time interval.

The reduction percentage of 4-NP to 4-AP was cal-
culated using eq. (1):

%Reduction of 4 — NP =2 l:‘-t
0

% 100% (1)

where A, is initial absorbance and A, the absorbance after
a time interval.

2. 4. Investigation of the Effect of Different
Parameters on the Catalytic Activity

In order to investigate the effect of catalyst disper-
sion on reaction rate, 0.01 g of the synthesized nanocom-
posite was dispersed in 10 mL of water and sonicated for
15 minutes. Then, Cys@Au-Ag/AgCl aqueous dispersion
(1 mg/mL, 500 pL) was added to the aqueous solutions of
4-NP (0.1 mM, 2.5 mL) and NaBH, (0.1M, 300 pL) and the
absorbance of the reaction solution was analyzed at 250-
500 nm during the time course.

To optimize the amount of catalyst, reduction reac-

tion of 4-NP was repeated four times under the same con-
centration of 4-NP (0.1 mM, 2.5 mL) and NaBH, (0.1M,
300 pL), except that different amount of the catalyst was
added (200, 500 and 700 pL, 1 mg/mL) to the reaction
mixture.

The effect of concentration of NaBH, on the rate of
the catalytic reducing of 4-NP was also studied. In this re-
gards, different amount of NaBH, (200, 300, 400 and 700
uL, 0.1 M) were added to the 4-NP solution (0.1 mM, 2.5
mL) and Cys Au/Ag nanocomposite (1 mg/mL, 500 uL).

To investigate the effect of the complex water envi-
ronment on the catalytic performance of Cys@Au-Ag/Ag-
Cl nanocomposite in the reduction of 4-NP, the same mo-
lar concentration of 4-NP solutions were also prepared in
tap water and seawater instead of the deionized water and
the absorbance of the reaction solution was analyzed at
250-500 nm during the time course. The tap water directly
obtained from the laboratory (without any treatment) and
the Caspian seawater were used instead of deionized water
when preparing the 4-NP solution.

2. 5. Reduction of K;[Fe(CN),]

The catalytic activity of Cys@Au-Ag/AgCl nano-
composite wasalso studied in the reduction of K;[Fe(CN)g].
In a typical experiment, freshly prepared aqueous NaBH,
solution (0.1 M, 200 uL) was mixed with aqueous solution
of K3[Fe(CN)¢] (0.2 mM, 2.5 mL) in a quartz cuvette and
then the Cys@Au-Ag/AgCl aqueous suspension (500 pL, 1
mg/mL) was injected without any stirring. The reaction
was monitored by taking the absorption spectra between
250-500 nm at a time interval of 1 minutes. The reduction
percentage of K;[Fe(CN)4] was calculated using eq. (2):

Ag—A¢

Yreduction of K;Fe(CN)g = — 100 % (2)
0

where A, is initial absorbance and A, the absorbance after
a time interval at A\ = 400 nm.

2. 6. Antibacterial Activity Assessment
Method

The in vitro antibacterial activity of the prepared
Cys@Au-Ag/AgCl nanocomposite was tested using the
zone inhibition method,*” against four pathogenic bacteria
including Pseudomonas aeruginosa (P. aeruginosa), Es-
cherichia coli (E. coli), Staphylococcus aureus (S. aureus),
and Bacillus subtilis (B. subtilis). The nutrient agar and nu-
trient broth cultures were prepared according to manufac-
tures’instructions and were incubated at 37 °C. After incu-
bation for the appropriate time, a suspension of 100 pL of
each bacterial test organism was spread onto the nutrient
agar plates. Agar wells were prepared with the help of a
sterilized glass tube. Then 100uL of the test agents at a con-
centration of 1000 pug/mL in DMSO were added to each
well. All the bacterial strains were incubated at 37 °C for 24
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h. Clear zones around the wells showed inhibition of bac-
terial 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. Antibacterial activity of Cys@Au-Ag/AgCl nano-
composite was compared with tetracycline as standard
drugs. DMSO was used as a negative control.

3. Results and Discussion

3. 1. Characterization

XRD analysis was carried out to confirm the crystal
structure and particle size of the synthesized nanocompos-
ite within the range of 20 = 10°-80°. It clearly shows that
the sample is composed of metallic Ag/Au and cubic AgCl
crystals. Ag and Au crystals cannot be distinguished in the
XRD patterns because the XRD diffraction peak pattern of
single metallic gold and silver NPs as well as their bimetal-
lic NPs are close together and they have similar crystal
structure and lattice constants.”® As shown in Fig. 1a, the
XRD pattern of the Cys@Au-Ag/AgCl nanocomposite
showed four diffraction peaks at 26= 38.27°, 44.42°, 64.58°,
and 77.72° (labeled as circles) correspond to (111), (200),
(220), and (311) lattice planes of fcc structure for Au and
Ag in this bimetallic system.*®* In addition, the XRD pat-
tern of the nanocomposite showed diffraction peaks at 20 =
27.88°, 32.28° 46.28° 54.82°, 57.47°, 67.48°, 74.47 and
77.72° (labeled as stars) were can be attributed to the (111),
(200), (220), (311), (222), (400), (331) and (420) planes of
the cubic crystals of AgCL*° Therefore, the XRD result con-
firms the successful formation of Cys@Au-Ag/AgCl nano-
composite. FTIR spectroscopic measurement was used to
identify the binding of the L-Cysteine as capping molecules
on the surface of Cys@Au-Ag/AgCl nanocomposite. Fig.
1b shows the FTIR spectra of pure L-Cysteine and Cys@
Au-Ag/AgCl. In the spectrum of pure L-Cysteine, charac-
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teristic bands of O-H stretching (3424 cm™!) and CH,
stretching (2968 cm™!) were observed.*! The broad absorp-
tion at around 3200 cm™ can be attributed to the stretching
mode of ammonium. The bands at 1544 cm™' and 1593
cm™! was ascribed to the symmetric bending mode of the
N-H and COO asymmetric mode, respectively.#? In the
case of Cys@Au-Ag/AgCl nanocomposite, several peaks of
L-cysteine are seen, indicating the incorporation of the
L-cysteine into the structure of final nanocomposite. In ad-
dition, comparing with the two spectra shows the decrease
in intensity or shifting of some bands which indicates the
interaction of L-Cysteine with the Au, Ag and AgCl nano-
particles in the prepared nanocomposite. The FTIR spec-
trum of L-cysteine exhibits a typical S-H vibrational band
at 2553 cm™! which is absent in FTIR spectrum of Cys@
Au-Ag/AgCl, indicating that the sulfur-hydrogen bond
was broken and the L-cysteine molecules were associated
with Au-Ag/AgCl nanoparticles through the formation of
Au/Ag-sulfur bond. Binding of L-cysteine on the surface of
nanoparticles through a thiolate linkage has already been
reported in the literature.*®

The morphology and particle size distribution of the
as-prepared Cys@Au-Ag/AgCl nanocomposite were char-
acterized by scanning electron microscopy (SEM). As
shown in Fig. 2 at different magnifications, the nanocom-
posite exhibits a crystalline structure composed of spheri-
cal nanoparticles with diameters predominantly below 100
nm. While most particles self-assemble into larger spheri-
cal aggregates (<500 nm), isolated nanoparticles (~20 nm)
are also observed. This agglomeration behavior, common-
ly observed in metal nanocomposites, can be attributed to
the high surface energy of these particles due to their na-
no-size regime.** The SEM analysis confirms the success-
ful formation of a nanostructured composite with the ex-
pected morphological features.

EDX and EDS spectroscopy was performed to deter-
mine the elemental composition of Cys@Au-Ag/AgCl na-
nocomposite. Fig. 3a shows the EDX spectrum, which dis-
plays the peaks corresponding to Au, Ag and ClI elements,

()| —— . -
. = cys@Au/Ag/AgCl
s | -Cyctein
4000 3400 2800 2200 1600 1000 400

Wavenumber cm!

Fig. 1. (a) XRD pattern of Cys@Au-Ag/AgCl and (b) FTIR spectra of Cys@Au-Ag/AgCl and L-Cyctein
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Fig. 2. SEM images of Cys@Au-Ag/AgCl nanocomposite at different magnifications (70 kx and 135 kx).

confirms the formation of Au, and Ag/AgCl NPs. The re-
maining elements (C, O, N and S,) due to the presence of
cysteine molecules confirm the formation of Cys@Au-Ag/
AgCl nanocomposite. EDS mapping of the synthesized na-
nocomposite (Fig. 3b) shows that all these elements are
well dispersed in the structure of Cys@Au-Ag/AgCl nano-
composite.

3. 2. Catalytic Performance of Cys@Au-Ag/
AgCl Nanocomposite

3. 2. 1. Catalytic Activity of Cys@Au-Ag/AgCl in
the Reduction of 4-NP

The reduction of 4-NP to 4-AP was investigated as a
model reaction to study the catalytic activity of Cys@Au-
Ag/AgCl nanocomposite in the presence of NaBH,
(scheme 1). In the absence of catalyst, the reduction of
4-NP was negligible whereas the addition of 5 mg Cys@
Au-Ag/AgCl to 2.5 mL of the reaction mixture achieved a
reduction of about 84% within 20 minutes (no stirring or
sonication applied). Time-dependent UV-vis absorption
spectra were recorded to monitor the reaction progress.
Upon adding NaBH, to the 4-NP solution, the absorption
peak shifted from 317 nm to 400 nm, accompanied by a
color change from light yellow to bright yellow (Fig. 4a).
This shift corresponds to the formation of 4-nitrophe-
nolate ion (4-NP") in alkaline conditions. In the absence of
the catalyst, this peak remained the same even after a long
time without a change in intensity which indicates that
NaBH, alone is not able to proceed fast enough the reduc-
tion reaction. In the presence of the Cys@Au-Ag/AgCl na-

nocomposite, the peak at 400 nm gradually decreased
while a new peak appeared at about ~300 nm, indicative of
4- AP formation. After about 20 minutes, the complete dis-
appearance of the 400 nm peak and the decolorization of
the solution mixture confirmed the successful reduction of
4-NP to 4-AP (Fig. 4b).

NO, NO, NH,
© NaBH , © Cys@Au-Ag/AgCI ©
_—
OH 0 OH

4-Amoniphenol

4-Nitrophenol 4-Nitrophenolate

Scheme 1. Reduction of 4-NP to 4-AP in the presence of Cys@Au-
Ag/AgCl nanocomposite

The catalytic activity of the prepared Cys@Au-Ag/
AgCl nanocomposite in reduction of 4-NP was studied
under different conditions including the effect of catalyst
dispersion and different molar equivalents of catalyst and
NaBH,. In order to investigate the effect of catalyst disper-
sion on the reaction rate, the 10 mg of Cys@Au-Ag/AgCl
was dispersed in 10 mL of H,O using ultrasonication and
appropriate amount was added to the reaction mixture.
The results indicated that dispersing the catalyst in the re-
action medium significantly increased the reaction rate as
shown on Fig. 5a which provides the conversion of about
93% from 4-NP to 4-AP. The post-reaction analyses were
similarly conducted under sonication to ensure sample
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Fig. 3. (a) EDX spectrum and (b) EDS elemental mapping of the Cys@Au-Ag/AgCl nanocomposite
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Fig. 4. (a) UV-Vis spectral profile of 4-NP and (b) Successive UV-vis absorption spectra for the reduction of 4-NP in the presence of Cys@Au-Ag/
AgCl over time.
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Fig. 5. (a) Sequential UV-vis absorption spectra for the sonication-assisted reduction of 4-NP by NaBH, in the presence of Cys@Au-Ag/AgCl. (b)
The fitting plot curve of In(A/A,) versus time for the catalytic reduction reaction.

uniformity. The reaction rate for the sonication-assisted
reduction reaction was determined by plotting the graph
of In (A/A,) over time, where Ajand A, are the absorbanc-
es at 400 nm at time ¢ = 0 and time ¢ (Fig. 5b). A linear re-
lation with a correlation coeflicient of 0.9843 was obtained
indicating a pseudo-first-order kinetics and the rate con-
stant (k,,, ) was found to be 6.1 x 107 s7%.

The optimization of the catalyst amount was
achieved by varying the amount of Cys@Au-Ag/AgCl na-
nocomposite and the other reaction parameters during
the mentioned reaction were kept constant. All optimiza-
tion experiments were evaluated after a consistent 7-min-
ute reaction period to enable direct comparison. As
shown in Fig. 6a, the 0.2 mg/mL catalyst concentration
achieved 93% conversion within 7 minutes, while in-
creasing the amount to 0.28 mg/mL only marginally im-

100

(@)
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0 0.08 0.2 0.28

Amount of catalyst (mg/mL)
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proved the conversion to 95%. Therefore, 0.2 mg/mL
concentration was selected as optimal due to its
near-identical catalytic efficiency coupled with signifi-
cantly lower material consumption. In order to investi-
gate the effects of the NaBH, concentration on the reac-
tion rate, different amounts of NaBH, were added to the
reaction vessel and the concentration of 4-NP and Cys@
Au-Ag/AgCl (0.2 mg/mL) were kept constant. According
to the Fig. 6b, the highest conversion percentage (96%)
was achieved at a NaBH, concentration of 0.012 M after 7
minutes of reaction time, while other concentrations
showed progressively reduced efficiency. This optimal
concentration was therefore selected for the further stud-
ies. R Madhushree et al. have also found comparable op-
timized conditions for 4-NP reduction using MoS,/ZnO
nanocomposite.*’
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Fig. 6. Conversion of 4-NP to 4-AP in the presence of different (a) catalyst amounts (b) NaBH, concentrations after 7 minutes reaction time.

Rezazadeh and Moradi-Shoeili: Synthesis, Characterization and Catalytic Properties ...



Acta Chim. Slov. 2025, 72, 430-440

Table 1. Comparison of the catalytic performance of Cys@Au-Ag/AgCl with different nano-catalysts for 4-NP reduction.

Catalyst Reaction conditions k,q,p (s’l) %Reduction, Ref.
(4-NP, NaBH,, catalyst) Time

MoS,/ZnO 0.5 mM (100 mL), 500 mg, 0.1 g 0.81 x 1073 99%, 15 min 45
Fe,O;-Pt@DSL-Pt 0.1mM, 50 mM, 0.5 mg 6.32x 1073 99% , 8 min 46
PtNPs@C-PZS 0.1mM, 5mM,0.2 mg 4.6x 1073 87.6%, 16 min 47
PZS@Ag-Au 0.05 mM, 3.8 mM,0.05 mg 4.63x 1073 99% , 8 min 48
Ag-Fe;0,@chitin 0.1 mM, 0.1 M, 0.075 mg 523 %1073 99%, 10 min 49
CoMn,0,/APTPOSS@FPS 0.2mM, 0.5M, 0.4 mg 1.83 x 1072 99%, 100 s 50
Cys@Au-Ag/AgCl 0.1 mM, 0.012 M, 0.5 mg 6.1 x 1073 96%, 7 min This work

As evidenced by the data in Table 1, the synthesized
Cys@Au-Ag/AgCl catalyst demonstrates superior perfor-
mance to previously reported nanocatalysts in terms of
rate constant (k) and reaction completion time.

The catalytic performance of Cys@Au-Ag/AgCl was
also investigated in different water environments such as
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seawater system and tap water system instead of deionized
water. As shown in Fig. 7, the synthesized nanocomposite
exhibited good catalytic activity in both seawater and
drinking water and the presence of interfering ions such as
sulfate and carbonate salts or organic species in the water
environment did not interfere significantly in 4-NP reduc-
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Fig. 7. Sequential UV-vis absorption spectra and the fitting plot curve of In(At/A0) versus time for reduction of 4-NP in (a and b) tap water and (c

and d) seawater in the presence of Cys@Au-Ag/AgCl nanocomposite.
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tion process. The conversion efficiency of all three systems
exceeds 95%.

3. 2. 2. Catalytic Activity of Cys@Au-Ag/AgCl in
the Reduction of K;[Fe(CN)]

The catalytic activity of Cys@Au-Ag/AgCl nano-
composite was also evaluated in reduction of K;[Fe(CN);]
to Ky[Fe(CN),] in the presence of NaBH, (Fig. 8a). As
shown in Fig. 8b, from In(A;/A,) vs. time plot, Cys@Au-
Ag/AgCl shows pseudo-first-order kinetics reaction in re-
duction of K;[Fe(CN),] with k,,, value of 1.73 x 1072 57!
and the conversion of 96% was achieved during 3 minutes
(Fig 8b).

@) o0 1
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N
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presence of gold and silver in the structure and their inter-
actions with bacterial cells. Noble metal nanoparticles,
particularly Ag and Au, are well-known for their bacteri-
cidal properties®. Research indicates that Ag- and Au-
based nanomaterials exert antimicrobial effects through
multiple pathways, including electrostatic adhesion to
negatively charged bacterial membranes, penetration into
cells due to their nanoscale size®?, and subsequent disrup-
tion of vital cellular processes. In addition, these nanopar-
ticles induce oxidative stress via reactive oxygen species
(ROS) generation, interfere with DNA/RNA replication,
and disrupt enzymatic activity by binding to essential me-
tabolites®. Notably, Au is less reactive than Ag in oxy-
gen-rich environments, leading to lower ROS produc-
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Fig. 8. (a) UV-vis spectra of the reduction of K;[Fe(CN)g4] pollutant in the presence of Cys@Au-Ag/AgCl nanocomposite. (b) The fitting plot curve

of In(A/A,) versus time for the catalytic reduction reaction.

3. 3. Cys@Au-Ag/AgCl Antibacterial Test
on Gram-positive and Gram-negative
Bacteria

The antibacterial activity of Cys@Au-Ag/AgCl nano-
composite was studied against Gram-positive bacteria, B.
subtilis and S. aureus, and also Gram-negative bacteria, P
aeruginosa and E. coli, using the zone inhibition method.
Tetracycline was used as positive controls. The antibacteri-
al activity was monitored at a concentration of 1000 pg/mL
in DMSO and the experiments were performed by meas-
uring the inhibition zone around the well. The results
showed that the Cys@Au-Ag/AgCl nanocomposite has
significant antibacterial activity against Gram-negative
bacteria compared to Gram-positive bacteria. The inhibi-
tion zone was about 15 mm for E. coli and 18 mm for P,
aeruginosa. While B. subtilis showed resistance and no in-
hibition halo was observed, the inhibition zone for S. au-
reus was 18 mm. The probable antibacterial mechanism of
Cys@Au-Ag/AgCl nanocomposite can be attributed to the

tion>*. However, studies indicate that Ag-Au nanocom-
posites often exhibit superior antimicrobial activity
compared to their monometallic counterparts, likely due
to synergistic effects™. Therefore, Cys@Au-Ag/AgCl na-
nocomposite can be used as an antibacterial agent in vari-
ous industries such as pharmaceuticals, food, and medi-
cine.

3. 4. Conclusion

In this study, L-cysteine was used as a biocompatible
and stabilizing reducing agent to electrostatically immobi-
lize Au, Ag and AgCl nanoparticles. The results showed
that the prepared Cys@Au-Ag/AgCl nanocomposite ex-
hibited high catalytic activity towards the reduction of tox-
ic 4-NP to less toxic 4-AP within a few minutes using
NaBH, as a reducing agent. The catalytic reduction perfor-
mance of Cys@Au-Ag/AgCl was optimized by studying
the effect of various parameters on the catalytic reduction
of 4-NP. Furthermore, the Cys@Au-Ag/AgCl nanocom-
posite was used for the catalytic reduction of K;[Fe(CN)]
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in the presence of NaBH,. Additionally, the antibacterial
activity of the nanocomposite was evaluated using disk
diffusion method against some pathogenic Gram-positive
and Gram-negative bacteria. The results showed that the
Cys@Au-Ag/AgCl nanocomposite exhibited good anti-
bacterial activity against drug-resistant clinical bacteria.
Facile preparation, quick reduction time and antibacterial
activity of Cys@Au-Ag/AgCl nanocomposite may open a
new window to synthesize new nano-catalysts with en-
hanced properties for decontamination of organic and in-
organic pollutants from water sources and reduce the
spreading of diseases and infections in medical and indus-
trial environments.
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V tej raziskavi smo s preprosto hidrotermalno metodo pripravili strukturo nanoklastrov na osnovi zlata in srebra, mo-
dificiranih z L-cisteinom (Cys@Au-Ag/AgCl). Cys@Au-Ag/AgCl je pokazal ucinkovito katalitsko aktivnost pri hitri
redukciji 4-nitrofenola (4-NP) v manj toksi¢en 4-aminofenol (4-AP) ob prisotnosti NaBH, kot reducenta, pri ¢emer
je bila reakcija zakljuena v nekaj minutah s hitrostno konstanto 6,1 x 10~ s~'. Katalitsko ucinkovitost Cys@Au-Ag/
AgCl smo optimirali s preuc¢evanjem vpliva razli¢nih parametrov na katalitsko redukcijo. Poleg tega smo nanokompozit
Cys@Au-Ag/AgCl uporabili tudi za katalitsko redukcijo Ks[Fe(CN)s] v prisotnosti NaBHy, pri ¢emer je bila izmerjena

konstanta reakcijske hitrosti 1,73 x 107* s7*

. Ocenili smo tudi protibakterijsko aktivnost nanokompozita Cys@Au-Ag/

AgCl proti pogostim na zdravila odpornim gram-pozitivnim bakterijam (Bacillus subtilis in Staphylococcus aureus) ter
gram-negativnim bakterijam (Pseudomonas aeruginosa in Escherichia coli). Rezultati so pokazali, da multifunkcionalni
nanokompozit Cys@Au-Ag/AgCl izkazuje dobro protibakterijsko delovanje proti tem klini¢cno pomembnim odpornim

bakterijam.
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Abstract

Modelling and data fitting for the prediction of permeate flux during ultrafiltration (UF) of a model feed solution of so-
dium lignosulfonate was carried out following resistance in series, gel polarization and Kedem Katchalsky equations. The
experiments were conducted in a laboratory UF unit equipped with PES/HFUF asymmetric membrane under specific
operating conditions by altering some parameters including solute concentration, transmembrane pressure (TMP), and
cross flow velocity (CFV). The maximum experimental permeate flux was observed at TMP of 3.92 bar and CFV 0.527
ms~! was 19.6 x 107 m>m~2s1. The theoretical and experimental volumetric flux was plotted, and their extent of resem-
blance was compared and validated statistically. The study sheds light on the effective upcycling of sodium lignosulfonate

from spent liquor via ultrafiltration.

Keywords: Lignosulfonate, ultrafiltration, transmembrane pressure, model, flux

1. Introduction

Spent sulphite liquor, apparently considered to be a
waste stream, produced in the sulphite pulping could be a
rich source of sodium lignosulfonate — an invaluable
product with innumerable upcycling options. Lignosul-
fonates (LS) have sparked interest due to its variety of ap-
plications as surfactants, dispersants of pesticides and
dyes, cement and detergent builders, binders in ceramics,
tanning and ingredients of fine chemical production.!?
There are multiple processing routes for the isolation and
extraction of sodium lignosulfonate from commercial
spent pulping liquor. The Howard process is one of the
classical and widely used methods in which precipitation
of lignosulfonate is accomplished by addition of excess
lime. Fractionation based on solubility and molecular
weight of the components includes solvent extraction,
and precipitation.> * Selective adsorption using different
sorbents such as synthetic polymeric resins, sandstone,
lime stone, dolomite etc. has been reported by several au-
thors.»® Other methods include amine extraction using

long chain alkali amines followed by alkali extraction,
ion-exchange via exchange of sodium ion with hydrogen
ion from the resin and membrane processes."®” Despite
being unique in their application and having several ad-
vantages, most of these methods have met with limited
success. Adsorption is constrained by equilibrium and re-
generation of spent sorbents. The same is true for ion ex-
change method as well, where the resin requires frequent
replacement resulting in repeated plant shutdown and
incurring high operational cost. Additionally, these meth-
ods are relatively tedious, and at times fail to recover a
substantial quantity of LS.

In recent years, the use of semipermeable mem-
branes, both commercial and indigenously functionalized
have broadened the application of ultrafiltration (UF) in
various sectors. Selective separation and fractionation of
lignosulfonates from dilute spent liquor holds much prom-
ise in the development of biorefinery operations. Applica-
tion of membranes with a variety of molecular weight cut-
offs can shed much light on some rough, preliminary
information on molecular weight distribution. Study of
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earlier literature reveals that ultrafiltration could yield a
significant percentage of purified LS.! Various authors re-
ported the combination of ultrafiltration and nanofiltra-
tion for the production of pure lignin fractions.> Even
ultrafiltration could greatly reduce the polydispersity of
the purified LS.!%!! Ferndndez-Rodriguez 2015!? carried
out the fractionation of spent sulphite liquor by combining
three ceramic UF membranes (molecular weight cut off of
15kDa, 5 kDa and 1kDa) in series and reported total LS
rejection up to 72.56%. Parameters that affect the final
product in UF comprise of trans-membrane pressure, feed
temperature, cross-flow velocity, and the Reynolds num-
ber. In one of our earlier papers, 3we reported the feasibil-
ity of UF to concentrate sodium lignosulfonate along with
the analysis of dilution factor on permeate flux and solute
retention.

The design and operation of ultrafiltration system
entajl accurate prediction of performance and rigorous
analysis in terms of specific performance parameters such
as water flux (membrane throughput) and solute rejection.
However, UF rejection data have been analyzed less quan-
titatively than flux data in pertinent literature. To that end
the present work bridges a research gap.Thus, the key fo-
cus of this work was to predict the permeate flux following
resistance in series, gel polarization and Kedem-Katchal-
sky (K-K) equations and to compare the resemblance of
experimental and predicted flux following statistical vali-
dation. These phenomenological models incorporate some
of the important hallmarks of membrane separation, such
as concentration polarization and formation of gel layer
along with illustration of mass transfer across membrane.
Modelling was carried out assuming that each of the hy-
draulic, osmotic pressure and concentration polarization
resistances was dependent on the operating conditions.
Modelling and data fitting was carried out by writing a
program using Google Colab Python 3.10 version fol-
lowing resistance in series, gel polarization and Kedem
Katchalsky equations.' It is expected that the results and
model of the present study will be advantageous in a wide
spectra of UF applications and facilitate commercial lever-
age at higher scale. Although the present experimental
study is limited to the beneficiation of sodium lignosul-
fonate from dilute solution, the model used herein would
certainly be applicable to other feed solutions within the
framework of well-defined physical properties.

2. Materials and Methods

2. 1. Chemicals and Membranes

A hydrophilic commercial ultrafiltration membrane
made of polyether sulfone was selected in the present ex-
periment. It was supplied by M/s Aquaneel Separation Pvt
Ltd, Vadodara, India. The molecular weight cut off the
membrane was 5 kDa with maximum operating tempera-
ture 45 °C and pH range being 1-14. Distilled water of

conductivity in the range of 10-15 ps cm™! was used to

prepare reagents. Various chemicals including sodium
lignosulfonate (SLS, 96%) involved in experiments were of
AR grades purchased from Merck Limited, Mumbai, In-
dia. The chemicals were used as purchased without any
further treatment. The permeability of the membrane was
evaluated after plotting permeate flux against trans-mem-
brane pressure (TMP) using distilled water at ambient
temperature.

2. 2. Ultrafiltration Study of Lignosulfonate
Solution

Ultrafiltration of model feed solution of sodium
lignosulfonate was carried out in a laboratory scale UF sys-
tem. The schematic description of the experimental set up
is given elsewhere.!® A polyether sulfone flat sheet mem-
brane with molecular weight cut off 5 kDa was used. LS
feed solution was prepared by dissolving suitable quantity
(the range being 1.2 to 1.24 g171) of sodium lignosulfonate
powder in deionized water. While evaluating the effect of
selected operating conditions on model parameters, a
number of experimental measurements were carried out at
varying cross flow velocity and trans membrane pressure.
The flux measurement study was carried out at four differ-
ent cross flow velocities (ms™!) like 0.323, 0.357, 0.425 and
0.527. The experimental flux calculation was carried out at
four different trans-membrane pressures, namely 1.96,
2.94, 3.92 and 4.9 bar. The used membranes were cleaned
using distilled water after each measurement followed by
chemical cleaning, with EDTA (0.8% (w) of Na-EDTA (so-
dium salt of ethylaminediamine-tetraacetic acid) and de-
tergent solution (2.0% (w) of STPP (sodium tripolyphos-
phate) (NasP;O,5) and 0.025% (w) Na-DDBS
(C¢Hs(CH,),-SO3Na) (sodium salt of dodecylbenzene
sulfonate).

2. 3. Concentration of the Feed, Permeate and
Reject Stream

The concentration of feed solution, permeate solu-
tion and reject solution was determined using a UV-VIS
spectrophotometer (Model: Lambda 19, Perkin Elmer,
USA) in a linear absorbance mode (scan speed 0.3-1200
nm min~}, resolution 0.8 nm, deuterium lamp) out at a
wavelength of 280 nm.

2. 4. Permeability and Flux Measurement of
Membrane

The permeability of the used membrane was deter-
mined at various operating pressure using deionized wa-
ter. The membrane permeability was determined from the
slope of the permeate flux against trans-membrane pres-
sure plot. The pure water flux J,,(m>m=2s7!) was calculated
using Eq. (1)
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J.= V/At (1)

Where V is the volume of the permeate sample (m?),
A is the effective area (m?) and At is the permeation time
(s). The experiments were carried out at room temperature
and average of three reading was reported.

2. 5. Modelling of the Present Study

Resistance in series model

Resistance in series model quantifies a number of
mass transfer resistances during membrane transport. To-
tal resistance Rtot can be expressed by Eq. (2).!>16

Regr = Rip + Raq + ch + RD (2)

R,, Rup R, and R, were calculated following the
method described elsewhere.!” The model was developed
using principles of solution-diffusion and film theory and
correlation for concentration polarization resistance. The
transport equation through the porous membrane can be
given by the Darcy’s law to describe the osmotic pres-
sure-controlled flux (Eq. 3)!8

VwOoS™ = L,(AP — Ar) (3)

Where, Lp = (1/uRm), which indicates the permea-
bility of the membrane. This permeability is related to the
traditional Darcy’s permeability (ko) as, Lp= ko/ud, where
4 is the thickness of the membrane skin and p is the viscos-
ity of the permeating solution. The osmotic pressure dif-
ference across the membrane is given by Eq. (4)

Am = m,, — T, (4)

Osmotic pressure of feed solution at membrane sur-
face and in the permeate was estimated by using Vant
Hoft’s equation considering dilute solution. Accordingly,
incorporating the osmotic coefficient @’ at room tempera-
ture and considering molecular weight of sodium ligno-
sulfonate (average molecular weight: 534.502 g mol™!; uni-
versal gas constant R: 8314 ] mol'K™; T: 303 K), the
osmotic pressure becomes

T =4713.C, (5)

Real retention (R,) can be defined as the ratio of dif-
ference between membrane surface and permeate concen-
tration to membrane surface concentration. It is a constant
for a particular membrane-solute system.

Cp
R,=1—— (6)

Cm

Using Eqgs. (3) to (5), the osmotic pressure-controlled
flux is expressed as

Vwo™ = L,(AP — 4713C,R,) (7)

The osmotic pressure controlled flux; vw*™ cannot
be calculated from Eq. (7), as

C,, is unknown. For that, the film theory for steady
state mass transfer (Eq. 8) is used

osm ct_c — osm
Vw .C+D.dy—Vw -Gy (8)

On integrating Eq. (8) fromy=0,c=c, toy=06,¢c=
¢,» the standard film theory equation is obtained as repre-
sented by Eq. (9)

osm _— Cm—Cp
iy = kin [Co—cp] ©)

The permeate concentration C, can be expressed in
terms of the membrane surface concentration, c,, and R,
from Eq. (6). Eq. (9) can be expressed as

(10)

Vwosm = kln( il )

Co—Cm(1—R;)
In general, the Sherwood (Sh) number is related to
the Schmidt (Sc) and Reynolds (Re) numbers for laminar
flow as Eq. (11)
k.de de\1/3
Sp = 2= 185 (Re.SC.T) (11)
For turbulent flow conditions (Re > 2000-4000)

Harriott-Hamilton correlation (Eq. 12) was used to calcu-
late Sh.'®

Sy = 0.0096.R, ***. 5, 3% (12)

Diffusivity D, was determined using the correlation
of Wilke and Chang?® (Eq. 13).

_ (1173 x 107 18)(p.M)O5.T
- w06

D

(13)
Combining Eq. (7) and (9), Eq. (14) was obtained

VwoS™ = L, (AP — 4713Cp, R;)

kln( (9

Cm-Ry )
C&\*Cm(ler)

Eq. (14) was solved using Newton-Raphson trial and

error method, to determine C,, and hence Vw*™. Once C,,

is calculated from Eq. (14) the permeate concentration C,

can be estimated from Eq. (6). For the determination of

various resistances and models parameters a schematic

algorithm of Python-designed computational program is
presented in Fig. 1.

Gel polarization model

The mass transfer coefficient was calculated from
Sherwood number?! after calculating Reynold’s number
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v
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¥

<~ Objective >

Fig. 1 Schematic algorithm of Python-designed computational pro-
gram

and Schmidt number from cross flow velocity of the solu-
tion. The value of mass transfer coeflicient was used to pre-
dict membrane surface concentration and then predicted
flux calculation.?? The predicted flux calculation from gel
polarization model compared with experimental flux cal-
culation.

Robszl = C_ (15)
= n(E22)]
) n Co Gy (16)
Cn = Gy +(C, — Gy)exp (2) 17)
S, =0.023Re™7” §¢°% (18)
Kedem Katchalsky Model

Pure water permeability (L,) was calculated by doing
the experiments at different TMP. The predicted solvent
flux was calculated by Eq. (19) 2* and compared with ex-
perimental flux. The reflection coefficient was assumed to
be 0.9.

] = L,(AP — oAm) = Solvent flux (19)

Where A = RT(C, - C,). Incorporating Eq. (17) in
Eq. (19) and substituting Am solvent flux was estimated.

2. 6. Statistical Analysis

The difference between measured or estimated value
and the true value was expressed as a ratio of the absolute
difference to the true value.

|True Value — Measured Value|
True Value

Relative Error =

Root mean square error can be estimated following
Eq. (20), in which the smaller the value of RMSE, the bet-
ter will be the fit between the predicted and experimental
data.

RMSE = \/Niz%\l:1(]i,exp - ]i,theory) 4 (20)

Where RMSE = Root mean square error

Chi-square test is a statistical analysis used to com-
pare actual results with an expected hypothesis. It com-
bines both curve-fitting and model testing by considering
measurement uncertainties following Eq. (21).

(—F) 2
X2 — E(OIEFI) (21)

Where O; = observed value and E; = expected value

A smaller value of x* is indicative of good fit of mod-
el data with those of experimental.

3. Results and Discussion

Membrane flux or throughput is an important per-
formance index for any pressure driven membrane process
including UE Forecasting of permeate flux is an important
consideration for long-term UF operation. Membrane dura-
bility as well as permeate flux is influenced by the phenom-
ena named concentration polarization (i.e., solute build-up)
and fouling (due to adhesion of microbial cells, solute parti-
cles, gel layer formation etc.) at the membrane surface. Sim-
ilar to other filtration process UF is also encountered with
the drop of permeate flux largely due to aforementioned fac-
tors.242°In the present study, prior to modelling of permeate
flux, effect of trans-membrane pressure on it and its time
evolution under specific experimental conditions were in-
vestigated. Later, three mathematical models namely resis-
tance in series, gel polarization and Kedem-Katchalsky (K-
K) were applied. Predicted flux estimated from these three
models was then compared with experimental flux. These
are highlighted in the following subsections.

3. 1. Effect of Trans-membrane Pressure

It was observed in the present experiment, that per-
meate-flux increased proportionally with the trans-mem-
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brane pressure within the pressure range studied in all
cases. This implies that the operation was within the pres-
sure-controlled region. Fig 2 represents the experimental
permeate flux as a function of trans-membrane pressure
at four different cross flow velocities for a run time of 60
min and at constant initial feed concentration of 1.24 gL,
A perusal of Fig 2 reveals that at 3.92 bar pressure, exper-
imental flux was found to be maximal for all cross flow
velocities. At a cross flow velocity of 0.527 ms™ the values
of permeate flux were estimated to be 13.4 x 107% and 17.4
x 107 m® m~2s7! at trans-membrane pressure of 2.94 and
3.92 bar respectively.

25
=
£ 20 -
E
&
T 15
i
52
=
i 10 -
[}
g CFV (m/s)
E —4—0.527
g 51 —=—0.425
x5 —+—0.357
—e—0.323
0] T T T T
1 2 3 4 5 6

Trans Membrane Pressure (bar)

Fig. 2 Experimental flux as a function of trans-membrane pressure
at various cross flow velocities (Feed concentration: 1.24 g/L; run
time: 60 min, temp: ambient).

The figure also indicates that increase in cross flow
velocity resulted in substantial flux improvement. For ex-
ample, at CFV of 0.323m s7!, the maximum permeate flux
at 3.92 bar TMP was found out to be 10.9 x 10 m3m2s7!
and this rose to 17.4 x 10 m® m~2s™! when CFV was in-
creased to 0.527 ms™! thereby, registering a 59.6% increase.
A higher cross flow velocity can effect a sweeping action
across the membrane, minimizing the concentration gra-
dient towards the membrane surface and subsequently re-
sults in flux increment.?® As the trans-membrane pressure
increases, the osmotic pressure also increases, which can
partly nullify the increase in flux. Thus, beyond 3.92 bar
pressure there was negligible increase in permeate flux. It
means the attainment of the “critical flux” region of UF,
which is where the flux starts to plateau. At this point, fur-
ther increasing the pressure generally does not augment
the flux. These observations follow the similar trend as re-
ported by Bhattacharya et al (2005)*” for the ultrafiltration
of sodium lignosulfonate from spent sulphite liquor. Our
study indicates that 3.92 bar trans-membrane pressure was
found to be the most appropriate under the present exper-
imental conditions.

3. 2. Time Evolution of Permeate Flux

Fig 3 represents the experimental flux as a function
of time for a feed solution having initial concentration of
1.24 gL', and TMP 3.92 bar at four different cross flow
velocities (CFVs). At CFV of 0.527 ms™!, and transmem-
brane pressure of 3.92 bar permeation flux was estimat-
ed to be 19.6 x 107 m* m~2s7! after 15 min of operation
which however reduced to 17.4 x 107° and 15.2 x 107% m?/
m~2s7! after 45 and 60 min respectively. This corresponds
to 28.9% reduction of initial flux. For other cross flow ve-
locities the percentage flux reduction was in the range of
25-28% under similar experimental conditions.

25

20 4

CFV (m/s)

——0.527
—=—0.425
——0.357

——0.323
0 T T T T

0 15 30 45 60 78

10 A

Experimental Flux, J, x 10% {m*/m?s)

Time (min)

Fig 3. Experimental flux as a function of time at various cross flow
velocities (Feed concentration = 1.24 g/L; trans membrane pressure:
3.92 bar, run time: 60 min, temp: ambient)

The declining trend of permeate flux with time, as
shown in Fig 3, is ascribed to the phenomenon of solute
build up (concentration polarization) on the surface layer
of membrane imparting resistance to solvent transport.

Although concentration polarization could be re-
versible during the initial period of operation, it becomes
irreversible phenomena like solute adsorption and gel lay-
er. A perusal of the profile of permeate flux as a function of
time indicates gradual decline of flux with time. Initially
the decline was sharp followed by a steady decline in line
with the classical filtration theory. At the beginning of op-
eration smaller solutes presumably block the membrane
pores resulting in flux decline, which further aggravated
due to gradual concentration polarization on the mem-
brane surface. It has been reported by many authors that
resistance arising out of the concentration polarization is
the dominating cause for the permeate flux decline reach-
ing values somewhat two times higher than the hydraulic
membrane resistance.?®? At the end of each experimental
run, the used membrane was thoroughly washed and re-
used. It was found that original membrane permeability
could be largely regained. This possibly indicates that the
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Table 1: Comparison with similar other studies of ultrafiltration of spent sulfite liquor from literature

SrNo Membrane types Average permeate Trans membrane Major findings Reference
and features flux (L/m?2 h) pressure (bar)
1 TiO, ceramic membranes 55.45, 5.77 and 6.00 1.8 t0 2.0 Fractionation of spent [12]
are used MWCO: 1, 5 for 15,5 and 1 kDa sulfite liquor into
and 15 kDa) membranes respectively monomeric sugars and LS.
Highest LS rejection (65.68 %)
2 Polysulfone membrane Not presented 6.0to 11.5 Concentration polarization [21]
(GR 60-P) model was used to determine
lignosulfonate rejection.
Average molecular mass was also
estimated
3 Polysulfone and 100-700 (a wider range 0to 10 High MWCO GR membranes [27]
fluoropolymer membranes for different membranes) are very suitable for UF of SSL
(MWCO 10-100 kDa) for the recovery of
lignosulphonates.
4 Ceramic hollow fiber 252 to 261 3.0t07.0 Ceramic hollow fiber membranes [30]
membranes with MWCO were comparable and even better
20 kDa, 20 kDa, 30 nm, 8 nm, than tubular membrane to
and 3 nm concentrate spent sulfite liquor
5 Polysulfone, polyethersulfone 10 to 50 2to5 Could not fractionate [31]
and fluoropolymer composite lignosulphonates from sugars
membranes (MWCO:1-10 kDa) due to overlapping molecular
weights of LS and sugars
6 Polyether sulfone membrane 13.4t0 17.4 1.9t0 4.9 Modelling and data fitting was ~ Present
(MWCO: 5 kDa) carried out following RIS, GP study

and K-K equations.

fouling due to pore blocking was reversible. Additionally,
Table 1 summarizes the comparison of major experimen-
tal findings from similar other studies of ultrafiltration of
spent sulfite liquor from pertinent literature.

3. 3. Experimental and Predicted Flux Using
Various Models

Predicting the permeate flux is critical for evaluat-
ing and optimizing the performance of the ultrafiltration
process. In modelling, along with model description it is
vitally important to analyse and validate the capacity of
the models to predict the permeation flux. This, in turn,
impacts the further use of these models for scaling up to
industrial level. In the present study three models namely
resistance in series, gel polarization and K-K were applied
for predicting flux of permeate in ultrafiltration of sodium
lignosulfonate solution. Fig 4 presents graphical compar-
ison of the theoretically predicted versus experimentally
determined volumetric permeate flux using three different
models at four different cross flow velocities (CFV). A pe-
rusal of Fig 4 indicates that theoretically predicted perme-
ate flux following resistance in series and gel polarization
models, conforms more closely to the experimental values
compared to K-K model.

Theoretically, the resistances against solvent flux are
the summation of the membrane hydraulic resistance, re-
versible pore-blocking resistance, and a deposited gel-lay-

er resistance. Using K-K model, predicted flux values
become exorbitantly higher than those of experimental-
ly determined ones. The extent of matching between the
predicted permeation flux and the experimental data, fol-
lowing all the three models was evaluated using statistical
performance parameters such as root mean square error
(RMSE), chi square test, and percentage relative error
(RE) (Table 2). The smaller the values of RMSE and RE,
the better would be the matching between the predicted
and the experimental fluxes. The same is true for the chi
square test as well. Thus, from a further observation of
Table 1, it is evident that at a cross flow velocity of 0.527
ms~!, RMSE, RE and chi squared parameters are minimal
for resistance in series and gel polarization models. It also
indicates that increase in cross flow velocity resulted in a
marginally better fit between experimental and predict-
ed flux values. The highest relative error and root mean
square errors (in bracket) estimated for the predicted
permeate flux using resistance-in-series, gel polarization
and K-K models were 0.603 (6.765), 0.684 (7.640), 2.892
(30.292) respectively. The results obtained, within the sta-
tistically validated models, showed that K-K model pres-
ents a high variability of prediction (values of percentage
relative error in the range of 2.89-3.32), and root Mean
Square Error (RMSE) in the range of 26.53-30.29 within
the experimental framework. The chi square test analysis
also shows that x? values for curve fitting by using resis-
tance in series and gel polarization models are very low
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compared to those obtained in K-K model for all the cross
flow velocities.

The significant deviation between the experimen-
tal data and those predicted by the K-K model might be
due to fluctuating interference of the operating parame-

ters and experimental inaccuracies. Kedem-Katchalsky
equations are based on the linear thermodynamics of irre-
versible processes. The equations are valid for membrane
systems with two-component solutions, suitably diluted
and well stirred. Since, under the present experimental set

Table 2: Statistical analysis of goodness of fit between experimental and predicted volumetric flux of ultra-
filtration SLS solution (Resistance in series: RIS; Gel Polarization: GP; Kedem-Katchalsky:KK)

CFV Chi square RMSE % RE

(m/s) RIS GP KK RIS GP KK RIS GP KK
0.323 4312 1.700 21.394 4.633 5.542 29.216 0.491 0.579 2.892
0.357 4.153 1.748 23.992 6.732 7.640 27.676 0.603 0.684 2.390
0425 3.175 1.648 17.009 6.765 7.519 26.534 0.551 0.486 2.029
0.527  1.604 14 7.833 3.636  2.592 30.292 0.436 0.128 3.322
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up the feed solution was not sufficiently well stirred, the
K-K model showed a deviation from the predicted values.
In literature mostly it is applied for RO and NF systems,
where applied pressures are relatively high. The reason why
two proposed models worked well, whilst the other fared
poorly is not obvious at this stage. Nevertheless, there is a
strong likelihood of other forms of membrane-solute in-
teraction which was not investigated in the present work.
In future, another form of interaction should be taken into
account. In essence, the findings of data fitting show that
the osmotic pressure difference, the cross-flow velocity of
the feed solution, and the water permeability coefficient
has a significant impact on water flux.

4. Conclusion

The performance of the resistance in series and gel
polarization model, studied in our work for the prediction
of permeate flux is quite satisfactory, since the model pre-
dictions are in consonance with the experimental data. In
both of these models statistical fit parameters such as root
mean square error, percentage relative error and chi square
test values were estimated to be in the lower range com-
pared to Kedem Katchalsky model thereby indicating con-
formation between theoretical and experimental flux data.
However, Kedem Katchalsky model represents substantial
difference between experimental and theoretical values.
However, the phenomenological models used in this study,
despite presenting a moderate variability of prediction
stand as unique tools for scaling-up and for better under-
standing of the UF process. The developed models may be
utilized for any other ultrafiltration system and could be a
useful tool for the scaling-up of processes from laboratory
to pilot or industrial dimensions. In conclusion, the phe-
nomenological models presented in this paper provide an
initial framework for advancing a problem of considerable
practical as well as theoretical interest. Nevertheless, the
application to more complex matrices needs elaborate fur-
ther investigation.

Nomenclature:

J = Permeate flux (m>m=2s7!)

R,, = Intrinsic membrane resistance (m™!)
R,q = Adsorption resistance (m™!)

R, = Concentration polarization (m™")
R, = Pore blocking resistance (m™)

Rt = Summation of a number of resistances

Vwos™ = Osmotic pressure controlled flux (m3m=2.s7!)
L, = Permeability of the membrane (m*m~2s~! Pa™")
AP = Transmembrane Pressure drop (bar)

Am = Osmotic pressure difference

7, = Osmotic pressure at the membrane surface (bar)
m, = Osmotic pressure at the permeate stream (bar)
C, = Permeate concentration (mg I

C,,= Membrane surface concentration (mg 17!
C, = Feed concentration (mg1™!)

R = Universal gas constant (J mole™! K1)

R, = Real retention

k = Mass transfer coefficient (m s™1)

L = Effective membrane length (m)

M = Molecular weight of the solvent (kg kgmol )
p = Solution viscosity (kg m~! s71)

v = Solute molar volume (kg mol m~3)

¢ = Association factor for solvent

R, = Reynolds number, P*%/u (Dimensionless)
S. = Schmidt number, */p.D (Dimensionless)

S;, = Sherwood number, *4/D (Dimensionless)
T = Temperature (K)

D = Diffusivity (m? s™!)

d. = Equivalent diameter (m)

o = reflection coefficient

R,ps = Rejection observed
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Abstract

In the context of pharmacological intervention for pain, Transient Receptor Potential Vanilloid, member 1 (TRPV1), as
a non-selective cation channel belonging to the transient receptor potential (TRP) family of ion channels, has emerged
as a promising target. However, the availability of selective TRPV1 antagonists and their associated pharmacological
properties remains limited. This research paper explores various QSAR modeling techniques applied to a range of piper-
azinyl-aryl compounds acting as TRPV1 antagonists. The descriptors utilized in the creation of conformation-independ-
ent QSAR models included local molecular graph invariants and the SMILES notation, along with the incorporation of
the Monte Carlo optimization method as a model development technique. Several statistical methods were employed to
evaluate the quality, robustness, and predictive capacity of the developed models, yielding positive results. For the best
developed QSAR model following statistical parameters were obtained for training set R? = 0.7155, CCC = 0.8134, IIC =
0.7430, Q? = 0.6970, RMSE = 0.645, MAE = 0.489 and F = 157; and for test set R? = 0.9271, CCC = 0.9469, 1IC = 0.9635,
Q?=0.9241, RMSE = 0.367, MAE = 0.329 and F = 328. Additionally, molecular fragments derived from SMILES notation
descriptors, which explain observed changes in the evaluated activity, were identified, leading to the design of four new
antagonists. The final validation of the QSAR model and the designed antagonists was conducted through molecular
docking, which demonstrated strong correlation with the QSAR modeling results.

Keywords: TRPV1, Pain treatment, QSAR, Molecular modeling, Drug design

1. Introduction

TRPV1 (transient receptor potential cation channel,
subfamilyV, member 1) is a non-selective cation channel
activated by a variety of exogenous and endogenous stim-
uli. Cloning of TRPV1 and demonstration of its therapeu-
tic value have led to intense research in understanding
the molecular mechanisms encompassing the responses
of sensory neurons to stimuli such as heat, protons, some
endogenous activators such as an and amide and exoge-
nous activators such as capasaicin!=>. TRPV1, also known
as VR1 (Vanilloid Receptor 1), is primarily expressed on

unmyelinated pain-sensing nerve fibers (C-fibers) and
small A fibers in the dorsal root and trigeminal ganglia®’.
Activation of the channel leads to an influx of calcium
and sodium ions into the cell, causing depolarization, and
that in turn results in the excitation of primary sensory
neurons and ultimately in the perception of pain, though
a reduction of the activation thresholds of the channel
to other stimuli indicate that agonists of the channel can
cause desensitization with therapeutic application in the
management of pain. However, such desensitization leads
to the side effects of burning sensation, irritation, and
neurotoxicity, resulting from continuous influx of calci-
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um ions into the cells, thus limiting the clinical use of ag-
onists®1%. Blocking the TRPV1- mediated pain signaling
pathways with receptor antagonists is an alternative prom-
ising strategy for the development of novel analgesic drugs
with potentially fewer side effects!!~!%. The chemistry and
pharmacology of several classes of competitive TRPV1 an-
tagonists, based on chemotypes containing thiourea, urea,
and amide groups, have been described and reviewed!>-18,
They have been classified into four profiles based on their
ability to differentially modulate TRPV1 activation by dif-
ferent modes such as capsaicin, pH 5 and heat!’.

Over the years, many antagonists that have entered
and progressed into various clinical phases have failed
due to the development of hyperthermia as an undesired
on-target side-effect. With increased structural, mecha-
nistic and biophysical knowledge on TRPV1, there is an
unrecognized need to find more and diverse chemo types
for TRPV1 antagonists. New chemo types are needed to
evolve functionally-selective or modality-selective antago-
nists that can probe and prove if hyperthermia can be dis-
sociated from the other functions of this ion channel?!-?2.
The need for new chemotypes is encouraged by the fact
that there numerous new indications attributed to TRPV1
for which small molecule chemical probes are required for
validation?>=2>. Apart from validation for newer indica-
tions, probes are required to decipher the potential con-
sequences of targeting a single indication. In this regard,
a generally applicable TRPV1 antagonist pharmacophore
that can enable discovery of novel chemotypesis critical.

Drug discovery and development are inherently
time-consuming processes, requiring substantial time, ef-
fort, and financial resources. These challenges arise from
the need to identify effective and safe therapeutic com-
pounds through extensive experimental screening, op-
timization, and validation. To mitigate these constraints,
chemoinformatics has emerged as an essential discipline,
leveraging computational tools and in silico methodolo-
gies to accelerate various stages of the drug development
pipeline. Chemoinformatic approaches offer a wide range
of applications, including the identification of novel lead
compounds, optimization of pharmacological activity,
and improvement of pharmacokinetic and toxicological
profiles of compounds with known biological activity?-28,
Among the numerous chemoinformatic techniques, quan-
titative structure-activity relationship (QSAR) modeling is
recognized as the most extensively applied and impactful
approach. QSAR studies aim to establish predictive rela-
tionships between the chemical structure of compounds
and their biological activity, providing valuable insights
into molecular interactions and activity mechanisms.
Contemporary QSAR models are developed using a va-
riety of molecular descriptors, which are computationally
derived parameters that capture distinct chemical, physi-
cal, and structural features of molecules. These descriptors
vary widely, encompassing properties such as electronic,
steric, hydrophobic, and topological characteristics. The

construction of QSAR models involves a systematic pro-
cess. Initially, molecular descriptors are calculated from
well-defined molecular structures, each descriptor con-
tributing unique insights into the molecule’s behavior.
These descriptors are then analyzed to identify their rel-
evance and predictive capacity, enabling the development
of robust mathematical equations that quantitatively relate
molecular descriptors to observed biological activities.
Such models provide a powerful framework for predicting
the activity of untested compounds, guiding the rational
design of new drugs, and prioritizing experimental vali-
dation.

Despite their strengths, QSAR models are not with-
out limitations. The accuracy and reliability of a QSAR
model depend heavily on the quality and diversity of the
training dataset, the choice of molecular descriptors, and
the statistical methods employed. Moreover, the interpret-
ability of these models can sometimes be challenging, es-
pecially when complex machine learning algorithms are
used. Nevertheless, QSAR remains a cornerstone of mod-
ern drug discovery, contributing to significant time and
cost savings by enabling the prioritization of promising
candidates for further experimental testing?~*. As com-
putational power and chemoinformatics methodologies
continue to evolve, the integration of QSAR with other
in silico approaches, such as molecular docking, phar-
macophore modeling, and machine learning, promises to
further enhance its predictive capabilities. This integration
will likely play a pivotal role in addressing the growing de-
mand for efficient, cost-effective, and innovative drug de-
velopment strategies.

This research employed various in silico methods
to identify novel compounds with potential antagonistic
effects on the TRPV1 receptor. The study focused on de-
veloping QSAR models using conformation-independent
molecular descriptors derived from SMILES notation and
local graph invariants, integrated with the Monte Car-
lo optimization method. A key objective was to identify
molecular fragments or structural features responsible for
TRPV1 antagonism and to explore correlations among the
different computational approaches used. The study suc-
cessfully pinpointed molecular fragments present in small
molecules that are critical for ligand-receptor interactions.
These findings provide valuable insights into the structural
basis of TRPV1 antagonism, offering a foundation for the
rational design and development of novel analgesic agents.
The identified fragments could be strategically employed
to enhance the efficiency and specificity of future drug dis-
covery efforts targeting TRPV 1-related pathways.

2. Materials and Method

In this study, a dataset comprising 98 molecules
known to TRPVl1antagonism effect was collected from
the scientific literature®*. The compounds analyzed in
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this study were evaluated for their ability to inhibit cap-
saicin- (CAP, 500 nM) or acid- (pH 5.0) induced uptake
of #Ca?* in Chinese Hamster Ovary (CHO) cells sta-
bly expressing rat TRPV1 (rTRPV1), as previously de-
scribed®3¢. Functional activity was reported as ICso +
SEM (nM), based on experimental measurements. These
ICso values were collected from [insert database or lit-
erature reference], and converted to pICs, values using
the standard equation: pICso = -log10(ICso x 107°). The
dataset was curated to remove duplicates, inconsistent
records, and extreme outliers prior to model develop-
ment. The SMILES notation for all the molecules used in
the study, along with their corresponding pICs, values, is
provided in Table S1 within the Supplementary Material.
To ensure the robustness of the analysis, the dataset was
randomly divided into three random splits with two sets:
a training set consisting of 73 compounds (75%) and a
test set comprising 25 compounds (25%). The normality
of the activity distribution for all the dataset splits was
assessed following the methodology described in a pub-

lished reference?.

2. 1. QSAR Modeling Utilizing the Monte
Carlo Optimization Method

The Monte Carlo optimization method was em-
ployed to construct a conformation-independent QSAR
model using a hybrid approach that combined molecular
graph-based and SMILES notation-based descriptors. The
molecular graph-based descriptors included local graph
invariants derived from fundamental graph theory con-
cepts, such as paths and walks, with detailed mathemat-
ical definitions available in the literature®. The optimal
descriptors identified from the graph-based approach en-
compassed Morgan extended connectivity indices (ECO),
valence shell descriptors for ranges 2 and 3 (s2, s3), path
numbers for lengths 2 and 3 (p2, p3), the number of neigh-
boring carbon atoms (Number of Carbon), and the num-
ber of neighboring non-carbon atoms (Number of Non
Carbon). In parallel, SMILES notation-based descriptors
offered mechanistic insights by representing molecular
fragments. Each descriptor contributes to the molecule's
Descriptor Correlation Weight (DCW), which is comput-
ed as the sum of the correlation weights (CW) assigned to
all relevant SMILES descriptors. This relationship is math-
ematically formalized in Equation 1. By combining these
two descriptor systems, the hybrid approach provides a
robust framework for characterizing molecular features,
enabling enhanced predictive accuracy and interpretabili-
ty in identifying key structural determinants of biological
activity.

DCW(T,Nepoch) = zZCW(ATOMPAIR) +
xCW(NOSP) + yCW(BOND) + tCW(HALO) +
rCW(HARD) + aZCW(Sy) + PZCW(SSy) +
yEZCW(SSS})

(1)

In Equation 1, the variables z, x, y, t, a, B, y repre-
sent binary values — 1 indicating "yes" and 0 indicating
"no" - that determine whether the corresponding SMILES
descriptor is included in the QSAR model development.
The symbol Sy refers to a SMILES atom represented by a
single SMILES notation symbol (or a pair of inseparable
symbols) and is associated with local molecular descrip-
tors. Descriptors constructed as linear combinations of
two and three SMILES atoms are denoted by SS, and SSSy,
respectively, to account for interactions between multi-
ple atomic components. The second category of SMILES
notation-based descriptors used in the study comprises
global descriptors, which capture the overall properties
of the studied molecule. These include descriptors such
as ATOMPAIR, HALO, BOND, NOSP, and HARD, each
defined according to methodologies outlined in referenc-
es*>*0. These global descriptors provide a comprehensive
overview of molecular structure and complement the
local descriptors in capturing the nuances of molecular
behavior. The QSAR model developed in this study inte-
grated both SMILES notation-based descriptors (local and
global) and local graph invariants. This hybrid approach
facilitated the calculation of the Descriptor Correlation
Weight (DCW) for molecules as described in Equation 2,
providing a robust and versatile framework for accurately
modeling the relationship between molecular features and
biological activity.

DCW(T>Nepoch) = ZCW(Sk) + ZCW(SSk) +
SCW(SSS,) + ZCW(ECO,) + SCW(PT2,) +
SCW(PT3,) + SCW(VS2,) + SCW(VS3,) +
SCW(NNC,)

(2)

In addition to the previously defined symbols S, SS;
and SSS;, Equation 2 incorporates the following symbols:
The Morgan connectivity index of zero order (the hydro-
gen-suppressed graph was used in this research) - ECOy,
paths of length of 2 and 3 - PT2, and PT3y, valence shell 2
and 3 - VS2,, and VS3,, and Nearest Neighbors - NNC; .
The linear regression approach is used to compute the
QSAR model (utilizing the training set) as indicated in
Equation 3. This is achieved when the numerical data re-
garding the correlation weights are derived from the mod-
el, leading to favorable statistical results for the test set. In
this specific study, the search for the optimal combination
of T'and Nep,oc, was carried out within the ranges of 1-5 for
T and 0-50 for Nepoch-

Ac = Cy+ C; X DCW(T,Nepoch) 3)

To thoroughly evaluate the quality, robustness, and
predictive reliability of the developed conformation-inde-
pendent QSAR models, a comprehensive set of validation
metrics was employed. These included widely used statis-
tical parameters such as the squared correlation coefficient
(R?), which measures the proportion of variance explained
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by the model, and the root-mean-squared error (RMSE),
a standard indicator of prediction error magnitude.
Cross-validation coeficients (Q?) were calculated to assess
the model's performance in predicting data excluded from
the training set, while the F-value was used to determine
the statistical significance of the regression. Additionally,
the mean absolute error (MAE) was included as a measure
of the average deviation between observed and predict-
ed values, providing further insights into model accura-
cy*1~*. To strengthen the reliability of the QSAR models,
advanced validation metrics were also applied. These in-
cluded R, and MAE-based metrics, which emphasize the
model’s predictive power for new datasets. The concord-
ance correlation coefficient (CCC) was used to evaluate
the agreement between predicted and observed values,
while the index of ideality of correlation (IIC) offered in-
sights into the degree to which the correlation between the
predicted and observed values aligned with an ideal rela-
tionship*. The inclusion of these metrics ensured a thor-
ough validation process and a holistic assessment of model
performance. A pivotal component of any QSAR model is
the establishment of its applicability domain (AD), which
defines the chemical space within which the model can
make reliable predictions. The AD ensures that predictions
are made for compounds structurally and chemically sim-
ilar to those in the training set, preventing extrapolation
into areas of chemical space where the model may be un-
reliable. In this study, a literature-derived method was em-
ployed to determine the AD, as recommended in referenc-
es?6~8_This involved systematic evaluation of the chemical
structures and descriptors used in the model, ensuring
that predictions adhered to the established AD criteria.
A key aspect of this study was the analysis of "statistical
defects" in conformation-independent molecular descrip-
tors, particularly d(A), to define the AD. These descriptors,
previously utilized in QSAR model construction®*-, were
scrutinized to identify potential outliers or anomalies that
could affect model reliability. The calculations for AD de-
termination were performed using the CORAL software,
which allowed for precise evaluation and correction of
these statistical defects. Equation 4 formalized the meth-
odology for this process, ensuring consistency and rigor.

— |P(Atrain)—P (Atest)|
d(A) n N(A.Era.in)_N(Atres.!) (4)

In the equation above, P(A) i, and P(A) ., denote
the probabilities of a conformation-independent attribute
or descriptor (A) in the training and test sets, respectively.
Meanwhile, NA (i,in) and NA(.,;,) represent the frequency
of occurrence of a conformation-independent attribute or
descriptor (A) in the training set and the test set, respec-
tively. The statistical SMILES defect (D) is the cumulative
sum of the defects, d(A), of all the attributes found in the
SMILES notation of the molecules. It is computed accord-
ing to Equation 5.

D = defect(SMILES) = Y32, d(A) (5)

A molecule is labeled as an outlier if it falls outside
the defined applicability domain (AD), which happens
when its D exceeds 2 times Dav, where Dav represents the
average D calculated for the relevant set (whether it's the
training or test set) in which the molecule is located.

2. 2. Molecular Docking

Docking studies were carried out using the Molegro
Virtual Docker (MVD) software to evaluate the interac-
tions between potential ligands and the TRPV1 receptor.
Ligands were geometrically optimized prior to docking
using the MMFF94 force field to ensure accurate struc-
tural representations. The three-dimensional structure of
the TRPV1 receptor used for docking studies was obtained
from the Protein Data Bank (PDB ID: 5IRX), represent-
ing the rat TRPV1 channel in complex with the antagonist
capsazepine, resolved at 3.27 A resolution?!. This structure
was selected based on its biological relevance and com-
patibility with the experimental system used in the QSAR
dataset. The binding site was defined based on the position
of the co-crystallized antagonist and included amino acid
residues known to participate in ligand interactions, such
as Tyr511, Ser512, Met547, Thr550, and Glu570*2. These
residues form the hydrophobic pocket and polar environ-
ment critical for antagonist binding. Protein preparation
included removal of crystallographic water molecules, as-
signment of charges, and optimization of hydrogen bond-
ing network using default MVD settings. The docking grid
was centered on the native ligand position, with a radius of
15 A to ensure full coverage of the binding cavity. Standard
MolDock scoring function and search algorithm parame-
ters were applied (maximum iterations = 1500; population
size = 50; number of poses = 10 per ligand). MVD employs
a hybrid approach in which the receptor structure is treat-
ed as rigid, while the ligand structures are allowed flexibil-
ity. This approach balances computational efficiency with
the ability to account for conformational adaptability of li-
gands during docking. MVD identifies and quantifies both
hydrophobic and hydrophilic interactions between the re-
ceptor and the ligands. Hydrophobic interactions primari-
ly encompass Van der Waals forces and steric effects, while
hydrophilic interactions involve hydrogen bond formation
between ligand atoms and specific amino acid residues in
the active site. These interactions are quantified through
the use of "scoring" functions, which calculate numerical
values corresponding to binding energies®">2. In molecu-
lar docking studies, the strength and nature of ligand-re-
ceptor interactions are critical indicators of potential in-
hibitory activity. A general principle applies to enzyme and
receptor studies: stronger and more favorable interactions
typically correlate with enhanced inhibition potential. For
this reason, the "scoring" functions calculated by MVD
provide valuable insights into the binding affinity and po-
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tential efficacy of the studied ligands*. In this research, two
primary scoring functions were calculated and utilized for
the evaluation of inhibitory potential: MolDock Score and
Rerank Score. The MolDockScore represents the primary
binding energy calculated during docking, encompass-
ing contributions from steric, electrostatic, and hydrogen
bonding interactions. The Rerank Score is a secondary
evaluation that re-assesses the binding interactions using
additional weighting for certain interaction types, pro-
viding a more refined prediction of binding affinity. The
docking protocol employed in this study was meticulously
validated to ensure its reliability and accuracy. The valida-
tion was performed in accordance with established meth-
odologies from the literature®, which involve comparing
docking results with experimentally determined binding
modes or known inhibitors. This validation step is crucial
for confirming that the docking simulations accurately
represent the ligand-receptor interactions. Furthermore,
the results of these docking studies provide a quantitative
basis for ranking ligands based on their predicted binding
affinity and inhibitory potential. These findings contribute
to the identification of promising compounds for further
experimental validation and drug development.

To complement molecular docking and provide an
additional layer of binding affinity prediction, we applied
KDEEP, a deep learning-based tool for structure-based
binding affinity estimation. KDEEP uses 3D convolution-
al neural networks trained on experimentally validated
protein-ligand complexes to predict binding strength and
utilizes 3D Convolutional Neural Networks (3DCNN) to
enhance the accuracy of binding predictions®*. It classifies
input molecules into eight pharmacophore properties: hy-
drophobic, aromatic, hydrogen-bond donor and acceptor,
positive and negative ionizable, metallic, and total exclud-
ed volume. The molecules are then processed using a Deep
Convolutional Neural Network (DCNN) model trained on
the PDBbind 2016 database (available at https://playmole-
cule.com/Kdeep/)*>. The docking results for ligand orien-
tation within the TRPV1 receptor active site obtained with
MolDock were used to estimate absolute binding affinity
with KDeep. For each ligand—-TRPV1 complex, KDEEP
calculated three key parameters: pKd, binding free ener-
gies (AG) and ligand efficiencies (LE).

By integrating computational and statistical rigor,
the study establishes a robust framework for exploring
ligand interactions with the TRPV1 receptor, paving the
way for the development of novel therapeutic agents tar-
geting this receptor.

3. Results and Discussion

Table 1 summarizes the numerical values of all the
validation metrics used to comprehensively evaluate the
quality and performance of the conformation-independ-
ent QSAR models developed through the Monte Carlo

Table 1. The statistical quality of the developed conformational-independent QSAR models for TRPV1 antagonism by piperazinyl-aryl compounds

Test set

CII

Training set

Q? RMSE MAE F

CCC IIC

RZ

RMSE MAE F

2

CII

CCC IIC

RZ

0.433 109

0.547
0.529

0.7799
0.8077
0.8124
0.8000
0.8087
0.8100
0.8535
0.8241
0.8977
0.8932
0.9241
0.9050

0.9097
0.9305
0.9344
0.9249
0.8931
0.8979
0.9212
0.9041
0.9568
0.9430
0.9593
0.9530

0.8401
0.7270
0.8449
0.8040
0.8352
0.8394
0.8858
0.8535
0.9155
0.9299
0.9635
0.9363

0.8851
0.8923
0.8859
0.8878
0.8657
0.8485
0.8894
0.8679
0.9535
0.9448
0.9469
0.9484

0.8263
0.8410
0.8487
0.8387
0.8367
0.8379
0.8770
0.8505
0.9158
0.9119
0.9271
0.9183

271

0.517 0.410

0.7775
0.7798
0.7732
0.7768
0.7090
0.7360
0.7672
0.7374
0.7316
0.7156
0.6970
0.7147

0.8828
0.8833
0.8715
0.8729
0.8298
0.8406
0.8658
0.8545
0.8447
0.8255
0.7766
0.8156

0.8200
0.8201
0.7743
0.8048
0.7826
0.7539
0.7690
0.7685
0.7757
0.7895
0.7430
0.7694

0.8843
0.8844
0.8800
0.8829
0.8385
0.8557
0.8752
0.8565
0.8553
0.8297
0.8134
0.8328

0.7926
0.7928
0.7858
0.7904
0.7219
0.7478
0.7781
0.7493
0.7472
0.7244
0.7155
0.7290

1 run
2 run
3 run

Av

Split 1

122

0.424

272

0.398
0.399
0.402
0.413

0.517

0.421 129

0.534
0.537

260

0.525
0.520
0.591

120

0.426

268

118

0.505

0.591

184

1 run
2 run
3 run

Av

Split 2
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119

0.512

0.616

210

0.398
0.373
0.395
0.439

0.563

164

0.441

0.538

249

0.528
0.561

134
239
228
328
265

0.486

0.582

214

0.311

0.363

213

0.578
0.636

1 run
2 run
3 run

Av

Split 3

0.338

0.384
0.367
0.371

164

0.481

0.329

0.489 157

0.645
0.620

0.326

178

0.470

R?- Correlation coefficient CCC - Concordance correlation coefficient 1IC - Index of ideality of correlation Q?- Cross-validated correlation coefficient RMSE - Root mean squared error MAE - Mean

absolute error  F - Fischer ratio  Av — Average value for statistical parameters obtained from three independent Monte Carlo optimization runs



Acta Chim. Slov. 2025, 72, 450-462

optimization method. These metrics demonstrate the
robustness, predictive accuracy, and reproducibility of
the models, providing a clear indication of their reliabil-
ity. The results highlight the strong predictive potential
of the QSAR models, with no significant deviations or
inconsistencies observed across the dataset. Among the
various splits examined during the optimization process,
the second split, utilizing a T value of 4 and Npoe, of 15,
produced the most favorable results. This configuration
led to a model with superior performance, as indicated
by its validation metrics. Notably, no outliers were iden-
tified during the analysis, as the methodology applied for
defining the applicability domain (AD) confirmed that all
molecules fell within the defined chemical space. This is a
crucial finding, as the absence of outliers ensures that the
model’s predictions are both valid and reliable within the
specified AD, thereby enhancing its applicability to unseen
compounds. Figure 1 provides a graphical representation
of the best-performing QSAR model, which achieved the
highest R? value across all three splits during the optimal
Monte Carlo optimization run. The graph visually illus-
trates the close agreement between observed and predicted
values, highlighting the model’s predictive accuracy and its
capability to generalize across the dataset. To ensure fur-
ther validation, the concordance correlation coefficient
(CCC) was calculated for all QSAR models. The CCC is
a robust metric that evaluates the reproducibility of pre-
dictions by measuring the degree of agreement between
observed and predicted values. The results demonstrated
high reproducibility across all splits, confirming that the

models are consistent and reliable across different configu-
rations. In addition, the mean absolute error (MAE)-based
metric was used to evaluate the precision of the models,
and the outcomes were rated as "GOOD," further solidify-
ing the models' robustness and reliability. The final layer of
validation involved the calculation of the index of ideality
of correlation (IIC). This metric assesses how closely the
correlation between predicted and observed values aligns
with an ideal relationship. The IIC values obtained were
highly favorable, suggesting that the developed QSAR
models not only perform well but also exhibit a high de-
gree of predictive reliability and alignment with theoret-
ical expectations. The findings of this study strongly in-
dicate that the QSAR models developed using the Monte
Carlo optimization method possess exceptional predictive
potential, making them valuable tools for future applica-
tions in drug discovery and other computational research
domains. The comprehensive validation of these models
using multiple metrics - including R?, RMSE, Q?, F-value,
MAE, CCC, and IIC - underscores their robustness and
generalizability. By incorporating a rigorous methodolo-
gy for defining and adhering to the applicability domain,
the study ensures that these models can be reliably em-
ployed for predictions involving structurally similar com-
pounds within the defined chemical space. Furthermore,
the absence of outliers and the high concordance between
predicted and observed values across all validation steps
provide additional confidence in the utility of these mod-
els. This thorough validation process paves the way for the
practical application of these QSAR models in tasks such
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Figure 1. Above) Graphical presentation of the best Monte Carlo optimization runs (the highest value for R?) for the developed QSAR models;
Bellow) Diff. - Difference between experimental and calculated values for pICs.
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as virtual screening, lead optimization, and the prediction
of biological activity for new compounds. Ultimately, these
models represent a significant advancement in the integra-
tion of computational tools into modern drug discovery
workflows.

The mathematical formulations for the top-perform-
ing QSAR models, as determined by the test set R? values
for all the splits, are provided in Equations 6-8.

Split 1: pICsy = —0.4579(+0.0534) + .
0.0398(£0.0003)xDCW (3,24) (6)

Split 2: pICs, = 0.3013(+0.0420) + .
0.0297(+0.0002)xDCW(1,10) ()

Split 3: pICsq = 2.1931(+0.0443) + o
0.0339(+0.0003)xDCW(3,23) (8)

The equations (Eq. 6-8) show that for split 1, the
preferred values for T and N,oc, are 3 and 24, respective-
ly. For split 2, the preferred values are 1 for T and 10 for
Nepoch» While for split 3, the preferred values are 3 for T and
23 for Nepoch-

There have been significant efforts to apply li-
gand-based methodologies for developing pharmacoph-
ore and QSAR models aimed at TRPV1 antagonists. These
studies have utilized various computational approaches,
demonstrating the versatility and effectiveness of such
methods in exploring the molecular basis of TRPV1 an-
tagonism. Some studies have employed molecular field-
based techniques like CoMFA (Comparative Molecular
Field Analysis) and CoMSIA (Comparative Molecular
Similarity Indices Analysis), as well as Phase QSAR meth-
odologies®®. These approaches focus on the spatial and
electronic properties of molecules to identify patterns cor-
relating with antagonistic activity. Others have used de-
scriptor-based algorithms to determine molecular descrip-
tors most strongly associated with TRPV1 antagonism,
enabling the development of predictive QSAR models*”.
In other efforts, 3D alignments of TRPV1 antagonists have
been analyzed in the context of homology models. These
studies have leveraged the structural insights provided by
homology models to explore the spatial arrangements and
interactions of antagonists within the receptor binding
site>*>8, For example, Goldmann et al. utilized publicly
available data on TRPV1 antagonists to construct pharma-
cophore models. Their research involved extensive valida-
tion of these models, which were then applied to virtually
screen the LifeChem database comprising 305,841 com-
pounds. This exercise identified 12 hits with promising ac-
tivity and diversity compared to reference antagonists and
other active compounds. Goldmann and colleagues fur-
ther hypothesized that pharmacophore modeling of public
data could reveal "pharmacophoric ensembles," helping to
differentiate safe compounds from those with undesirable
profiles®. Similarly, Feng et al. reported constructing hu-

man TRPV1 (hTRPV1) homology models based on the
recently released rat TRPV1 (rTRPV1) structure. Their
study involved validation using known agonists and an-
tagonists, prediction of binding modes for well-known
antagonists, and a virtual screening exercise targeting the
putative antagonist binding site. This approach provided
valuable insights into the molecular interactions govern-
ing TRPV1 antagonism and highlighted potential candi-
dates for further investigation®. Kristam et al. developed
and validated predictive 3D-QSAR models for a collection
of TRPV1 receptor antagonists using CoMFA and Topo-
mer-CoMFA methodologies. These models were applied
to screen databases for alternative fragments that could re-
place key functional groups in known antagonists, such as
the disubstituted dimidazolyl moiety (R1 fragment) or the
piperazine aryl moiety (R2 fragment)**. Their work un-
derscores the potential of 3D-QSAR techniques in guiding
the rational design of structurally optimized TRPV1 an-
tagonists. Together, these studies demonstrate the power
of ligand-based methodologies, including pharmacophore
modeling, QSAR, and homology modeling, in advancing
our understanding of TRPV1 receptor antagonists. They
highlight the potential of computational tools to identify
novel candidates, optimize known scaffolds, and reveal
critical molecular features that differentiate efficacious and
safe compounds from those with less desirable profiles.
These approaches continue to contribute significantly to
the field of TRPV1-targeted drug discovery, offering path-
ways to innovative therapeutic agents for pain manage-
ment and other conditions.

A primary objective of this research was to identi-
fy molecular fragments, defined as optimal descriptors in
SMILES notation, that contribute positively or negatively to
the studied activity, as supported by prior studies?*40-61:62,
These fragments are essential for understanding the struc-
tural features that influence the biological activity of com-
pounds, providing valuable insights for drug design and
optimization. The complete set of calculated molecular
descriptors, derived from both SMILES notation and mo-
lecular graph-based approaches, is provided in Table S2 in
the Supplementary Material. These descriptors encompass
a wide range of molecular properties and were systemati-
cally analyzed to determine their relevance to the studied
activity. To aid in understanding, an example calculation
of amolecule’s summarized Descriptor Correlation Weight
(DCW) and its corresponding studied activity (pICs) is
detailed in Table 2. For simplicity, molecular graph-based
descriptors are excluded from the example, allowing for
a more focused interpretation of the contributions from
SMILES-based descriptors. This example highlights the
methodology used to link molecular features to biologi-
cal activity, demonstrating how individual descriptor con-
tributions are aggregated into the DCW. Furthermore, a
graphical representation of the molecular fragments asso-
ciated with the same molecule is provided in Figure 2. This
visualization illustrates the structural components of the
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Table 2. Example of DCW calculation

-

F H

F B # & 7
O H>—”\_/:§®
@ o

NH2

SMILES notation:
Neclece(cel)elec(ecc2cINC(N2)N1CCN(CCl1)clncecc1 C(F)(F)F)C(F)(F)F
DCW =115.8633
pICsp(calc.) = 6.1255

SA, CW(SA,) SA, CW(SAD SA,  CW(SAY SA,  CW(SAY
10001000  -0.0545 Colovennn 0.4633 ccnl., -0.1625 N...(..C... 1.6575
(oo 0.2736 CorensCone 0.2654 C..C.1.. ~0.11 N -0.1445
[ 0.1116 P 0.0465 G2, ~2.6721 Do 0.2927
(.Con(.e. 0.3527 Corrrreree ~0.3361 CornCorCon 0.1654 Nolo. -0.7082
(FEunn -0.0813 el 0.2406 C.N..(... -0.1388 P -0.5053
Lo 0.8061 Col(.. 0.1533 N 0.1804 N..1..C... -0.0284
Lo 0.2906 Corlunn 0.0952 C..N..l... 0.1723 n..l..c.. 0.1866
Lo ~0.3129 Colu. ~0.5409 conl... 0.0845 N2 0.5679
1..Coo(ow. 0.4098 cloce 0.7524 E.((. 0.3315 N...C...(... -0.2294
1..N..(.. 01976  c..1..C... 0.2782 Eoloonn 0.0918 N..Ce... -0.1215
20 03586  c..l.N... ~0.424 E.(..C.. 1.0121 NeCorrn 0.7165
P 0.4303 CoZrnnn 0.0583 E.(.E.. 0.0196 N..c..l... 0.4924
2..c..l.. ~0.6572 C2unCon 0.1318 oo 0.3709 N..C..C... ~2.8109
BONDO00000  0.1922 oG 0.1144 HALO10000 ~0.6764 NeCorsCone 2.3328
Corlovnnn 01999  C..C...(... 0.0764 N 1.8556  NOSP10000 0.6488
CorsCarn 01336  C..C....... -0.4259 N..(.2... 0.6523

Figure 2. Contribution of molecular fragments to TRPV lantagonism (Green - Increase, Red — Decrease).
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molecule and their respective roles, offering a clear depic-
tion of how specific fragments correlate with the observed
activity. Together, these analyses provide a comprehensive
framework for identifying and understanding the molec-
ular determinants of TRPV1 antagonism, facilitating the
rational design of new compounds with improved efficacy
and safety profiles.

The results from QSAR modeling revealed specific
molecular fragments, identified through SMILES nota-
tion, that significantly influence pICs activity, either posi-
tively or negatively. These findings provide a structural ba-
sis for designing new TRPV1 antagonists with enhanced
activity.Molecular fragments that positively influenced
pICs, activity included those associated with trifluorome-
thyl groups, such as “E......J “(......5 “C..(....J “E..
and “F...(...C.... Fragments assoc1ated Wlth aromatlc car-
bon atoms, including “........... 7 “c..c...y and “c..c..c.
as well as the nitrogen atom bonded to aromatic carbon
(“c..N......7), also demonstrated positive effects. Fragments
that negatively influenced pICs, activity included the ni-
trogen atom (“N..........] ), carbon atom (“C.........”); and
combinations of nitrogen bonded to one or two carbon
atoms (“N...C.....” and “N...C..C..” respectively). These
negatively correlated fragments provided insights into
structural features that should be avoided or minimized in
antagonist design.

cule A1 was created by replacing the amino group with a
hydroxyl group in the para position resulting in the addi-
tion of the fragment “O............ ”. Molecule A2 introduced a
chlorine atom at the same position, adding the “Cl...........] 2
fragment, while molecule A3 incorporated a methoxy
group with the fragment “C...O......> Molecule A4 intro-
duced an aminomethyl group, adding the “C...N......” frag-
ment, enhancing hydrogen bonding potential. Molecule
AS5 featured a dimethylamino group, adding the fragments
“Coloney “Coveen “NLL(.y and “NLL(...C..75 which in-
dicated increased molecular branching around the nitro-
gen atom. Molecule A6 incorporated an isopropyl group,
resultmg in fragments such as “C...(......”, “(ceenenccsd 5 “C...

and “C...(...C..” that also indicated increased branch-
ing on carbon atoms. Molecule A7 introduced a carboxyl
group, contributing fragments such as “=........7, “=..C...

(. and “O...C ....... ” that enhanced electron—w1thdraw1ng
and polar interaction properties. All introduced fragments
in molecules A1-A7 were associated with a positive im-
pact on pICs, activity, leading to higher predicted activity
values. The substitution strategy and resulting molecular
modifications were validated through increased pICs,
values, as summarized in Table 3. These results demon-
strate the effectiveness of the CAD approach in integrating
QSAR insights for the rational design of novel TRPV1 an-
tagonists with improved biological activity.

foaese
slololelelelele

A A1 A2 A3

Figure 3. Chemical structures of designed molecules.

The molecular fragments identified as positively in-
fluencing activity were applied in a Computer-Aided De-
sign (CAD) process to develop seven novel compounds
with enhanced pICs, values. These compounds were de-
signed by introducing functional groups that incorporated
new fragments positively associated with activity. Mole-

A4 A5 A6 A?

All the designed molecules, along with the template
molecule A, were subjected to molecular docking studies
targeting TRPV1 to evaluate and further validate the pre-
dictive accuracy of the developed QSAR models. Table 3
provides the numerical values of the calculated "scoring”
functions, which reflect the strength of interactions be-
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Table 3. The list of all the designed molecules with their calculated activities, score values (kcal/mol), AG (kcal/

mol), ligand efficiency (LE) (kcal/mol) and pKd

Molecule  pICsy(calc.) Rerank MolDock AG LE pKd
A0 6.1255 -121.35 -118.85 -7.437 -0.1957 5.5089
Al 6.4688 -133.49 -128.49 -8.3795 -0.2328 6.207
A2 6.6225 -137.85 -121.65 -9.3946 -0.2610 6.9590
A3 6.5881 -136.35 -134.32 -8.6117 -0.2328 6.3790
A4 6.4472 -133.22 -130.66 -8.7899 -0.2376 6.5110
A5 7.0963 -139.59 -136.57 -9.2786 -0.2577 6.8730
A6 7.2891 -144.43 -137.47 -9.7236 -0.2559 7.2027
A7 6.7976 -138.48 -130.3 -9.1377 -0.2405 6.7686

tween the ligands and the receptor. Since different scor-
ing functions capture distinct ligand-amino acid interac-
tions, a comprehensive assessment of inhibitory potency
requires consideration of all relevant factors. Based on
the results obtained for the MolDock and ReRank scoring
functions, molecule A6 emerged as the compound with
the highest potential inhibitory activity. This finding aligns
well with the predictions from QSAR modeling, reinforc-
ing the consistency and reliability of the models. In con-
trast, the template molecule A exhibited the lowest Mol-
Dock and ReRank scores, a result that also corresponds to
the predictions made by the QSAR models. These correla-
tions between docking results and QSAR predictions pro-
vide strong validation for the approach used in this study.
Table 3 presents a list of the designed TRPV1 antagonist
candidates, along with their predicted biological activity
(pICso), binding free energy (AG), ligand efficiency (LE),
and predicted dissociation constant pKd These values were
calculated using a combination of QSAR modeling, mo-
lecular docking, and KDEEP-based binding affinity esti-
mation. As expected, compounds with higher predicted
pICso values—which indicate stronger biological activity
and lower effective concentration-generally correspond to
more favorable binding energies (lower AG values). This
relationship is consistent with the principle that stronger

binding (i.e., more negative AG) often correlates with in-
creased ligand efficiency and potency. For instance, com-
pound A6 shows the highest predicted pICs, (7.2891), in
line with its strong binding affinity (AG = -9.72 kcal/mol)
and the highest pKd (7.20), indicating a tighter ligand-
receptor complex. Ligand efficiency (LE), defined as the
binding energy per heavy atom, also supports this trend
and reflects the balance between molecular size and bind-
ing strength. Compounds A5 and A6 exhibit both high
pICso and LE values, suggesting that they are not only po-
tent but also structurally efficient binders. Overall, these
results demonstrate a high level of consistency between
ligand-based (QSAR) and structure-based (docking and
deep learning) predictions, further validating the designed
molecules as promising candidates for future experimental
testing.

The best-calculated binding poses of all designed
molecules within the active site of TRPV1 are illustrat-
ed in Figure 4. Further in Figure 4 sufraces of active site
(aromatic, hydrophobic, H-Bond and solvent accessibility
surface — SAS). These visual representations highlight the
spatial orientation and interaction profiles of each mol-
ecule, further supporting the docking results and their
alignment with QSAR-based predictions. Together, these
findings underscore the effectiveness of combining QSAR

Figure 4. Left) The best calculated poses for all the designed molecules within the active site of TRPV1; Right) Surfaces inside active site: A) Aro-

matic, B) Hydrophobic, C) H-Bond and D) SAS
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modeling and molecular docking studies in identifying
and validating promising TRPV1 antagonists.

This study highlights the potential of the Monte
Carlo optimization method for generating diverse and
informative QSAR models. However, certain limitations
merit further investigation to enhance the method's appli-
cability and reliability. One notable limitation involves the
interpretability of certain SMILES-based descriptors. The
inclusion of two- and three-atom combinations can result
in descriptors such as "(..2....." or "#.../......", which lack
clear physical or chemical meaning. This ambiguity makes
it challenging to derive mechanistic insights into their in-
fluence on biological properties, such as vaginal permeabil-
ity predictions. Improving the clarity and interpretability of
these descriptors would significantly enhance the practical
utility of the models. Fragment identification also poses
challenges. The method may struggle to detect rare but
biologically significant molecular fragments, which could
provide valuable insights into permeability or activity. Ad-
ditionally, the focus on smaller fragments, such as those
comprising three atoms, may overlook the contributions
of larger structural motifs or long-range interactions that
play a critical role in biological processes. The CORAL al-
gorithm, employed within the Monte Carlo optimization
framework, introduces another limitation. Its potential
prevalence bias may prioritize common fragments within
the dataset, potentially underestimating the significance of
truly active fragments that are present across all SMILES
descriptors. This bias could reduce the algorithm’s ability
to identify unique features critical for model predictions.
While the hybrid approach incorporates descriptors de-
rived from both SMILES notation and molecular graphs,
some molecular graph-based descriptors also lack clear
mechanistic interpretation. This limitation restricts the
ability to connect model predictions with underlying
chemical or biological principles, which is essential for ad-
vancing scientific understanding and rational compound
design. To address these limitations, data preprocessing
strategies could be implemented. Preliminary analysis and
filtering of molecular fragments and descriptors might help
identify those that are most informative and relevant to
the studied activity. This approach could reduce noise, im-
prove model interpretability, and enhance the mechanistic
insights derived from the models. Additionally, incorpo-
rating techniques that balance the emphasis on rare and
common fragments may improve the identification of bio-
logically significant features. Future research should focus
on addressing these challenges to enhance the capabilities
of the Monte Carlo optimization method. Efforts could in-
clude refining descriptor definitions, exploring alternative
algorithms with reduced bias, and expanding the scope of
descriptors to capture larger and more complex molecular
interactions. By overcoming these limitations, the Monte
Carlo optimization method could become an even more
powerful tool in the development of QSAR models and
their application in drug discovery and beyond.

4. Conclusion

The primary goal of this study was to develop relia-
ble QSAR models with strong predictive power for TRPV1
antagonism, validated through a comprehensive set of
statistical parameters. Conformation-independent QSAR
models were constructed using the Monte Carlo optimi-
zation method, leveraging optimal descriptors derived
from both local graph invariants and SMILES notation.
These descriptors provided a robust foundation for the
modeling process, enabling the identification of structural
features influencing TRPV1 antagonism. The robustness
and predictive capabilities of the QSAR models were thor-
oughly evaluated using various statistical techniques. The
validation metrics confirmed the high applicability of the
models, demonstrating their effectiveness in predicting
biological activity. The Monte Carlo optimization method
facilitated the identification of molecular fragments, repre-
sented as SMILES notation fragments, with both positive
and negative effects on TRPV1 antagonism. These insights
offered a deeper understanding of the molecular features
contributing to or detracting from activity, supporting the
rational design of more effective antagonists. Molecular
docking studies served as the final validation step, further
confirming the predictive accuracy of the developed QSAR
models. The docking results provided an additional layer
of evidence for the potential inhibitory effects of the de-
signed molecules. A strong inter-correlation was observed
between the calculated pICs, values from the best QSAR
model and the interaction energies derived from docking
studies with the TRPV1 active site. To further strengthen
the predictive workflow, we incorporated KDEEP-a deep
learning-based method for protein-ligand binding affin-
ity estimation-which provided additional independent
predictions of pKd and AG values. The strong concord-
ance between these results and the QSAR-predicted pICs,
values supports the internal validity of the designed com-
pounds and adds confidence to their prioritization. KDEEP
thus served as a third, Al-powered validation layer with-
in our CADD pipeline, highlighting its utility in guiding
early-phase drug discovery even in the absence of experi-
mental data. This concordance highlights the reliability of
the combined QSAR and molecular docking approach in
predicting ligand-receptor interactions. The methodology
described in this study demonstrates significant potential
for broader applications, including the discovery of nov-
el therapeutics for conditions such as atherosclerosis. By
targeting the antagonism of Transient Receptor Potential
Vanilloid, member 1 (TRPV1), the outlined approach pro-
vides a versatile framework for identifying and optimizing
drug candidates for a variety of therapeutic areas.
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selektivnih antagonistov TRPV1 in njihovih farmakoloskih lastnosti $e vedno omejena. V tem raziskovalnem ¢lanku
predstavljamo razli¢ne tehnike QSAR modeliranja, uporabljene na nizu piperazinil-arilnih spojin, ki delujejo kot an-
tagonisti TRPV1. Opisi, uporabljeni pri oblikovanju konformacijsko neodvisnih QSAR modelov, vklju¢ujejo lokalne
molekulske grafe in SMILES notacijo, pri ¢emer je bila za razvoj modela uporabljena tudi Monte Carlo optimizacija. Za
oceno kakovosti, robustnosti in napovedne sposobnosti razvitih modelov smo uporabili ve¢ statisti¢nih metod, ki so
dale pozitivne rezultate. Za najboljsi QSAR model so bili doseZeni naslednji statisti¢ni parametri: za u¢no mnozico R?
=0.7155, CCC = 0.8134, IIC = 0.7430, Q* = 0.6970, RMSE = 0.645, MAE = 0.489 in F = 157; za testno mnoZico pa R?=
0.9271, CCC = 0.9469, IIC = 0.9635, Q* = 0.9241, RMSE = 0.367, MAE = 0.329 in F = 328. Poleg tega smo identificirali
molekulske fragmente, izpeljane iz deskriptorjev SMILES notacije, ki pojasnjujejo opazene spremembe v ocenjeni ak-
tivnosti, kar je vodilo do zasnove $tirih novih antagonistov. Kon¢na validacija QSAR modela in zasnovanih antagonistov
je bila izvedena z molekulskim sidranjem, ki je pokazalo dobro ujemanje z rezultati QSAR modeliranja.
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Abstract

The development and identification of dual target herbicides was one of primary approach to addressing the issue of
weed resistance. Protoporphyrinogen oxidase (PPO) and p-hydroxyphenylpyruvate dioxygenase (HPPD) are two im-
portant targets of photosynthesis in plants. Different from the traditional single target drug design, this study focuses on
HPPD and PPO dual target drug design. Hiphop pharmacophore models of HPPD and PPO targets were constructed
use commercial pesticides, and CBP pharmacophore models were constructed based on protein complexes. Over mil-
lions of molecules were screened using pharmacophore models and 8 compounds were obtained. Candidate compounds
chelated with Fe(II) in HPPD and formed stable -7 interactions with key residues in HPPD active pocket. Most com-
pounds produced hydrogen bond interactions and n-nt interactions with residues in PPO. Combined with a multiple
visual screen process, potential compounds with dual-target inhibition effect were obtained.
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1. Introduction

Weeds are a major hazard to crops, competing with
them for sunlight, water and nutrients in the soil.? As an
economical, efficient, and reliable solution for weed con-
trol, herbicide application is key role to ensuring high and
stable crop yields. The continuous application of herbi-
cides led the weed resistance increasing, and the impact of
herbicide residues on crops and the environment. There is
an urgent need to develop of safety, low-impact, low toxic-
ity and highly efficient novel herbicides.>*

During plant photosynthesis, the action sites of pig-
ment synthesis are tetrapyrrole, carotenoid and plastoqui-
none. As shown in Figure 1, the synergistic effect of three
enzymes, protoporphyrinogen oxidase (PPO) phytoene
desaturase (PDS) and p-hydroxyphenylpyruvate dioxy-
genase (HPPD) in plants were illustrated.® In the process
of chlorophyll synthesis, PPO is the key catalytic enzyme
in the process of tetrapyrrole biosynthesis. PPO catalyzes
protoporphyrinogen IX to produce protoporphyrin IX in
plants under the oxygen and sunlight conditions.®” Pro-
toporphyrin IX chelates with metal ions in chloroplasts to

produce chlorophyll.3-1° Protoporphyrinogen IX is unable
to bind to the active site of PPO after being treated with
PPO inhibitors in the presence of light and oxygen, pro-
toporphyrinogen IX is accumulated in cytoplasm and con-
verted to photosensitive protoporphyrin IX, causing the
cell to rupture and the plant death.!!-!* In addition to chlo-
rophyll, carotenoids, acting as light-harvesting pigments
in photosynthetic reaction, protect photosynthesis from
chlorophyll triplet and singlet oxygen damage.!* PDS is a
rate-limiting enzyme in carotenoid synthesis and catalyzes
the symmetric desaturation of phytoene to carotenoid.!>1®
Inhibition of PDS causes the phytoene accumulation in
plants, disrupting carotenoid and chlorophyll synthesis
and ultimately resulting in weeds death.!” In plants, HPPD
is an important oxidoreductase involved in the tyrosine
metabolic pathway, catalyzing the conversion of p-hy-
droxyphenylpyruvate (HPPA) to homogentisic acid
(HGA), which further reacts to produce plastoquinone
and tocopherol.'¥-2% Plastoquinone is the key cofactor of
PDS. HPPD inhibitors hinder the synthesis of plastoqui-
none and tocopherol,?"?? and the synthesis of carotenoid
is indirectly affected by the decrease of the content of plas-
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Figure 1. Action mode of PPO, PDS and HPPD in plants.

toquinone, eventually leaf bleaching of the plant leaves.?

24 The results show that leaves albinism occurred when
HPPD and PPO inhibitors are applied, further affecting
weed growth by reducing the content of chlorophyll.
Compared with traditional single-target drug de-
sign, multi-target drug acts on multiple targets in the same
body at the same time, producing synergistic effects on
each target.?” If a certain target is mutated, the drug will
maintain therapeutic efficacy by inhibiting other targets,
and avoiding drug resistance caused by single-target muta-
tions. Sorafenib is a multi-target drug that has been mar-
keted for the treatment of cancer by acting on metal-
lothionein 1G(MT1G), DNA methyltransferase 1 (NMT1),
Kriipple-like Factor 4(KLF4), and Carbonic anhydrase
9(CA9) in hepatocellular carcinoma.?® Virtual screening

of the dual FMS-like tyrosine kinase 3 (FLT3) and mito-
gen-activated protein kinase (MAPK)-interacting kinases
2 (MNK?2) inhibitor in the treatment of acute myeloid leu-
kemia was conducted by molecular docking methods and
cell experiments, the results showed that the obtained can-
didate K783-0308 exhibited inhibitory effect for the target
FLT3 and MNK2.?” Novel dual-target of HPPD and PDS
inhibitors were screened using pharmacophore models,
molecular docking and structure optimization.®
Pharmacophore models are collections of spatial and
electronic features, in continuous of our study on mul-
ti-target albino herbicides, HPPD and PPO multi-target
pharmacophore models were constructed and 1024513
small molecules were screened. Pharmacophore models
based on common characteristics of molecules (Hiphop)
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Figure 2. The workflow of multi virtual screening base on dual herbicide target.

and complex-based pharmacophore models (CBP) were
constructed respectively, molecular docking and molecu-
lar dynamics (MD) simulation were performed on candi-
date compounds. Finally, 8 potential compounds with in-
hibitory effects on HPPD and PPO were obtained. The
workflow of virtual screening based on the pharmacoph-
ore model is shown in Figure 2.

2. Experimental

2. 1. Database Collection and Preparation
1024513 Compounds were extracted from Bailing-
wei and Vitas-M (https://vitasmlab.biz) databases, and
screened according the Lipinski rules compounds. Com-
pounds were conformational optimized with Discovery
Studio (DS, Biovia Inc. San Diego, CA, USA, 2020), the 3D
database was built with the “Build 3D Database” module,
the conformation number was set to 200, and the BEST
method was selected for conformation generation.

2. 2. Generation and Verification of Hiphop
Pharmacophore Model and Virtual
Screening
The Hiphop pharmacophore was established in

“Common Feature Pharmacophore Generation model of

DS. According to the common characteristics of active

compounds, pharmacophore models were generated

based on the overlap of these common characteristics and

subsequently applied to virtual screening. Regarding HP-
PD, six commercial HPPD herbicides topramezone, pyra-
sulfotole, cypyrafluone, tolpyralate, fenpyrazone and tripy-
rasulfone were collected as the training set to construct
HPPD-Hiphop pharmacophore models, the physico-
chemical properties are listed in Table S1. All ligands were
set the MaxOmitFeat feature with 0 and Principal feature
with 2. Compound feature elements were selected using
the “Edit and Cluster Features” tool. The characteristic ele-
ments of hydrogen bond donor (HBD), hydrogen bond
acceptor (HBA), aromatic ring (AR) and hydrophobic
(HY) were selected to produce pharmacophore. Hiphop
pharmacophore was constructed using the “Common Fea-
ture Pharmacophore Generation” function in the “Create
Pharmacophores Automatically” module. The BEST was
selected to produce 10 pharmacophore and 200 conforma-
tions with a cut-off value of 10 kcal-mol-!. To test the reli-
ability of the pharmacophore model, the compounds re-
ported in literature on HPPD inhibitors and structures
that have no effect on HPPD were collected. 16 Active
compounds and 10 inactive compounds (Figure S1) were
collected as a testing set, the “Search, Screen and Profile”
module was used to evaluate the constructed Hiphop
pharmacophore match with the test set. Input File Phar-
macophores were loaded, and 10 pharmacophore models
were input. The Maximum Conformation number was set
to 200 and the Energy Threshold was set to 10.

In the same way as the construction process of the
pharmacophore model of HPPD, 6 commercial PPO herbi-
cides fluroximin, fomesafen, fluoroglycofen, lactofen, acif-
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luorfen and ethhoxyfen-ethyl were used as the training set
to construct the PPO-Hiphop pharmacophore model, the
physicochemical properties of six commercial PPO inhibi-
tors were shown in Table S2. The PPO pharmacophore con-
struction and validation were the same as that for HPPD
pharmacophore model. The PPO testing set consisted of 13
active compounds and 12 inactive compounds (Figure S2).
HPPD-Hiphop pharmacophore model was used to
screen the 3D database, and the remaining compounds
were screened by PPO-Hiphop pharmacophore model.

2. 3. Generation and Verification of CBP
Pharmacophore Model and Virtual
Screening

Different from the Hiphop model, the construction
of the CBP model was based on single receptor-ligand
crystal complex interaction, the number of training set
was fixed. To ensure the accuracy of the constructed CBP
model, a diverse set of active and inactive compounds
must be collected for rigorous validation. Arabidopsis
thaliana HPPD (AtHPPD) (PDB ID: 7X5Y) (resolution
1.50 A)'® and crystalline small compound were defined as
receptor and ligand, and the “Interaction Pharmacophore
Generation” module of DS was used to generate a CBP
pharmacophore model. Through a literature search, 47
Active compounds and 68 inactive compounds were col-
lected to validate the CBP pharmacophore model (Figure
S$3). Validation was set to True, Active Ligands were set to
All, Inactive Ligands were set to All and other parameters
were set to default. Commercial HPPD inhibitors included
triketone and pyrazole structure, and the active com-
pounds in the validation set were mainly composed of
these two structures. To examine the relationship between
the collected active compounds and inactive compounds,
principal component analysis (PCA) was employed to
analyze the chemical space. The molecular weight, number
of hydrogen bond donors and receptors, number of rotat-
able bonds and log p descriptors of the collected com-
pounds were used as input value.?®

The PPO-CBP pharmacophore model was con-
structed using the same protocol as for HPPD. Nicotiana
tabacum PPO (NtPPO, PDB ID: 1SEZ, resolution 2.90
A)? was selected to establish the CBP pharmacophore
model. The validation set of the PPO pharmacophore
model consisted of 19 active compounds and 43 inactive
compounds (Figure S4). The active compounds were dom-
inated by diphenyl ether structures.

2. 4. Molecular Docking

In order to ensure the accuracy of molecular docking
results, complex structures of plant origin with resolution
less than 2.0 A were selected for study. Mesotrione and oxy-
fluofen were used as positive controls, the AtHPPD (PDB
ID: 1TFZ) (resolution 1.8 A)* and NtPPO crystal structure

were downloaded from the PDB database for molecular
docking with compounds. Sequence information for 1TFZ
and 1SEZ is provided in Table S3. Proteins and ligands were
treated with DS and SYBYL-X 2.0. The unnecessary water
molecules and side chains of the Protein were removed, the
Protein was treated with “Prepare Protein” under the “Mo-
lecular” module in DS, the lost residues were supplemented,
and the position of the protein was added with the
CHARMm force field.>*!32 The Sketch module in SYBYL-X
2.0 was used to process compounds. Under the Tripos force
field, Gasteiger-Huckel charge was used to optimize the
molecules, the maximum iteration coefficient was selected
as 1000, and the energy convergence was 0.005 kcal mol™.

CDOCKER in DS “Receptor-Ligand Interactions”
module was used for molecular docking. The high temper-
ature dynamic rotation method was used to generate the
random ligand configuration, and then the lattice based
simulated annealing algorithm was used to optimize the
ligand configuration, using the “From Current Selection”
under the “Define and Edit Binding Site” module to define
the binding site of the protein around the ligand. The bind-
ing site size was set to 10A, other settings were default.>®
The AfHPPD binding site information was x: 45.937, y:
38.936, z: 51.499, and the NtPPO binding site information
was x: —39.832, y: —6.094, z: 28.669. Set the Dock Ligands
(CDOCKER) parameter to define the coordinates and ra-
dius of the docking site, and adjust the Pose Cluster Radius
parameter to 0.5 to maximize diversity in the docking con-
formations. After docking, the interactions between lig-
ands and proteins were analyzed and the top 10 conforma-
tional combinations with higher -CDOCKER_ENERGY
values were preserved.

2. 5. MD Simulation

MD simulation was commonly used to aid in the
study of dynamic atomic details, reveal the dynamics of
receptor-ligand interactions and explain the molecular
mechanisms behind them, allowing for a more accurate
and convenient assessment of the binding affinity of select-
ed compounds.®*~*¢In order to verify the stability of bind-
ing between the screening results and proteins, MD simu-
lation was further tested by using Desmond module of
Schrodinger software. Biological macromolecules mostly
used the water model, after the structure of the complex
was optimized, the system was constructed by a simple
point charge (SPC) water model and the ligand-protein
complex was placed in a regular hexahedral box filled with
water molecules.?’=3° To ensure the simulation system was
neutral, appropriate counterbalance ion neutralization
was added. With the parameters set under the Molecular
Dynamics module, the complex was simulated for 100 ns
at 298 K temperature and 1.01 bar pressure. In addition,
the maximum interaction was set to 2000, the convergence
threshold was set to 1.0 kcal mol~! A~1, and the OPLS_2005
force field was used to minimize the energy of the complex
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system.? The steepest descent and limited memory
Broyden Fletcher Goldfarb Shanno algorithm minimize
system energy with 5000 steps until it reached the gradient
threshold of 25 kcal mol~! A-!. Mesotrione and oxyfluofen
were used as positive control groups in MD simulation.
After the simulation, RMSD of protein skeleton, residues
around ligands and binding pockets, and ligand heavy at-
oms were analyzed for the equilibrium state and stability
of the complex. RMSD of the backbone was the main in-
dex to evaluate the stability of the system.

The Desmond module of Schrédinger software was
selected to calculate the molecular mechanics/generalized
born surface area (MM/GBSA) for the compounds, the
binding free energy (AGy;,;) was divided into molecular
mechanical terms and solvation energy, respectively, re-
flecting the degree of binding between compounds and
proteins. Al 42

3. Results and Discussion

3. 1. Hiphop Pharmacophore for Virtual
Screening

All of the ten pharmacophore models generated ac-
cording to the HPPD training set had six characteristic
elements and ranked above 85, which proved the reliability
of the pharmacophore models, as shown in Table 1. By
matching the HPPD-Hiphop pharmacophore models with
the training set, the hydrogen bond receptors were nearby
the oxygen and nitrogen atoms of the training set, the aro-
matic ring center was formed at the benzene ring, and the

e
o

Properties

hydrophobic characteristics could be found at the methyl
of the compounds (Figure S5). To ensure the accuracy of
the pharmacophore models, the Hiphop pharmacophore
models were verified through the testing set (Figure 3(a)).
The pharmacophore models could well recognize the ac-
tive and inactive compounds, and HPPD-Hiphop phar-
macophore models-02, 03 and 05 were more effective than
other models. The Hiphop pharmacophore model-02 had
a score of 89.143, was selected for further screening (Fig-
ure 3(b)). The pharmacophore signature elements includ-
ed 1 aromatic ring center, 1 hydrophobic feature, and 4
hydrogen bond receptors.

Table 1 Result parameters of HPPD-Hiphop pharmacophore model.

Num- Features Rank Direct Partial Max
ber Hit Hit Fit
01 RHAAAA 91.10 111111 000000 6
02 RHAAAA 89.14 111111 000000 6
03 RHAAAA 89.14 111111 000000 6
04 RHAAAA 88.67 111111 000000 6
05 RHAAAA 88.42 111111 000000 6
06 RHAAAA 88.26 111111 000000 6
07 RHAAAA 88.25 111111 000000 6
08 RHAAAA 87.84 111111 000000 6
09 RHAAAA 87.84 111111 000000 6
10 RHAAAA 87.83 111111 000000 6

Rank: Indicates the fit values of the pharmacophore.

Direct Hit: indicates the match between the pharmacophore and the
training set molecule.

Partial Hit: indicates the number of pharmacophore features that
match the training set molecule.

Max Fit: indicates the matching of pharmacophore features.
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Figure 3. HPPD-Hiphop pharmacophore. (a) The heat map of the 10 hypotheses in the test; (b) The matching of pharmacophore model-02 with
tripyrasulfone, the color of pharmacophore features RA, HY and HBA are represented by orange, blue and green, respectively. RA: The aromatic ring
needs to be defined by two parameters: one parameter was the spatial position of the aromatic ring and the other parameter was the direction of the
aromatic ring plane vector. HY: The hydrophobic center need not be represented by a vector. HBA: Hydrogen bond interaction has a clear directivi-
ty, and two points are used to describe hydrogen bond characteristics. One point represents the spatial position of the heavy atom in the hydrogen
bond feature, and the other point represents the vector direction of the hydrogen bond acceptor.
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Ten PPO pharmacophore models were generated
ranking above 95 and had six characteristic elements, 2 ar-
omatic ring centers, 2 hydrophobic characteristics and 2
hydrogen bond receptors, as shown in Table 2. The match-
ing between the training set and the PPO-Hiohop phar-
macophore models showed that the benzene ring in the
compound produced the aromatic ring center, and the hy-
drogen bond receptor was formed nearby the oxygen at-
om. The hydrophobic features were observed between me-
thyl and fluorine atom (Figure S6). Consistent with the test
method of HPPD, according to the rank and the matching
between the testing set and pharmacophore (Figure 4(a)),
Hiphop pharmacophore model-01 was finally selected for
subsequent screening, which included 2 aromatic ring
centers, 2 hydrophobic features and 2 hydrogen bond re-
ceptors (Figure 4(b)).

Table 2 Result parameters of PPO-Hiphop pharmacophore model.

Num- Features Rank Direct Partial Max
ber Hit Hit Fit
01 RRHHAA 96.17 111111 000000 6
02 RRHHAA 96.17 111111 000000 6
03 RRHHAA 96.16 111111 000000 6
04 RRHHAA 96.16 111111 000000 6
05 RRHHAA 96.15 111111 000000 6
06 RRHHAA 96.12 111111 000000 6
07 RRHHAA 95.96 111111 000000 6
08 RRHHAA 95.96 111111 000000 6
09 RRHHAA 95.40 111111 000000 6
10 RRHHAA 95.40 111111 000000 6

Rank: Indicates the fit values of the pharmacophore.

Direct Hit: indicates the match between the pharmacophore and the
training set molecule.

Partial Hit: indicates the number of pharmacophore features that
match the training set molecule.

Max Fit: indicates the matching of pharmacophore features.
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3. 2. CBP Pharmacophore for Virtual

Screening

As for the PCA of compounds (Figure 5(a)), the data
of active compounds and inactive compounds was distrib-
uted widely. There was a clear separation between the two
groups, which could be used to validate the model. The ten
generated HPPD pharmacophore models have more than
five characteristic elements and the area under the curve
(AUC) value was above 0.7, as shown in Table 3. Accord-
ing to the AUC value, the HPPD-CBP-01 model (AUC =
0.976) was selected for virtual screening. The HP-
PD-CBP-01 contained aromatic ring centers, the hydrogen
bond receptor and the hydrophobic group. Hydrogen
bond acceptor was located at the oxygen atom, the
six-membered ring center and the methyl group generated
the hydrophobic feature (Figure 5(b)). The receiver oper-
ating characteristic curve (ROC) was used to verify the
ability of the HPPD-CBP pharmacophore model to distin-
guish between active and inactive compounds, the accura-
cy of the CBP pharmacophore model was evaluated by
AUC value, and ROC curves of ten CBP pharmacophore
models were shown in Figure S7(a).

PCA was performed for PPO active compounds and
inactive compounds, as shown in Figure 6(a), the spatial
distribution of compounds was wide, active compounds
and inactive compounds were distributed on two sides,
with a clear demarcation line, the constructed model was
verified by a test set. In ten PPO-CBP pharmacophore
models, PPO-CBP-01 and PPO-CBP-02 included six char-
acteristic elements, and the remaining models included
five characteristic elements. According to the AUC values
(Table 4), CBP pharmacophore models was selected for
virtual screening. PPO-CBP-04 contained 2 hydrogen
bond receptors, 2 hydrophobic features and 1 Harom (Fig-
ure 6(b)). Figure S7(b) shows the ROC of ten CBP phar-
macophore models.

(b)

Figure 4. PPO-Hiphop pharmacophore. (a) The heat map of the 10 hypotheses in the test; (b) The matching of pharmacophore model-01 with
lactofen, the color of pharmacophore features RA, HY and HBA are represented by orange, blue and green, respectively. RA: The aromatic ring needs
to be defined by two parameters: one parameter was the spatial position of the aromatic ring and the other parameter was the direction of the aro-
matic ring plane vector. HY: The hydrophobic center need not be represented by a vector. HBA: Hydrogen bond interaction has a clear directivity,
and two points are used to describe hydrogen bond characteristics. One point represents the spatial position of the heavy atom in the hydrogen bond
feature, and the other point represents the vector direction of the hydrogen bond acceptor.
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Table 3 Result parameters of HPPD-CBP pharmacophore model.

Number TP TN FP FN SE Sp AUC Features

01 45 68 1 2 0.96 0.98 0.98 AAHHRR

02 42 66 3 5 0.89 0.96 0.94 AAHHRR

03 45 68 1 2 0.96 0.98 0.98 AAHHRR

04 43 66 3 4 0.91 0.96 0.95 AAHHRR

05 47 52 17 0 1.00 0.75 0.91 AAHHHaromR
06 45 53 16 2 0.96 0.77 0.89 AAHHHaromR
07 47 53 16 0 1.00 0.77 0.89 AAHHHaromR
08 46 54 15 1 0.98 0.78 0.90 AAHHHaromR
09 32 59 10 15 0.68 0.86 0.75 DHHRR

10 32 59 10 15 0.68 0.86 0.75 DHHRR

TP: true positive; TN: true negative; FP: false positive; FN: false negative; SE: sensitivity; SP: specificity.
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Figure 5. (a) PCA of active compounds and inactive compounds of HPPD; (b) The matching of pharmacophore model-01 with crystalline small

compound.

Table 4 Result parameters of PPO-CBP pharmacophore model.

PC1

Number TP TN FP FN SE SP AUC Features

1 15 43 0 4 0.79 1.00 0.89 AAFFHalHarom
2 17 43 0 2 0.89 1.00 0.95 AAFFHalHarom
3 17 43 0 2 0.89 1.00 0.95 AAFFHal

4 18 43 0 1 0.95 1.00 0.97 AAFFHarom

5 18 42 1 1 0.95 0.98 0.97 AAFFHalHarom
6 18 42 1 1 0.96 0.98 0.97 AAFFHalHarom
7 17 43 0 2 0.89 1.00 0.95 AAFFHal

8 18 43 0 1 0.96 1.00 0.97 AAFFHarom

9 18 43 0 1 0.96 1.00 0.97 AAFFHalHarom
10 18 43 0 1 0.96 1.00 0.97 AAFFHalHarom

TP: true positive; TN: true negative; FP: false positive; FN: false negative; SE: sensitivity; SP: specificity

3. 3. Pharmacophore Virtual Screening

Before the virtual screening, the database was pre-
processed. 1024513 Compounds, extracted from Bailingwei
and Vitas-M databases, were screened according to the Li-
pinski principle: MW < 500, HBD < 5, HBA < 10, log p < 5,
RB < 10. 498843 screened compounds were used to create a

3D database for the future investigations. HipHop pharma-
cophore model and CBP pharmacophore model were used
to screen the compounds, and the intersection compounds
of the two models were selected for further study.

83042 Compounds were screened through the Hiphop
pharmacophore of HPPD-02, and the hit compounds were
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Table 5 FitValues of compounds and pharmacophore model.

Name Structure FitValue® FitValue® FitValue® FitValued
Compound49317 i ﬁ; 3.29 3.73 3.28 291
g
F_<() g N O
¥ L= 0
I
Compound10674 Q | 3.01 3.62 3.01 2.57
(o]
F o
SK'N\/JLN’Q:O
% i i
Compound35215 3.11 3.36 2.89 2.50
Compound1555 3.15 3.49 3.47 2.12
STOCKIN-41398 7“%3 3.15 3.1491 3.35 2.64
T = ]
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[ Lo
STOCKIN-67214 > “; 3.06 3.69 3.18 2.64
N »
e
o] 0
STOCKIN-57851 "‘NJ'LN “T)L\’/\‘ 3.19 3.25 2.52 2.58
ISSSe
L0
STOCKIN-40313 3.59 3.36 3.55 2.51

a: Hiphop-HPPD FitValue; b: Hiphop-PPO FitValue; c: CBP-HPPD FitValue; d: CBP-FitValue
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sent to the PPO-01 pharmacophore model, finally, 3571
compounds were obtained with the FitValue greater than 2.
The CBP pharmacophore virtual screening was similar to
Hiphop model. HPPD-01 was employed to screen 498843
compounds, 58300 compounds could hit the pharmacoph-
ore model, the hit compounds were filtered the PPO-04
model, 164 compounds were matched to the model. Finally,
8 cross-compounds were obtained by Hiphop model and
CBP model, the FitValues were shown in Table 5.

ADMET properties play a crucial role in drug dis-
covery for the druggability and safety. ADMET predic-

tions were performed to evaluate the solubility and safety
profiles of the selected compounds. The DS "Calculate Mo-
lecular Properties” module under the "ADMET Descrip-
tors" function was used for ADMET prediction, set evalu-
ation option while maintaining default other Settings. The
molecular properties (Table S4) and ADMET predictions
(Table S5) of the selected compounds showed satisfactory
results. It was evident from the predictions that all com-
pounds exhibited good solubility. In addition, based on the
CYP2D6 binding value, none of the 8 compounds showed
inhibition CYP2D6, indicating their potential to avoid ab-

Table 6 The structure and evaluation of the potential compounds.

Compound Structure -CDOCKER ENERGY-HPPD -CDOCKER ENERGY-PPO
(kcal/mol) (kcal/mol)
Natural ligand 15.61 4.72
Negative compound (1 \-1(/‘ 5.49 3.84
Mesotrione 19.70 -
Oxyfluofen N - 18.52
Compound49317 {_/H‘W‘E‘.J 32.75 19.07
ol N A o
i v [ -
I
Compound10674 f\ﬂ - 34.14 25.48
(S WYL
.,-\l\" il “I\i' e r‘)
Compound35215 ke 14.54 14.39
4] w? J
D A“j’ﬂ“'\."kv
“'/\“’ o' 1S ?\T}
Compound1555 _\\ 36.73 25.58
¥ _
4
="
STOCKIN-41398 _“% y 24.87 24.15
’—> o (’_, 55‘
\“d}fu\_\
W
STOCKIN-67214 % 3221 14.48
o ]?}ﬁfuh.\_g \
STOCKI1N-57851 34.61 34.81
STOCKI1N-40313 ) 43.74 36.63
0
0””\ ocl
_\—{n I
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normal blood concentration due to CYP2D6 inhibition. procedure, and the natural ligand was extracted for hydro-
Additionally, the binding form and stability of these 8 genation and energy minimization. As shown in Figure S8,
compounds were conducted. the redocking ligand (brown) and the natural ligand (blue)

almost completely overlapped, the RMSD values between
HPPD, PPO and the natural ligand were 0.599 and 0.892,
indicating that the CDOCKER procedure was reliable.

To test the binding mode of the 8 hit compounds to Eight compounds were docked with 1TFZ and 1SEZ,
the target, the CDOCKER program in DS was carried out, the results were analyzed according to the -CDOCKER
retenting the result of a high CDOCKER ENERGY value. ENERGY value. As shown in Table 6, for HPPD, the -
Before the molecular docking, the natural ligand was re- CDOCKER ENERGY was higher than that the natural li-
docked to protein to verify the reliability of the docking gand except Compound35215. In PPO, the results of all

(b)

3. 4. Molecular Docking

PIT-T0T

PHE-360

©)

PHE-360

HIS-287

GIN-35H

LEU-244

B Puraos

Figure 7. CDOCKER docking results of AfHPPD. (a) Compound49317; (b) Compound10674; (c) Compound35215; (d) Compound1555; (e)
STOCK1N-41398; (f) STOCK1N-67214; (g) STOCKIN-57851; (h) STOCK1N-40313 interact with receptor-ligand at the active site of AftHPPD.
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compounds were superior to the natural ligand. The com-
mercial herbicides mesotrione and oxyfluofen were select-
ed for molecular docking with AfHPPD and NtPPO, and it
was found that except Compound35215, the ~-CDOCK-
ER_ENERGY of the other 7 compounds were superior to
the commercial herbicides. The docking results of negative
compound showed that all compounds had good docking
results, which were higher than negative compound.

The interactions between HPPD and ligands were
shown in Figure 7. All the 8 compounds could chelate with
the metal Fe(IT). Compound49317, Compound10674, and

o=

(e)

Yo

PIE-392

STOCKIN-57851 formed bidentate combination. The hot
spot residues Phe403 and Phe360 binded to the benzene
ring via m-m interaction. Phe398 binded to ligands in two
ways, one was the m-mt interaction with the aromatic rings
of Compound49317, STOCKIN-41398, STOCKIN-

67214 and STOCK1N-40313, another way of binding was
to hydrogen bond interactions with the hydrogen atoms of
Compound10674, Compound1555, STOCKIN-41398,
STOCKIN-57851, and STOCK1N-40313. In addition to a
metal ligand, Phe403, Phe398, and Phe360, the formation
of interactions between ligands and other residues (His287,

Figure 8. CDOCKER docking results of NtPPO. (a) Compound49317; (b) Compound10674; (c) Compound35215; (d) Compound1555; (e)
STOCK1N-41398; (f) STOCKIN-67214; (g) STOCKIN-57851; (h) STOCK1N-40313 interact with receptor-ligand at the active site of NtPPO.
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Phe360, Phe371, Met314) was also beneficial to improve
the binding stability of the compound to the target, which
enhanced the inhibition effect.

The interactions between PPO and ligands were
shown in Figure 8. There were hydrogen bond interactions
with Arg98 and oxygen atoms in 8 ligands, and n-m inter-
actions with Phe392 and aromatic rings, all ligands pro-
duced m-alkyl interactions with Leu372. The n-w interac-
tion was observed in STOCKIN-41398 and
STOCKIN-57851 with Phe439, and the mn-alkyl interac-
tion was identified in Compound10674, Compound35215,
STOCKI1N-67214 and STOCK1N-40313 with Phe439. By
molecular docking analysis with AtHPPD and NtPPO, it
was found that all compounds could bind to the key resi-
dues of two targets, and obtained similar docking scores
with commercial herbicides.

3. 4. MD Simulation

The MD simulation was employed to verify the sta-
bility of the binding of the compound to the protein. The
simulation time was set at 100 ns, and a stable system was
obtained. The results were expressed using the root-mean-
square deviation (RMSD), which included the Ca atom of
the protein backbone, the heavy atom of the ligand, and
the active pocket of the residues around the ligand. As
shown in Figure 9(a)(b)(c), in the process of binding with
HPPD, Compound35215 fluctuated at the first 10 ns and
stabilized after 20 ns. Compound49317, Compound10674
and STOCKIN-57851 did not fluctuate significantly after

15 ns. Compared with the natural ligand in 1TFZ, the
RMSD of STOCKIN-40313, STOCKIN-41398 and Com-
pound35215 were similar as the native ligand. The RMSD
values for Compoundl10674, Compound35215, Com-
pound49317, STOCKIN-57851, and STOCKIN-67214
were comparable to those of commercial herbicides. In
contrast, the RMSD values for Compound1555, Com-
pound40313, and Compound41398 were lower than those
observed for mesotrione. 8 Compounds maintained good
stability during MD simulation. As shown in Figure 9(d)
(e)(f), STOCKIN-57851, STOCKIN-41398 and STOCK-
IN-40313 kept stable after 15 ns with the PPO protein. 3
Compounds showed lower RMSD than natural ligand.
Compound10674 and STOCKIN-67214 began to level off
after 40 ns. Exception of Compound 35215, the RMSD val-
ues for the other seven compounds were comparable to
those of the commercial herbicide oxyfluofen. All com-
pounds tended to stabilize after a certain period of time,
which proved that the screened compounds could stably
bind to the target. In HPPD and PPO targets, the screened
compounds showed good stability in MD simulation,
which further indicated that the screened compounds
could form stable structures with the targets.

As shown in Figure S9, the residues Phe403, Glu373,
Phe398, His287, Phe360 and His205 in HPPD contributed
significantly to the protein binding process of the natural
ligand, Compound49317, Compound10674 and STOCK-
IN-57851. Similar to HPPD analysis, in the binding pro-
cess of PPO to ligand, Phe392, Leu372, Leu356 and Arg98
contributed greatly, these residues were the key residues of
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-
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Figure 9 (a) AtHPPD-RMSD of skeleton Ca atom; (b) AfHPPD-RMSD of the heavy atom of the ligand; (¢) AfFHPPD-RMSD of the protein active
pocket with 5 A residues around the ligand. (e) NtPPO-RMSD of skeleton Ca atom; (f) RMSD of the heavy atom of the ligand; (g) RMSD of the

protein active pocket with 5 A residues around the ligand.
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PPO protein. In addition to key residues, Thr68 and
Phe439 also played key roles in MD simulation.

The acceptor-ligand binding free energy (AGy;,,)
was calculated using the MM/GBSA method. Table 7 gave
the parameters of AGy;,s, AGy,q coulomb, AGy,;,; Hbond,
AGbind Lipo and AGy;,; vdW. The AG,,;,4 value reflected
the degree of binding between the compound and HPPD.
Among the 8 compounds, AGy,;,; Covalent was positive
values, indicating that AGy,;,; Covalent formed negative ef-
fect on protein binding, and the calculated values of AGy,;,y
Lipo and AG;,; vdW were both negative, according to the
parameters, it was concluded that AGy;,; Lipo and AGy;,4
vdW were the main contributors of binding free energy.
The AGy;,  values of STOCKIN-57851, STOCKIN-40313
and STOCKI1N-67214 were —41.03 kcal mol-!, -26.14 kcal
mol!and-24.75kcalmol ™!, respectively. STOCK1N-57851
showed the greatest binding force with the protein. AGy;,y
Coulomb was -38.37 kcal mol™!, AGy,;,; Hbond was -0.75
kcal mol! and AGy,,; Lipo was —24.87 kcal mol™!, AGy;,4
vdW was -48.05 kcal mol™!. According to the residue con-
tribution degree and binding free energy, the compound
had the potential to be an inhibitor of HPPD.

As shown in Table 8, similar as the HPPD complex,
most of the AG,;,,; Covalent in 8 compounds were mostly
positive, which had a negative effect on protein binding.
Gying Lipo and AGy;,; vdW were major contributors to
binding free energy. The AGy;,; values of STOCKIN-57851,
STOCKIN-40313 and STOCK1N-41398 were —73.20 kcal
mol™!, -52.53 kcal mol™! and -57.40 kcal mol~!, respec-
tively. The AGy,; vdW of STOCKIN-57851 and
STOCKI1N-40313 were —48.05 kcal mol™! and -46.54 kcal

mol™!, respectively. The results confirmed that
STOCKI1N-57851 had good binding ability for both HP-
PD and PPO.

4. Conclusion

In summary, based on commercial inhibitors and
crystalline complexes of two herbicide targets enzyme
(HPPD and PPO), Hiphop pharmacophore and CBP
pharmacophore models were constructed for screening,
respectively. Eight potential molecules were obtained for
further molecular docking, ADMET prediction, dynamics
studies and binding free energy calculation. All the eight
compounds matched with AftHPPD and NtPPO well. The
selected ligands were in line with drug formation and had
the advantages of low toxicity and no pollution, which
were in accord with the current concept of developing
green pesticides and had the potential to become double
target herbicides. STOCKIN-57851 interacted with the
key residues Arg98, Phe392, Leu372 and Phe439 in PPO
active site, blocking the synthesis of chlorophyll. For
HPPD receptor, in addition to interacting with the key res-
idues, it also formed bidentate combination with Fe(II), by
occupying the active site. This compound prevented HP-
PD from participating in the biosynthesis of plastoqui-
none and tocopherol in plants, thereby inhibiting photo-
synthesis. In general, STOCK1N-57851 was regarded as a
promising potential dual-target inhibitor of HPPD and
PPO, providing valuable insights for the design of novel
molecular frameworks.

Table 7 HPPD-Contribution of various energy components to binding free energy (kcal mol™!).

Compound AGyig  AGygCoulomb  AGy;, Covalent  AGy, Hy,q  AGyi,g Lipo AGpiugvdW
STOCKIN-57851 -41.03 -38.37 8.82 -0.75 -24.87 -48.05
Compound35215 -19.21 -9.06 9.32 -0.68 -24.62 -44.61
Compound49317 -6.13 -25.56 1.18 -0.04 -15.09 -49.95
Compound10674 -18.48 -49.48 7.58 0.06 -18.40 -41.38
STOCKIN-40313 -26.14 -18.88 8.60 0.015 -23.12 -46.54
STOCKIN-41398 -13.17 -38.47 11.75 -1.21 -21.46 -40.97
Compound1555 -14.74 -24.75 4.95 -0.04 -22.91 -45.11
STOCKIN-67214 -24.75 -46.54 9.074 -1.64 -23.89 -45.37
Table 8 PPO-Contribution of various energy components to binding free energy (kcal mol™!).
Compound AGbind AGbind Coulomb AGbind Covalent AGbind Hbond AGbind LipO AGbind vdW
STOCKIN-57851 -73.20 -9.00 6.64 -1.09 -28.73 -55.94
Compound35215 -62.33 -19.49 -1.63 -1.62 -20.46 -46.59
Compound49317 -64.99 10.45 3.92 -0.62 -14.752 -56.75
Compound10674 -46.15 -12.52 2.96 -2.11 -10.45 -44.71
STOCKIN-40313 -52.53 -0.477 10.04 -1.09 -18.77 -54.96
STOCKIN-41398 -57.40 -12.99 6.15 -0.99 -21.82 -49.68
Compound1555 -57.64 -12.06 1.58 -2.19 -19.085 -49.53
STOCKIN-67214 -64.28 -8.26 8.64 -0.02 -25.80 -60.66
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Povzetek

Razvoj in identifikacija herbicidov z dvojno tar¢o je eden izmed glavnih pristopov za reSevanje problema odpornosti
plevela. Protoporfirinogen oksidaza (PPO) in p-hidroksifenilpiruvat dioksigenaza (HPPD) sta dve pomembni tar¢i v fo-
tosintezi rastlin. V nasprotju s tradicionalnim nac¢rtovanjem zdravil, ki temeljijo na eni sami tar¢i, se ta tudija osredotoca
na oblikovanje zdravil z dvojnim u¢inkom na HPPD in PPO. Hiphop farmakoforni modeli za tar¢i HPPD in PPO so
bili izdelani z uporabo komercialnih pesticidov, farmakoforni modeli CBP pa so bili napravljeni na podlagi proteinskih
kompleksov. Z uporabo farmakofornih modelov smo pregledali ve¢ milijonov molekul, izmed katerih smo jih izbrali 8.
Kandidatne spojine so tvorile kelate z Zelezom (Fe II) v HPPD in vypostavile stabilne nt-m interakcije s klju¢nimi ostan-
ki v aktivnem mestu HPPD. Vecina spojin je tvorila vodikove vezi in n-n interakcije z ostanki v PPO. V kombinaciji z
vecstopenjskim vizualnim presejalnim postopkom smo pridobili potencialne spojine z zaviralnim uc¢inkom na obe tar¢i.

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

Bleaching is a crucial step in oil refining that removes unwanted pigments and oxidative products, which degrade oil
quality. This study evaluated the effects of temperature (75-115 °C), adsorbent concentration (1-3 wt%), and time (20—
40 minutes) on sunflower oil bleaching using a Box-Behnken factorial design in Minitab 21. Responses were divided into
two groups: (I) peroxide value and spectroradiometric-based chroma and hue-angle, and (II) peroxide value and spec-
trophotometric-based bleaching efficiency. Under optimal conditions (approximately 78 °C, 2.95 wt% adsorbent, and 20
minutes), peroxide value decreased from 1.8 meq/kg to 0.398 meq/kg, chroma reduced from 45.89 to 9.61, hue-angle
increased from 92.69 to 105.55, and bleaching efficiency reached 71.86%. Composite desirability was higher in the first
group (0.97 vs 0.89), primarily due to the more objective nature of spectroradiometric parameters (hue-angle and chro-

ma).

Keywords: Oil bleaching, Optimization, Response Surface Method, Sunflower oil

1. Introduction

Global consumption of sunflower oil exceeds 20 mil-
lion tons per year; therefore, there is a growing demand
for high-quality oil products.! Bleaching is a crucial step
in the edible oil refining process, as it removes unwant-
ed pigments and oxidation products that deteriorate the
oil's quality.>* Crude sunflower oil contains various com-
ponents such as phospholipids, metals, phytosterols, caro-
tene, tocopherols, and tocotrienols. As a result,, a refining
process is necessary to transform crude oil into an edible
product that is odorless, tasteless, and oxidatively stable,
which is preferred by consumers.>%”

Adsorption processes are particularly important in
refining because they effectively remove most of the con-
taminants found in crude edible 0il.®® Suitable adsorbents
can sequester oxidation products, pigments, the trace met-
als, and residues of phospholipids and soaps, which great-
ly improve the oxidation stability and sensory quality of
the 0il.!? The color improvement results from the removal
of organic compounds such as carotenoids, particularly

B-carotene and their derivatives, xanthophylls, chloro-
phylls, pheophytins, tocopherols, gossypol, and their deg-
radation products. These compounds can contribute to an
undesirable color to oil."!

In the process of removing unwanted pigments and
oxidative compounds from neutralized oil, various adsor-
bents-such as bleaching earth, activated carbon, zeolites,
silica gel, and activated alumina-are used due to their
neutral effect on the beneficial properties of the oil.121314
Among these, bleaching earth is preferred because of its
high adsorption capacity for color pigments and low ini-
tial cost.!® In industrial conditions, edible oil is most often
bleached with commercial bentonite or montmorillonite
adsorbents (bleaching earth) in concentrations of 0.5-3.0
wt% of the oil mass, at temperatures between 90 °C and
120 °C and at a contact time of 15-60 min, depending on
whether it is a batch or continuous flow.!>15

Bleaching earth physically adsorbs some pigments,
while others are chemically bound via covalent or ionic
bonds. The acidity of the bleaching earth correlates with
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its pigment adsorption capability. Acid-activated bleach-
ing earth serves multiple functions, such as a solid cata-
lyst, adsorbent, cation exchanger, and filter, whereas neu-
tral bleaching earth primarily serves as an adsorbent.!® In
addition to the adsorption characteristic of the bleaching
earth, temperature and contact time are also critical pro-
cess parameters throughout the bleaching process.

Recently, Response Surface Methodology (RSM) has
emerged as an effective tool for process optimization.>!”
The main objective of the RSM is to identify optimal
process conditions. The application of statistical design
techniques can increase efficiency and bring output clos-
er to nominal values, minimizing variation, modification
time, and overall cost.!>!8 Digital tools such as real-time
process monitoring and machine learning algorithms for
predictive control are also being used to optimize process-
es.192921 For the bleaching of edible oils, ultrasonically
assisted bleaching and microwave activation of adsor-
bents have been explored. In addition, nanostructured or
modified bioadsorbents are used in continuous process,
enabling faster diffusion of undesirable compounds and
reducing adsorbent consumption while maintaining high
oil quality.?>?* Recently, waste shells, rich in calcium car-
bonate, have emerged as a promising low-cost biomaterial
for neutralizing and potentially bleaching vegetable oils.?*

The aim of this research is to optimize the process
parameters in the sunflower oil bleaching process using
a Box-Behnken factorial design. The effect of temper-
ature, adsorbent concentration, and contact time on the
oil's chroma, hue-angle, bleaching efficiency, and perox-
ide value will be evaluated. The responses are divided into
two main assessment groups: (I) hue-angle, chroma and
peroxide value, and (II) bleaching efficiency and peroxide
value. Response variables in previous oil-bleaching stud-
ies have included chroma, hue angle and peroxide value,
or bleaching efficiency and peroxide value, but none have
directly compared these two groups. The primary goal of
the study is to determine which group of responses give
more reliable and objective results. The findings of this re-
search have a practical application in the industry because
they enable more rational use of adsorbents and energy,
ultimately reducing production costs and improving the
quality of the final product.

2. Experimental
2. 1. Materials

In this work, degummed and neutralized unrefined
sunflower oil was used, which was obtained from the oil
refinery "Bimal" d.d. Br¢ko (Bosnia and Herzegovina). To
prevent unwanted oxidation prior, the oil was stored in a
plastic bottle wrapped with aluminum foil and kept in a
dark place. Commercial bleaching earth (Bimal, Brcko,
Bosnia and Herzegovina) was used as an adsorbent for oil
bleaching.

To enhance the adsorption capacity of the bleaching
earth, a two-step pretreatment process was employed:

+ Sieving: The bleaching earth was sieved using a 36 um
sieve to eliminate dust particles, which could form sta-
ble emulsions with oil.

o Acidactivation: The sieved earth was treated with sul-
furic acid (Gram-mol, Zagreb, Croatia) in a 1:3 ratio
(w/w) for 3 hours at 85 °C under continuous stirring.
The activation process was performed in a digester,
which was a closed system, without evaporation, line
with laboratory safety protocols. The goal of the acid
activation was to increase the specific surface area and
porosity of the adsorbent, thereby improving its ad-
sorption properties.!>?°

2. 2. Sunflower Oil Bleaching

The neutralized sunflower oil was initially heated to
the desired temperature (Factor A, Table 1). The temper-
ature was maintained at a constant level throughout the
process using a magnetic stirrer (uniSTIRRER 3) with an
integrated heater and automatic temperature controller
(LLG Labware, Meckenheim, Germany). Following this,
the acid-activated bleaching earth (Factor B) was added.
A mixing speed of 450 min~" was chosen based on prelim-
inary tests and literature, as it ensured sufficient disper-
sion of the bleaching earth particles within the oil matrix
without the formation of emulsions or phase separation.?
Bleaching was carried out for the predeterminated cont-
ant time (Factor C), after which the mixture was cooled
to room temperature. The oil was then separated from the
residual bleaching earth using a Centric 322A centrifuge
(Domel, Zelezniki, Slovenia) at 5000 rpm for 10 minutes.
To further minimize oxidative degradation, the bleached
oil was packaged in tightly sealed bottles lined with alu-
minum foil to reduce exposure to air (oxygen). To fur-
ther limit oxidative degradation, storage was maintained
at room temperature and sources of heat and light were
avoided.

2. 3. Methods

The following methods were used to characterize the
oil: determination of peroxide value, spectrophotometric
determination of bleaching efficiency and spectroradi-
ometric determination of hue-angle and chroma.

The peroxide value represents the primary oxidation
status of the oil, and the standard method ISO 3960:2017
was used for its determination.”” The method is based on
the titration of oil sample, which was previously diluted
with a mixture of acetic acid (Lachner, Neratovice, Czech
Republic) and chloroform (Macron Fine Chemicals, Rad-
nor, Pennsylvania, US), followed by the addition of potas-
sium iodide (Gram-mol, Zagreb, Croatia). The liberated
iodine was then titrated with a standardized sodium thio-
sulfate solution (Semikem, Sarajevo, Bosnia and Herzego-
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vina). The results are expressed as milliequivalents per kg
of oil (meq/kg).

The bleaching efficiency was determined following
the method by Nwabanne and Ekwu.!? The oil samples
were first poured into a 10 mm cuvette and the absorbance
was measured at a wavelength of 450 nm on a Shimad-
zu 1800 spectrophotometer (Agilient Technologies, Santa
Clara, California, United States) with hexane as a blank.
The sensitivity of the device was £0.001 AU (absorbance
unit), and the calibration was performed using certified
reference standards in the UV-VIS range (Starna Scientif-
ic, Ilford, UK). The efficiency of bleaching was calculated
according to the following formula:

(4-4)
y 100 (1)

)

Bleaching efficiency (%) =

where:
A, - absorbance of the raw, neutralized sunflower oil and
A - absorbance of bleached sunflower oil.

Spectroradiometry was used to measure the color
of the samples. Compared to spectrophotometry, spect-
roradiometry captures the entire visible spectrum, mak-
ing it more efficient for the analysis of cloudier samples
and provides non-subjective measurements.?® Oil analysis
was performed in cuvettes (10 mm-10 mm-50 mm) using
a Conica Minolta CM-5 (Conica Minolta, Tokyo, Japan),
which measured the entire visible color spectrum. From
the spectral measurements, the CIELAB color coordi-
nates: a* and b*, and the psychometric light index L were
derived. The parameter a* has a positive value for reddish
samples and a negative value for greenish samples, while
b* has a positive value for yellowish samples and a neg-
ative value for bluish samples. L is an estimate of relative
brightness (luminosity) and according to this parameter,
each color can be considered equivalent to a member of
the grayscale, ranging from black (L = 0) to white (L =
100). The hue-angle (h) and chroma (C*) parameters can
be derived from the values of a* and b* via the following
equations, respectively:

pean (2] @)

C=|(a) +(#) ®3)

Hue-angle is the value according to which colors are
traditionally categorized into red, green, yellow and others.
The chroma value is related to a quantitative attribute of a
color and allows for each hue-angle to determine the degree
of difference compared to gray color with the same lightness.

2. 4. Experimental Design

Experimental design and statistical analysis were
performed in MINITAB 21 (software version 21.1.1.0)
with the Response Surface Method (RSM).

A Box-Behnken experimental design (BBD), a form
of Response Surface Method, was applied to determine the
influence of three experimental factors: temperature (A),
bleaching earth concentration (B), and contact time (C)
on the output variables (Responses) (Table 1).

Table 1. Coded and actual levels of independent variables used in
the RSM design for bleaching sunflower oil.

Symbol  Independent Levels
variables -1 0 1

A Temperature [°C] 75 95 115

B Bleaching earth 1 2 3
concentration [wt%]

C Time [min] 20 30 40

The Box-Behnken design was selected because it
avoids extreme experimental conditions, unlike the Cen-
tral Composite Design (CCD). The selected process pa-
rameters were chosen to resemble industrial conditions,
so there was no need to include extremes as in CCD. Addi-
tionally, the BBD factorial design uses fewer experiments
than the CCD, while still providing enough data to develop
a reliable second-order polynomial model.?® A second-or-
der polynomial model was employed due to its ability to be
validated using ANOVA analysis, allowing for an assess-
ment of the data's reliability.>® The main disadvantage of
BBD compared to CCD is the existence of only a mid-level
without axial points. This can lead to a high fitted R? but
a low Predicted R? indicating that the model “remember”
the sample but not the general curvature. Due to the lim-
ited number of experiments, extrapolating the results be-
yond the specific process parameters becomes problemat-
ic.3! In this study, there were three experimental factors,
each with three levels, resulting in 13 experimental runs.
Two two replicates were carried out at the design center
point to estimate pure error and to calculate the repeata-
bility of the method. This allows validation of the models
adequacy of the model and separation of lack-of-fit from
experimental error. As a results, a total of 15 experimental
runs were performed.

The responses in this study were chroma, hue value,
bleaching efficiency and peroxide value of the bleached oil.

The experimental data were fitted to a second-order
polynomial model to obtain the regression coefficients.
The generalized second-order polynomial model used in
the response surface method is as follows:

Y=a,+Y aX +Y aX +> aXX, (4)

where Y represents the experimental response, a, is a con-
stant, a;, a;; and a;; are coefficients of linear, quadratic and
interactive regression models, and X; and X; are independ-
ent variables in coded values.
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Lack of fit, coefficient of determination (R?) and
p-value obtained ANOVA were used to assess the adequa-
cy of the developed model. Regression analysis and con-
tour plots were generated to explain the effects of inde-
pendent variables on responses. Finally, parameters were
optimized using the RSM optimization procedure.

3. Results and Discusion

According to the Box-Behnken factorial design with
three factors, 15 experimental runs were performed, and
the output variables are shown in Table 2. The bleaching
process not only affects the color removal but also contrib-
utes to the decomposition of unwanted oxidation products.
Therefore, in addition to the chroma value, the hue-angle
and bleaching efficiency (which are direct indicators of the
degree of removal of colored pigments) and the peroxide
number were used as the responses in this study.

The L, a*, and b* values of the starting, unbleached
oil were 91.49, -2.15, and 45.84, respectively. These val-
ues indicate that the oil is yellowish in color, with a high
concentration of carotenoids.> The value of L increased
after bleaching, which resulted in the oil samples becom-
ing lighter and slightly more transparent. As mentioned,
more positive b* values meant the presence of yellow color
in the sample. The parameter b* exhibited the greatest
change, decreasing from starting value of 45.84 to a range
of 8.94-14.22, depending on the process conditions. This
decrease in the b* value of the samples with the addition
of bleaching earth indicated that most of the carotenoid
pigments (which are mostly yellow-brown in color) have
been removed. The negative value of a* value for each sam-
ple indicated that the greenish color predominates in the
samples.

Table 2. Measured values for the response variables.

To determine the influence of process parameters on
product quality, ANOVA analysis and evaluation of the
obtained models were performed.

The experimental data of each measured variable
were fitted into a complete quadratic model. Polynomial
coeflicients for the response surface model were calculat-
ed through multiple regressions. An F-value and a p-value
were calculated for each term in the regression model. The
F-value represents the ratio between the variance explained
by the model and the error variance - the higher it is, the
better the model explains the data. On the other hand, the
p-value shows how much chance the F-value of that size
would have if there was no real effect. A confidence level
of 95% was chosen and a p-value greater than 0.05 were
not considered statistically significant. The Adjusted R?
and Predicted R* were evaluated to determine whether the
model was adequate after eliminating non-significant pa-
rameters, i.e. whether the model can accurately predict re-
sponses under different process conditions. Table 3 shows
the ANOVA results for the response surface quadratic
model for responses of bleached sunflower oil.

The R? values for chroma, hue-angle, bleaching ef-
ficiency and peroxide value in bleached oil were 0.993,
0.9789, 0.952 and 0.9701, respectively. These values indi-
cate that the response variability was well explained in the
generated model. The models could explain 99.3% of the
variation in chroma, 97.89% of the variation in hue-angle,
95.52% of the variation in bleaching efficiency and 97.01%
of the variation in peroxide value. The R? value for all four
responses were close to unity, indicating a good correla-
tion between the independent variables and the responses.

Adjusted R? is the corrected value for R? after elimi-
nating non-significant terms in the model. Adjusted R? val-
ues for chroma, hue angle and peroxide value in bleached
oil were 0.981, 0.941, and 0.916, respectively. These values

Number Process condition Color Chroma Hue-angle Bleaching Peroxide
of Temp Bleaching earth Time L b’ (CH (h) efficiency value
rafination  [°C] conc. [wt%] [min] [%] [meq/kg]
Int. sample - - - 91.49 -2.15 45.84 45.89 92.69 - 1.80
1 75 1 30 93.37 -2.46 10.62 10.90 103.03 68.27 1.30
2 115 1 30 94.02 -3.30 14.22 14.60 103.06 74.18 1.70
3 75 3 30 91.49 -2.72 9.90 10.27 105.37 61.71 0.50
4 115 3 30 91.22 -3.40 13.30 13.73 104.32 59.52 0.59
5 75 2 20 93.14 -2.32 8.94 9.24 104.55 72.43 0.60
6 115 2 20 92.51 -2.98 11.65 12.02 104.37 69.15 0.70
7 75 2 40 92.32 -2.50 9.58 9.90 104.62 68.27 0.50
8 115 2 40 91.64 -3.43 13.91 14.33 103.85 67.30 0.70
9 95 1 20 94.00 -2.68 11.36 11.67 103.26 69.37 1.30
10 95 3 20 92.67 -2.90 10.37 10.77 105.61 68.71 0.40
11 95 1 40 93.85 -2.75 11.84 12.16 103.05 76.81 0.90
12 95 3 40 90.37 -3.12 11.80 12.21 104.82 53.39 0.50
13 95 2 30 91.84 -2.81 10.94 11.29 104.41 64.99 0.52
14 95 2 30 90.16 -2.78 11.21 11.55 104.93 64.55 0.59
15 95 2 30 92.42 -2.93 11.16 11.53 104.69 65.86 0.60
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Table 3. ANOVA results for the response surface quadratic model for all responses of bleached sunflower oil.

Source DF* Chroma Hue angle Bleaching efficiency Peroxide value
F-Value® P-Value  F-Value P-Value F-Value P-Value F-Value P-Value
Model 9 79.22 <0.0001 25.76 0.0011 11.01 0.0083 18.01 0.0027
Linear 3 213.62 <0.0001 65.78 0.0002 21.30 0.0028 38.70 0.0007
Temperature (A) 1 560.67 <0.0001 11.68 0.0189 0.73 0.4327 6.58 0.0503
Adsorbent conc. (B) 1 14.99 0.0117 179.35 <0.0001 54.07 0.0007 107.81 <0.0001
Time (C) 1 65.19 0.0005 6.33 0.0535 9.12 0.0294 1.70 0.2490
Square 3 17.37 0.0045 7.79 0.0248 1.38 0.3510 12.83 0.0088
AA 1 6.94 0.0463 7.20 0.0437 0.76 0.4246 7.12 0.0444
BB 1 31.24 0.0025 17.77 0.0084 0.00 0.9643 28.12 0.0032
CC 1 11.48 0.0195 0.18 0.6917 3.54 0.1184 2.90 0.1494
2-Way Interaction 3 6.67 0.0337 3.71 0.0959 10.36 0.0138 2.49 0.1749
AB 1 0.31 0.6001 7.02 0.0455 3.45 0.1222 1.90 0.2265
AC 1 14.78 0.0121 2.10 0.2074 0.31 0.6042 0.20 0.6706
BC 1 4.90 0.0777 2.02 0.2140 27.31 0.0034 5.37 0.0684
Lack-of-Fit 3 3.00 0.2600 0.36 0.7949 9.61 0.0957 8.05 0.1126
Coefficients of R%=0.993; R?=10.9789; R?=0.952; R?=0.970;

Adjusted R? = 0.981;
Predicted R? = 0.906

determinations

Adjusted R? = 0.941;
Predicted R? = 0.852

Adjusted R? = 0.866;
Predicted R? = 0.274

Adjusted R? = 0.916;
Predicted R? = 0.553

a_ Degree of Freedom - ANOVA test statistic (variance ratio) € - p < 0.05 indicates statistical significance.

were very close to the R? values, which meant that the
proposed models remain valid after eliminating members
whose p-value is greater than 0.05. The Adjusted R? value
for bleaching efficiency was 0.866, slightly lower but still
reliable enough that the abbreviated regression model can
validly represent the responses.

Predicted R? is used to determine how well a regression
model makes predictions. It is extremely high for chroma and
hue angle (0.906 and 0.852), confirming valid predictions for
new data. On the other hand, Predicted R? s significantly low-
er (0.274 and 0.553) for bleaching efficiency and peroxide val-
ue, which means that the model fits the original data, but the
predictions are not accurate enough. This indicates that the
model is complicated and begins to model noise in the data
(a condition known as “overfitting the model").>* This may be
due to a small number of samples, an overly complex model,
or the inclusion of variables that have no real impact.

Table 4. Regression coefficients and p-values for all responses.

Lack of fit can be used to confirm the validity of the
model. By ANOVA analysis for lack-of-fit values of all
responses, it was determined that the p-value was signif-
icantly higher than 0.05, which indicated that the models
were adequately adapted to the experimental data.

3. 1. The Influence of Process Parameters on
the Value of Chroma

Chroma refers to the degree of color purity. A color
with a high chroma value does not have a significant pres-
ence of black, white or gray. A high chroma value means
that the color contains little to no presence of black, white
or gray, distinctly different from neutral gray at the given
brightness.

Table 4 shows the coefficients of the regression equa-
tion and p-values for the terms in the proposed quadratic

Variables Chroma Hue angle Bleaching efficiency Peroxide value
Regression  p-Value Regression  p-Value Regression  p-Value Regression  p-Value
coeff. coeff. coeff. coeff.
Constant 14.14 <0.0001 90.31 <0.0001 65.70 <0.0001 5.20 0.0003
Temperature (A) -0.1058 <0.0001 0.1720 0.0189 -0.208 0.4327 -0.0632 0.0503
Adsorbent conc. (B)  -3.218 0.0117 4.471 <0.0001 21.24 0.0007 -1.627 <0.0001
Time (C) 0.0448 0.0005 0.1077 0.0535 -0.089 0.0294 0.016 0.2490
AA 0.000735 0.0463  -0.000711 0.0437 0.00246 0.4246 0.000379 0.0444
BB 0.624 0.0025 -0.447 0.0084 -0.05 0.9643 0.3012 0.0032
CC -0.00378 0.0195 -0.00045 0.6917 0.0213 0.1184 -0.000967 0.1494
AB -0.003 0.6001 -0.0135 0.0455 -0.1012 0.1222 -0.00376 0.2265
AC 0.002063 0.0121  -0.000738 0.2074 -0.00301 0.6042 0.000123 0.6706
BC 0.0238 0.0777 -0.0145 0.2140 -0.569 0.0034 0.01264 0.0684
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Figure 1. Pareto Chart of the Standardized Effect for a) chroma, b) hue angle, c) bleaching efficiency and d) peroxide value.

model for chroma in bleached oils, while Figure 1a shows
the corresponding Pareto diagram. Among the param-
eters, temperature (A) has a very significant effect (p <
0.0001) on the chroma value.

The following parameters have an influence on chro-
ma (p < 0.05): time (C), square of concentration (BB),
concentration (B), cross product of temperature and time
(AC), square of time (CC) and square of temperature
(AA). The mutual interaction of concentration and time
(BC) and temperature and concentration (AB) did not
have significant effects (p > 0.05), and can be excluded
from the regression model.

By discarding members that do not have a large im-
pact, the regression equation in uncoded units has the fol-
lowing form:

C"=14.14-0.106-4-3218-B+0.0448 - + 0.000735-
-AA+0.624-BB -0.00378-CC +0.002063- 4AC ®)

In order to assess the influence of bleaching earth
concentration (B) and temperature (A) on the chroma
value, a contour diagram was constructed based on the
mean level (0) of time (30 min). Based on Figure 2a, it is
observed that the chroma value decreased with decreas-

ing temperature. Also, it was noticed that the lowest value
of chroma was at the addition of 2-2.5 wt% of bleaching
earth, at a temperature of about 75 °C.

Figure 2b shows the influence of time and temper-
ature at a constant concentration of added earth (2 wt%).
The chroma value was low for the entire covered time in-
terval of 20 to 40 minutes at temperatures of 75-80 °C. As
the temperature increased, the response value gradually
increased. The contour diagram showing the effect of time
and concentration on the chroma value of the bleached oil
that was not processed, because based on the number of
degrees of freedom, it is dependent on the previous two
diagrams.

The lowest chroma values (9.24-9.90) were achieved
at the lowest temperature in the study (75 °C) and moder-
ate adsorbent concentration (2 wt%) regardless of time. At
75 °C, molecular diffusion in the pores of the adsorbent
is fast enough, while further increase in temperature, al-
though leading to even faster diffusion, also leads to ther-
mal damage, which causes the chroma value to deteriorate.
A dose of 2 wt% of adsorbent provides an optimal surface
area for adsorption, while further increase in dose leads to
the occurrence of particle agglomeration and pore block-
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Figure 2. Contour diagrams to show the influence of a) concentration and temperature, b) time and temperature on the chroma value of bleached

oil.

ing.3* Similar trends are present in the work of Marrakchi
et. al.?®

3. 2. Influence of Process Parameters on the
Value of Hue-angle

At the beginning of the interpretation of the results,
an individual explanation of the CIELAB parameters a*
and b* was provided. These parameters can be combined
via Equation 2 to obtain the value of the hue-angle, which
indicates the dominant color type of the sample (e.g., yel-
low, green, red...) and its shades. The hue-angle is crucial
for assessing the purity and freshness of the oil, as it helps
identity the presence of residual yellow and green pig-
ments. Conceptually, the hue angle is graphically repre-
sented as an RGB CMY circle or a hue hexagon (Figure 3).

b 4

B

Figure 3. RGB CMY circle.®

The three primary screen colors-R (scarlet or orange-red),
G (yellowish green), and B (deep violet-blue)- are arbitrar-
ily placed at 120° angles to each other. Their additive com-
plementaries Y (yellow), M (magenta or red-violet), and C
(cyan or blue green)-are positioned opposite them.3¢

Table 4 shows the coded coefficients of the regression
equation and p-values for members in the proposed quad-
ratic model for the hue angle of bleached oils, while Figure
1b shows the corresponding Pareto diagram. Among the
parameters, the concentration (B) has a very significant ef-
fect (p < 0.0001) on the hue angle value. Coeflicient B has
a high positive value, which indicates a favorable influence
of concentration on the response.

The following parameters have a significant influ-
ence (p < 0.05): square of concentration (BB), temperature
(A), square of temperature (AA) and mutual interaction of
temperature and concentration (AB). The coded coefficient
with these parameters has a negative value, which meant
that increasing them decreased the value of the hue angle.
The p-value of time (C) was 0.0535, slightly higher than
allowed, but this term was kept in the reduced regression
model to maintain the hierarchy of the model. The interac-
tions of temperature and time (AC), concentration and time
(BC) and time squared (CC) were dropped from the regres-
sion model because the p-value was far higher than 0.05.

By discarding terms that do not have a large impact,
the regression equation in uncoded units for hue angle has
the following form:

h=90314+0.172-4+4471-B+0.108-C0—
0.000711-44-0.447-BB—-0.01350- 4B

(6)

In order to assess the influence of temperature (A),
bleaching earth concentration (B) and time (C) on the hue
angle value, contour diagrams were constructed showing
the interaction of concentration and temperature (Figure
4a) and time and concentration (Figure 4b).
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Figure 4. Contour diagrams to show the influence of a) concentration and temperature and b) time and concentration of adsorbent on the hue angle

value of bleached oil.

By observing Figure 4, it is clear that concentration
is the dominant factor, thus confirming the results of the
ANOVA analysis and p-value. Addition of 2.4-3% of ad-
sorbent, at temperatures of 75-102 °C lead to the maximum
response value (h > 105) (Figure 4a). Hue-angle values are
extremely high even when adding 1.8 wt% adsorbent in
the entire temperature interval. A further decrease in the
amount of added adsorbent led to a decrease in the value
of hue angle which was independent of temperature.

A similar interaction between the variables can be
seen in Figure 4b. The value of hue - angle was the high-
est in the first thirty minutes with the addition of 2.2-3%
adsorbent, and with further extension of the process it de-
creased slightly. A sufficiently high response value was also
achieved with the addition of 1.8% adsorbent, while fur-
ther reduction of the added bleaching earth reduced the
response value in the entire temperature interval.

By comparing chroma and hue-angle, it is observed
that both the reduction of chroma and the increase of
hue-angle are favored by lower temperatures, because fur-
ther increase in temperature can lead to thermal decom-
position. Higher doses of adsorbent (2.5-3 wt%) favor the
increase of hue-angle, because for the shift of tone-angle
to higher values (from 92.69 to 105.61) (less pure yellow,
more yellow-green), carotenoids (yellow, brown colors)
that bind more weakly at lower doses should be re-
moved.>4%

3. 3. Influence of Process Parameters on
Bleaching Efficiency Value

Table 4 and Figure 1c show the coded coefficients
of the regression equation and p-values, i.e. the Pareto
diagram for the proposed quadratic model for bleaching
efficiency of bleached oils. As for the value of the hue an-
gle, the concentration (B) has a very significant effect (p <
0.001) on the response.

In addition to concentration (B), the efficiency of
bleached oil removal was significantly influenced (p < 0.05)
by two other factors: time (C) and the interaction of concen-
tration and time (BC). The coded coefficients with these pa-
rameters had negative values, which meant that increasing
them decreased the value of bleaching efficiency.

ANOVA analysis also found that all other parame-
ters have a p-value greater than 0.05, and can be discarded
from the regression model while still maintaining a high
degree of precision.

The abbreviated regression equation for the bleach-
ing efficiency response has the following form:

Bleaching efficiency = 65.7+21.24- B—0.089-C-0.569- BC  (7)

By observing Figure 5a, it can be figured out that
the bleaching efficiency did not change significantly with
temperature, thus confirming the results of the ANOVA
analysis. On the other hand, looking at the same figure,
it was clear that the degree of bleaching depended on the
amount of added adsorbent. Efficiency is highest with the
addition of only 1 wt% of adsorbent for the entire temper-
ature range, and the same efficiency can be achieved with
the addition of up to 1.4 wt% of adsorbent at temperatures
of 105-115 °C (bleaching efficiency >75%). By increasing
the amount of added adsorbent, the degree of bleaching
decreases almost linearly, and the lowest value of bleaching
efficiency (bleaching efficiency <55%) is achieved with 3
wt%of adsorbent and temperatures higher than 90 °C.

It is noticed from the contour diagram 5b that at a
time between 20-25 minutes, regardless of the amount of
added adsorbent, almost the same bleaching efficiency is
achieved. By prolonging the adsorption time, significant
differences in bleaching efficiency are observed with the
change in concentration. Thus, with smaller amounts of
added adsorbent and time between 35 and 40 minutes,
the highest degree of removal of pigments from the un-
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Figure 5. Contour diagrams to show the influence of a) concentration and temperature and b) time and concentration on the value of bleaching

efficiency of bleached oil.

bleached oil (>70%) was achieved. On the contrary, at the
same time interval and with the addition of larger amounts
of adsorbent, a drastic decrease in the value of the degree
of bleaching was observed.

Thus, the key influence of adsorbent concentration
(factor B) and its interaction with contact time (BC). The
highest efficiency (> 75%) was achieved at a low dose of 1
wt% adsorbent because at that concentration the ratio of
active sites on the surface of the adsorbent and pigment
distribution in the oil is the best, while the interaction of
BC is most instructive at longer times (35-40 minutes),
because at low doses of adsorbent additional time enhanc-
es the binding of pigments.?” A similar trend is present in
other works.3°

3. 4. Influence of Process Parameters on
Peroxide Value

Although some studies use the TOTOX index (per-
oxide value combined with anisidine value) to determine
the content of primary and secondary oxidation products,
in our research only the peroxide value was analyzed. Pre-
liminary analysis found that the PV values were low for
unrefined oil, and it was considered unnecessary to in-
clude the anisidine value. However, this approach has cer-
tain limitations because it is possible that certain second-
ary oxidation products were formed during refining that
cannot be detected using the peroxide value.

Table 4 shows the coded coefficients of the regres-
sion equation and p-values for the members in the pro-
posed quadratic model for peroxide value of bleached oils,
while Figure 1d shows the corresponding Pareto diagram.
Among the parameters, the concentration of the added ad-
sorbent (B) has a very significant effect (p < 0.0001) on the
peroxide value. A negative regression coefficient indicates
that increasing the concentration decreases the value of
the responses.

The following parameters have an influence on the
peroxide value (p < 0.05): the square of the concentration
(BB) and the square of the temperature (AA). The p-value
of temperature (A) is slightly higher than the allowed val-
ue (0.0503), but since it is a linear variable, it will not be
removed from the regression model. Other factors do not
greatly affect the value of the responses and can be exclud-
ed from the regression model.

A shortened regression model for the peroxide value
is given by the relation (8):

Peroxide value =5.20-0.0632- 4-1.627-

8
B+0.000379- 44+0.3012- BB ®

Although the previous shortened regression model
does not have many terms, the same predictive accuracy
is still maintained. At the same time, it enables a clearer
interpretation, reduces the risk of over-adjustment, and
facilitates practical application.

Figures 6a and 6b show that the amount of added
adsorbent is the key variable that affects the value of the
peroxide value, which confirms the results of the ANOVA
analysis. The response value is the highest at a temperature
of 110 °C, with the addition of 1 wt% adsorbent in the in-
itial 30 minutes of adsorption (>1.5 meq/kg). Also, with
the addition of the same amount of adsorbent, but at low-
er temperatures and longer adsorption time, the value of
response decreases (1.25-1.5 meq/kg). By increasing the
concentration, almost independently of temperature and
time, the value of the peroxide value decreases.

By observing Figure 6a, it can be concluded that at
concentrations of 2.5-3 wt% adsorbent and temperatures
of 80-105 °C, resulted in the lowest value of the peroxide
number (< 0.5 meq/kg), and that range of conditions is con-
sidered optimal. The reason for the pronounced decrease in
peroxide value with increasing adsorbent concentration is
that its abundant porous structure and surface functional
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Figure 6. Contour diagrams to show the influence of a) concentration and temperature and b) time and concentration on the Peroxide value of
bleached oil.

Temperature Concentration Time

High 115 °C 3 wit% 40 min
Optimal [78.15 °C] [2.94 wt%] [20 min]
Low 25 9C 1 wt% 20 min

Composite

Desirability:

D:0.97

Chroma:

Minimum

Y=9.61

d=0.93

Peroxide value:
Minimum
Y=0.40 meq/kg
d=1.0000

Hue - angle:
Maximum
¥=10555
d=0.98

Figure 7. Optimization plot for three responses: chroma, peroxide value and hue-angle.
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groups actively adsorb hydroperoxide species.!? Also, these
surface sites catalyze the decomposition of trapped hydrop-
eroxides into non-oxidizing substances.!’ These effects are
consistent with a similar study by Chew et al., where kenaf
seed oil was bleached under different bleaching conditions.’

3. 5. Optimization

The input parameters (temperature, time and amount
of added adsorbent) affect the output variables (chroma,
hue angle, peroxide value and bleaching efficiency) differ-
ently. An optimal combination of input parameters must
be found for each response. The goal of color quality op-
timization is to maximize the hue-angle to obtain lighter
oils, and minimize the chroma value to reduce the inten-
sity of the color.’* Also, a minimum peroxide value is re-
quired, in order to obtain refined oil free from oxidative
compounds while also maximizing bleaching efficiency.

Given the existence of four responses and the com-
plex optimization, the responses were grouped into two
categories.

In the first group, the process conditions were opti-
mized for the following responses: chroma, hue angle and
peroxide value. On one hand, there is chroma and hue an-
gle serve asindicators of the color quality of refined oils, on
the other hand, the peroxide value serves as an indicator of
the presence of unwanted oxidative compounds. For this
optimization, the goal is to minimize both chroma value
and peroxide value, and to maximize the hue-angle value.

Temperature
High 115°C
Optimal [77.83 °C]
Low o G

Composite
Desirability:
D:0.89

Peroxide value:
Minimum
Y=0.41 meq/kg
d=1.00

Bleaching efficiency:
Maximum
Y=71.87%

d=0.79

Figure 7 shows the optimization plot for the first
group of responses. Since there is no specific target val-
ue, only a minimum or maximum values are considered
for each response, leading to one optimal solution. The
optimal process parameters are: temperature of 78.15
°C, adsorbent concentration of 2.94 wt% and time of
20 minutes, at which the value of chroma is minimized
(9.61), the peroxide value is minimized (0.40 meq/kg),
and the hue-angle is maximized (105.56). Composite
desirability (0.97) is close to unity, indicating that the
chosen settings achieve favorable results for all respons-
es overall. Individual desirability indicates that the set
settings most strongly affect the peroxide value (1.00),
followed by the the hue-angle (0.98) and the least on the
chroma (0.93).

In the second group, two responses were contrast-
ed: peroxide value, as a measure of the chemical quality of
the oil, and bleaching efficiency, as a value that shows the
percentage of colored pigments removed. As in the first
group, the goal is to minimize the value of the peroxide
number, while on the other hand the value of bleaching
efficiency is maximized.

Figure 8 shows the optimization plot for the second
group of responses. The obtained results are similar to the
first group; the minimum value of the peroxide value (0.41
meq/kg), i.e. the maximum value of the bleaching effi-
ciency (71.87%) is achieved at a temperature of 77.83 °C,
a concentration of the added adsorbent of 2.96 wt% and a
time of 20 minutes.

Concentration Time

3 wt% 40 min
[2.96 wt%] [20 min]

1 wt% 20 min

Figure 8. Optimization plot for two Responses: bleaching efficiency and peroxide value.
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Composite desirability is slightly lower compared to
the first optimization (0.89), which indicates that the set-
tings achieve slightly weaker results when both responses
are observed simultaneously. When the responses are con-
sidered separately, it is concluded that the settings have a
far greater effect on the peroxide value (1.00) than on the
bleaching efficiency (0.79).

Observing the optimal conditions for both groups
of responses, it is clear that similar results are obtained:
in both cases, the minimum time (20 min) is optimal for
obtaining the best quality oil, the temperature ranges be-
tween 77.83-78.15 °C, and the concentration of the added
adsorbent 2.94-2.96 wt%. When performing the optimiza-
tion, either the first or the second group of responses can
be examined because similar results are obtained. Never-
theless, the first group has a higher composite desirabil-
ity (0.97) compared to the second (0.89), on the basis of
which it was concluded that spectroradiometry, which was
used to determine chroma and hue-angle, was far more re-
liable than spectrophotometry that was used to determine
bleaching efficiency, because it covered the entire visible
color spectrum, not just the 450 nm wavelength.

Minimum time (20 min) and lower temperatures
(78 °C) have a favorable effect on the oxidative properties
(peroxide value) and the color of the sample. By prolong-
ing the adsorption time and increasing the temperature,
the oxidative stability of edible oils decreases.?> On the
other hand, the unfavorable influence of increasing the
time and increasing the temperature on the color of the
oil is reflected in the destruction of the active sites on the
adsorbent.*! Moderate temperatures were required to ob-
tain an optimum color for the bleached oil. This can be
explained by the fact that working in this range of tem-
perature, the following phenomena may occur: (I) a better
activation, in terms of pigments removal, of the acid-ac-
tivated earth employed, (II) a reduction in the oxidation
of colorless components which cause alteration in the
oil color, and (III) a less pronounced fixing of the exist-
ing color pigments.*> In some studies, it was found that
high temperatures (100-110 °C) have a favorable effect
on the removal of colored pigment because the viscosity
decreases with temperature, and therefore the dispersion
of particles and the interaction of the oil with the adsor-
bent is better.!> However, this is not the case in this paper.
A possible reason for this is that the adsorbent particles
were small enough (d50 = 45 pm), thus viscosity is not a
limiting factor.

The addition of high concentrations of bleaching
earth resulted in the removal of undesirable compounds in
the oil. The catalytic properties of acid-activated bleaching
earth lead to the decomposition of hydroperoxides into
secondary oxidation products, which decrease the perox-
ide value with increasing concentration.*> High adsorbent
concentrations also have a favorable effect on color reduc-
tion, because there are more active sites where the adsorp-
tion of colored pigments takes place.”

4. Conclusion

The Box-Behnken factorial design proved to be an
effective tool for optimizing temperature, adsorbent con-
centration, and time in the sunflower oil bleaching process.
Significant p-values (<0.05), along with high R? (>0.95)
and Adjusted R? confirmed that the model provides a
strong fit to the experimental data. The composite desir-
ability for the group containing chroma and hue-angle
(determined by spectroradiometry) along with peroxide
value is 0.97, compared to 0.89 for the group containing
bleaching efficiency (determined by spectrophotometry)
and peroxide value. This indicates that full-spectrum cov-
erage by spectroradiometry provides a more reliable as-
sessment of oil quality. The optimal conditions identified
in the study can be to bleach bleaching sunflower oil in
industrial conditions with minimal resource use. Future
studies should explore the use of other adsorbents, such as
bio-based or modified adsorbents, in oil bleaching. Addi-
tionally,the adsorbent used in this study could be applied
to bleach other vegetable oils, such as soybean or palm oil.
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Abstract

A carbothioamide ligand, 4,5-dihydro-5-(4-methoxyphenyl)-3-phenylpyrazole-1-carbothioamide, [C,,;H;;N30S], has
been synthesized from the condensation of 4-methoxychalcone with thiosemicarbazide. The carbothioamide (L) ligand
and triphenylphosphine (Ph;P) as co-ligand, was coordinated with Cu(I), Cu(II), and Pd(II) metal ions to synthesis the
corresponding complexes: [CuCl,(L)] 1, [CuCl(L)(Ph;P)] 2, [PACl,(L)] 3, and [PACI(L)(Ph;P)]Cl 4. The ligand and all
complexes were collected in solid form after the reactions and characterized by magnetic susceptibility, elemental analy-
sis, molar conductivity, FT-IR, UV-Vis, and 'H, 13C, 31 p-NMR techniques. The molar conductance values in DMSO (5.8-
16.3 Q7! cm? mol™!) confirmed all the complexes to be non-electrolytic except for the Pd(II) complex 4 (32.6 Q'cm?
mol!) that behaves as a 1:1 electrolyte. According to spectroscopic evidence, the carbothioamide ligand behaves as an N,
S donor and chelating agent. Magnetic susceptibility measurements combined with electronic spectral data suggest that
the Cu(II) and Pd(II) complexes have square planar geometry, whereas the Cu(I) complex 2 has a tetrahedral geometry.
Elemental analysis and '"H-NMR spectroscopy confirmed the mononuclear structure of all complexes. DFT calculations
showed that the synthesized complexes 1, 3, and 4 exhibit higher thermodynamic stability than the free ligand (L), with
AE values of 1.4695, 2.1116 eV, 1.9076 eV, and 1.2980 eV, respectively. In contrast, complex 2 has AE = 0.5385 eV, indi-
cating lower thermodynamic stability. Among the complexes, complex 2 (S = 3.7140 eV) exhibited the highest softness,
and all complexes were observed to be softer than the triphenylphosphine ligand. According to the results, electron tran-
sitions are easier in certain complexes than in their ligands, which suggests that the prepared complexes could be used
in the photocell in future studies.

Keywords: Carbothioamide, Cu(I/II) complexes, Pd(II) complexes, NBO analysis, DFT calculations, MEP surfaces

1. Introduction

Thioamides, such as thiosemicarbazone and car-
bothioamide, are an important class of compounds that
have attracted considerable attention due to their re-
markable pharmacological and biological properties.! The
complexes of carbothioamide with transition metals have
received significant attention because of their biological
behaviors, including antitumor, antibacterial, antifungal,
and anticarcinogenic activities.>> In particular, when chal-
cone derivatives are combined with thiosemicarbazide,
novel carbothioamides are often synthesized with better

pharmacological activities.* In addition, carbothioamide
ligands possess multiple donor atoms, enabling them to
coordinate with metal ions through either N or S atoms.®
Typically, these ligands act as chelating ligands for tran-
sition metal ions, ligated via sulfur (=S) and pyrazoline
nitrogen (=N-). However, in certain cases, they exhibit
monodentate behavior, binding entirely through the sulfur
(=S) atom.®’ A previous study reported that the carbothio-
amide ligand coordinates with the Cu(II) center via its ni-
trogen and sulfur donor atoms, forming a five-membered
chelated ring in the resulting copper complex.® In this
study, Cu(I/II) and Pd(II) were selected as metal centers.
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Copper(I/IT) complexes exhibit a wide range of biological
activity, including antiviral, antitumor, and anti-inflam-
matory properties.” Furthermore, Pd complexes, particu-
larly with sulfur and nitrogen donor ligands, have demon-
strated significant in vitro cytotoxicity against different
cancer cell lines.!? The addition of triphenylphosphine,
an organophosphorus substance, as a co-ligand also plays
a critical role in coordination chemistry.!! Because it has
strong sigma-donor and pi-acceptor abilities, it can form
stable complexes with a variety of metal ions.!? In palla-
dium chemistry, mixed ligand complexes containing Ph;P
are commonly used as homogeneous catalysts in necessary
organic transformations, such as Suzuki-Miyaura and So-
nogashira coupling reactions, which play a crucial role in
pharmaceutical and material science.'? Similarly, mixed li-
gand copper complexes based on triphenylphosphine have
demonstrated promising catalytic activity in azide-alkyne
cycloadditions as well as in oxidation reactions.! There are
a few studies that reported metal complexes that combine
both carbothioamide and triphenylphosphine ligands;
however, researchers have thoroughly studied carbothio-
amide metal complexes separately. An X-ray structure of
a distorted tetrahedral copper(I) complex containing both
4-benzoylpyridinethiosemicarbazone and triphenylphos-
phine ligands has been reported.!> Additionally, a square
planar palladium complex containing a thioamide ligand
was synthesized, and its cytotoxic activity was evaluated
against colorectal (HT-29), human colon (Caco-2), and
human cervical (HeLa) cancer cell lines using the MTT
assay.!® The current study describes the synthesis, char-
acterization, and geometrical structure of new Cu(I) and
Pd(II) complexes containing 4,5-dihydro-5-(4-meth-
oxyphenyl)-3-phenylpyrazole-1-carbothioamide (L) and
triphenylphosphine as co-ligands. These complexes were
characterized by magnetic susceptibility, elemental analy-
sis, molar conductivity, FT-IR, *'P, 'H, 3 C-NMR, and UV-
Vis techniques. In addition, theoretical studies, including
FMO (Frontier Molecular Orbital), NBO (Natural Bond
Orbital), and MEP (Molecular Electrostatic Potential),
were conducted on the synthesized complexes.

2. Experimental

2. 1. Materials, General Methods, and
Instrumentation

PdCl, (59% Pd) was purchased from Sigma Aldrich
and CuCl,-2H,0 (99%) was purchased from BDH. Triphe-
nylphosphine was purchased from Carl Roth. Methanol
(99%), dimethyl sulfoxide (99%), and dimethylformamide
(99.5%) were supplied by Chem-Lab Company and used
directly without further purification. A Shimadzu FT-IR
Affinity-1 spectrophotometer was used to record FT-IR
spectra within the range 400-4000 cm™! using KBr discs.
The far-infrared spectra were obtained using a Shimad-

zu Affinity-ICE FTIR 800 cm™ spectrophotometer using
Csl discs in the 200-600 cm™ frequency range. UV-Vis
spectra were measured utilizing a Jenway 7205 UV-Visi-
ble spectrophotometer with DMSO as the solvent. 'H, 3C,
and *'P-NMR spectra were recorded on a Bruker 400 MHz
Ultra-shield in DMSO-dg solvent at the University of Is-
fahan, Iran. In order to determine the carbon, hydrogen,
and nitrogen content of the synthesized ligand and its
complexes, ECS 4010 at the University of Isfahan, Iran was
utilized. The conductivity measurement was taken ina 1 x
1073 mol dm™ solution at 25 °C by using the Jenway 4200
conductivity/TDS meter. Magnetic susceptibility measure-
ments were performed with the auto magnetic susceptibil-
ity Sherwood Scientific device. In order to determine the
melting point, a melting device, model DMP-800, manu-
factured by A&E Lab UK CO.,, LTD, was used.

2. 2. Synthesis Procedures

2. 2. 1. Synthesis of 4,5-dihydro-5-(4-
methoxyphenyl)-3-phenylpyrazole-1-
carbothioamide (L) ligand

A mixture of thiosemicarbazide (0.006 mmol, 0.5468
g) and 4-methoxychalcone (0.006 mmol, 1.4296 g) was
refluxed in 50 mL of methanol at 70 °C. Upon complete
dissolution of the reactants, 10 mL of NaOH (1.2 mol/L)
was added dropwise. The reaction mixture was further re-
fluxed for 3 hours. Subsequently, the mixture was cooled
in an ice bath, and the resulting precipitate was filtered,
washed with cold ethanol/water (50:50%), and recrystal-

lized in a mixture of chloroform-ethanol (4:1).

The synthesis route of Ligand (L) is displayed in

Scheme 1.

Color: Light yellow powder, Melting point: 145-

147 °C, Yield: 1.3304 g (71.21%); Elemental analysis for

[Ci7H;N;0S]: M.W. 311.40 g mol™!; Calculated (%): C,

65.57; H, 5.50; N, 13.49. Found (%): C, 65.36; H, 5.19; N,

13.29; FT-IR spectral peak (v/cm™): 3406, 3255 (NH,),

3147-3062 (ArC-H), 2960, 2837 (C-H of CH,), 1654

(C=N), 1597-1481 (ArC=C), 1255 (C-O), 835 (C=S); 'H

NMR (DMSO-dg) 8/ppm: 8.08 (s, 2H, NH,), 7.89 (d. 2H,

Ho 13), 7.47 (t, 1H, Hyy), 7.44 (, 2H, Hyq 1»), 7.07 (d, 2H,

H,), 6.86 (d, 2H, H, 5), 5.88 (dd, 1H, H,), 3.90 (dd, 1H,

H,), 3.70 (s, 3H, OCH,), 3.14 (dd, 1H, Ha). 3C NMR

(DMSO) 8/ppm: 176.07 (C=S), 158.18 (C-2), 154.95

(C-18), 135.02 (C-8), 130.93 (C-5), 130.53 (C-11), 128.68

(C-10,12), 127.08 (C-9,13), 126.64 (C-4,6), 113.80 (C-1,3),

62.35 (C-7), 55.02 (C-22), 42.39 (C-17). UV-Vis. (A\pax/

nm): 288, 358.

2. 2. 2. Synthesis of [CuCl,(L)] 1

A solution of ligand (L) (2.40 mmol, 0.7473 g) in 20
mL of ethanol was added dropwise to a stirred solution
of CuCl,-2H,0 (2.40 mmol, 0.4091 g) in 20 mL of etha-
nol. The reaction mixture was then stirred at 50 °C for 3
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)

O b
H,C
\O

4-methoxychalcone

Thiosemicarbazide

NaOH, McOH
3 hrs. Reflux | H20

4,5-dihydro-5-(4-methoxyphenyl)-3-phenylpyrazole-1-
carbothioamide, C;H,7N;0S

Scheme 1. Synthetic route of carbothioamide ligand.

hours, resulting in the formation of a brown precipitate.
The precipitate was filtered, washed with ethanol/diethyl
ether mixture, and dried in air. Color: brown powder,
Melting point: 160-161.5 °C, Yield: 0.7811 g (73%); Ele-
mental analysis for [C,;H;;Cl,CuN;0S]: M.W. 445.85 g
mol~!; Calculated (%): C, 45.80; H, 3.84; N, 9.42. Found
(%): C, 46.22; H, 3.50; N, 9.17; IR spectral peak (v/cm™):
3446, 3244 (NH,), 3147-3062 (ArC-H), 2956, 2835 (CH,),
1608 (C=N), 1585-1444 (ArC=C), 1249 (C-O), 829
(C=S), 578 (Cu-N), 487 (Cu-S), 322 (Cu-Cl); 'H NMR
(DMSO-dg) 8/ppm: 9.11 (s, 2H, NH,), 8.13 (d. 2H, Hy 13),
7.78 (t, 1H, H,,), 7.45 (t, 2H, Hy,,,), 6.80 (d, 2H, H,),
6.65 (d, 2H, Hy,5), 5.74 (dd, 1H, H,), 3.95 (dd, 1H, Hy),
3.70 (s, 3H, OCH3), 2.87 (dd, 1H, H,); Molar conductance
(A/ Q7 'em? mol™): 5.8; Magnetic moment (g / B.M.):
1.83; UV-Vis. (A, /nm): 292, 317, 363, 579.

2. 2. 3. Synthesis of [CuCI(L)(Ph;P)] 2

To a solution of CuCl,-2H,0 (1.440 mmol, 0.2455 g)
in 10 ml of ethanol, a solution of ligand (L) (1.440 mmol,
0.4484 g) in 10 ml ethanol was added, followed by stirring
for one hour at room temperature. To the brown precipi-
tates formed, solid Ph3P (0.3778 g, 1.440 mmol) was added
and the contents were stirred for an additional 4 hours,
the precipitate color was changed to white. The precipi-
tate formed was isolated by filtration, washed with meth-
anol, and dried in air. Color: white powder, Melting point:
197-199 °C, Yield: 0.4785 g (69%); Elemental analysis for
[C35H3,CICuN;OPS]: M.W. 672.69 g mol™!; Calculated
(%): C, 62.49; H, 4.80; N, 6.25. Found (%): C, 63.13; H,
4.45; N, 5.81; IR spectral peak (v/cm™): 3441, 3244 (NH,),

3142-3055 (ArC-H), 2953, 2833 (CHj3), 1602 (C=N), 1587,
1489 (ArC=C), 1435 (P-Ph), 1249 (C-0O), 1097 (P-C), 831
(C=S), 565 (Cu-N), 476 (Cu-S), 384 (Cu-P), 338 (Cu-Cl);
IH NMR (DMSO-dg) 8/ppm: 8.91 (s, 2H, NH,), 8.39 (d.
2H, Hy,,3), 7.91 (t, 1H, H,,), 7.66 (t, 2H, Hyy ), 7.54-7.28
(m, 15H, Ph,P), 7.08 (d, 2H, H, ), 6.89 (d, 2H, H,,5), 5.55
(dd, 1H, H,), 3.82 (dd, 1H, Hy), 3.72 (s, 3H, OCHj), 2.77
(dd, 1H, H,); *'P-NMR (DMSO-d,) 8/ppm: & = ~1.18; Mo-
lar conductance (A,,/ Q 'cm? mol™!): 8.6; Magnetic mo-
ment (g / B.M.): < 1.0; UV-Vis. (A,,/nm): 301, 369.

2. 2. 4. Synthesis of [PdCl,(L)] 3

PdCl, (1.1280 mmol, 0.200 g) was added to a stirred
solution of ligand (L) (1.1280 mmol, 0.3513 g) in 20 mL
of ethanol and stirred for 6 hours at 60 °C, during stir-
ring a red-brown precipitate was formed. After complet-
ing the reaction, the product was filtered, washed with
ethanol/diethyl ether mixture, and dried in air. Color: red-
brown powder, Melting point: 183-185 °C, Yield: 0.3647 g
(66%); Elemental analysis for [C,,;H;,CL,N;OPdS]: M.W.
488.72 g mol™!; Calculated (%): C, 41.78; H, 3.51; N, 8.60.
Found (%): C, 42.09; H, 3.29; N, 8.47; IR spectral peak (v/
cm™): 3414, 3250 (NH,), 3145-3061 (ArC-H), 2956, 2833
(CHj;), 1608 (C=N), 1587-1446 (ArC=C), 1247 (C-O),
829 (C=S), 480 (Pd-N), 320 (Pd-S), 296 (Pd-Cl); '"H NMR
(DMSO-dg) 8/ppm: 9.03 (s, 2H, NH,), 8.08 (d. 2H, Hy ),
7.74 (t, 1H, Hy,), 7.46 (t, 2H, Hyq5), 7.03 (d, 2H, H,g),
6.89 (d, 2H, H,,5), 5.89 (dd, 1H, H,), 4.00 (dd, 1H, Hy),
3.73 (s, 3H, OCH3;), 3.33 (dd, 1H, H,). Molar conductance
(Aw/ O 'em? mol™): 16.3; Magnetic moment (g / B.M.):
< 1.0; UV-Vis. (A, /nm): 299, 346, 390, 476.
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2. 2. 5. Synthesis of [PdCI(L)(PhsP)]Cl 4

PdCl, (1.410 mmol, 0.2500 g) was added to a solu-
tion of Ph;P (1.410 mmol, 0.3698 g) in ethanol (15 mL)
and stirred for 2 hours at 60 °C. Subsequently, a solution
of ligand (L) (1.410 mmol, 0.4390 g) in ethanol (10 mL)
was added to the reaction mixture, and stirring was con-
tinued for an additional 8 hours. The resulting orange-yel-
low precipitate was collected by filtration, washed with
methanol, and dried in air. Color: Orange-Yellow powder,
Melting point: 216-218 °C, Yield: 0.8577 g (81%); Ele-
mental analysis for [C35H;,Cl,N;OPPdS]: M.W. 751.01 g
mol~!; Calculated (%): C, 55.98; H, 4.29; N, 5.60. Found
(%): C, 56.40; H, 4.09; N, 5.11; IR spectral peak (v/cm™):
3392, 3253 (NH,), 3155-3055 (ArC-H), 2954, 2833 (CH,),
1606 (C=N), 1583-1492 (ArC=C), 1435 (P-Ph), 1247 (C-
0), 1095 (P-C), 827 (C=S), 457 (Pd-N), 364 (Pd-P), 321
(Pd-S), 297 (Pd-Cl); 'H NMR (DMSO-dy) 8/ppm: 8.84 (s,
2H,NH,), 8.34 (d. 2H, Hy ;3), 7.94 (t, 1H, H,,), 7.72 (t, 2H,
H,0.12), 7.66-7.37 (m, 15H, PhyP), 7.27 (d, 2H, Hy), 7.06
(d, 2H, H,,5), 5.84 (dd, 1H, H,), 3.90 (dd, 1H, Hy), 3.69 (s,
3H, OCHS,), 3.32 (dd, 1H, H,); *'P-NMR (DMSO-dy) &/
ppm: 8 = 25.58; Molar conductance (A,/Q ! cm? mol™):
32.6; Magnetic moment (g /B.M.): < 1.0; UV-Vis. (A./
nm): 294, 310, 360, 418.

PdCl,,Ph;P,
EtOH, 10 hrs.
stirring

CuClz- 2H20,
Ph;P,
5 hrs Stirring

2. 3. DFT Calculation

Density functional theory (DFT) calculations were
carried out using the Gaussian 09 software package to
gain better insights into the structural characteristics of
the copper and palladium complexes. The Gauss View
6.0 software, with the B3LYP level of theory was utilized
to analyze the frontier molecular orbitals of the 4,5-dihy-
dro-5-(4-methoxyphenyl)-3-phenylpyrazole-1-carbothio-
amide (L) ligand, Cu(I), Cu(II) and Pd(II) complexes. The
6-311G basis set was employed for non-metal elements
suchas C, H, N, O, S, P, and Cl, while the LANL2DZ basis
set was utilized for copper and palladium metal centers.!”
The molecular electrostatic potential (MEP) and natural
bond orbital (NBO) calculations of the ligands and their
complexes were carried out using the same Gaussian soft-
ware.'8

3. Results and Discussions

Triphenylphosphine (Ph;P) and 4,5-dihydro-5-
(4-methoxyphenyl)-3-phenylpyrazole-1-carboth  joam-
ide (L) were employed as ligands for the coordination
of copper and palladium ions as displayed in Scheme 2.

Scheme 2. Synthetic routes for complexes 1, 2, 3, and 4
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One mole equivalent of CuCl,-2H,O reacts with one mole
equivalent of carbothioamide (L) in ethanol to yield Cu(II)
complex 1, while the mixed ligand complex 2 results from
the reaction of CuCl,-2H,O with equimolar amounts of
Ph;P and L ligands in ethanol. During the synthesis of
complex 2, the spontaneous reduction of Cu(II) to Cu(I) is
caused by triphenylphosphine, which serves as a reducing
agent. In addition, sterically demanding ligands contain-
ing sulfur also led to the reduction reaction, resulting in a
color change from blue to white, indicative of the copper
d'? electron configuration. Similarly, the reaction of anhy-
drous PdClI, salt with carbothioamide (L) under certain
experimental conditions led to the synthesis of complex
3, while the mixed ligand complex 4 was formed from the
reaction of PdCl, with equimolar amounts of Ph;P and L
ligands in ethanol. The structural composition of the pre-
pared complexes was confirmed by elemental analysis,
magnetic susceptibility, molar conductivity, UV-Vis, FT-
IR, and 'H, 13C, 3'P-NMR spectroscopy. In addition, the
complexes were soluble in some organic solvents, such as
dimethyl sulfoxide and dimethylformamide, at ambient
temperatures; however, they were insoluble in ethanol,
chloroform, acetone, diethyl ether, methanol, and water.

3. 1. IR Spectral Studies

The metal complexes were identified by studying
their infrared spectra and comparing them with the FT-
IR spectra of the free ligands used in their synthesis. The
IR spectrum of free 4,5-dihydro-5-(4-methoxyphe-
nyl)-3-phenylpyrazole-1-carbothioamide (L) (Figure SI)
exhibits medium bands of the NH, group at 3406 and
3255 cm™!, whereas the complex spectra of 1, 2, 3, and
4 show medium bands of the -NH, group at (3446, 3244
cm™1), (3441, 3244 cm™), (3414, 3250 cm™!), and (3392,
3253 cm™!), respectively.!” In the solid state, NH, peaks are
observed in complexes spectra, suggesting that the ligand
remains in its thione tautomeric form.2’ The free ligand
has a characteristic ¥(C=N) band at 1654 cm™!, but upon
complexation, it was shifted to 1608, 1602, 1608, and 1606
cm~tin 1, 2, 3, and 4, respectively, indicating the partici-
pation of pyrazoline nitrogen (C=N) in coordination with
the corresponding metal ions. This is also supported by the
appearance of new bands in the range of 578-565 cm ™' and
480-457 cm™!, which have been assigned to ¥(Cu-N) and
v(Pd-N), respectively.2!?> The band observed at 835 cm™!is
related to v(C=S) in the IR spectrum of the ligand (L) and
is shifted towards a lower wave number in the IR spectra of
the complexes (Figure S3-6). It suggests that thione sulfur
is ligated to metal ions. Therefore, it can be concluded that
the ligand acts as a bidentate chelating agent coordinated
via pyrazoline nitrogen and thione sulfur.*® The diagnostic
of the v(P-Ph) band at 1435 cm™! supports the presence
of coordinated triphenylphosphine.?* Another definitive
evidence is the appearance of weak new low-frequency ab-
sorption bands in the range of 384-364 cm™~! and 296-338

cm™! that are assigned the v(M-P) and v(M-Cl) frequen-
cies, respectively (Figure S7-10).%°

3.2.13C, 1H, and 3'P-NMR Studies

The *C NMR spectrum of the ligand (L) showed a
characteristic peak at § = 176.07 ppm attributed to the thione
carbon (C=S), whereas the carbon (C-2) appeared at § =
158.18 ppm. The imine carbon (C-18) appeared at § = 154.95
ppm. The aromatic carbons (C-8), (C-5), (C-11), (C-10,12),
(C-9,13), (C-4,6), (C-1,3), (C-7), and (C-17) showed signals
at § = 135.02, 130.93, 130.53, 128.68, 127.08, 126.64, 113.80,
62.35, and 42.39 ppm, respectively. Additionally, the signal
at § = 55.02 ppm (C-22) was assigned to the methyl group
(Figure S11).26 The 'H-NMR spectrum of the free ligand
(L) showed a singlet at § = 8.08 ppm, corresponding to the
(NH,) proton. The methoxy (OCHj3) protons appeared at §
=3.70 ppm. In the 'H-NMR spectrum of free ligand L, C-17
(Ha), C-17 (Hb), and C-7 (Hc) protons of the pyrazoline
ring resonated as three doublets of doublets at § 3.14-3.09,
3.90-3.82, and 5.88-5.84 ppm, respectively. These splittings
arise from vicinal coupling with the two magnetically in-
equivalent C-17 methylene protons (Figure S12).%7 A signal
was observed at § = 3.34 ppm in the 'H-NMR spectrum of
the free ligand (L), attributed to trace amounts of water in
the DMSO solvent.?® The spectra of metal complexes (1-4)
showed signals at § 9.11, 8.91, 9.03, and 8.84 ppm, respec-
tively, corresponding to the NH, group, although this signal
is slightly downfield shifted from that of the free ligand; these
observations are taken as evidence for coordination through
the thione (C=S) group and chelate formation (Figures S13-
16).2° The 3'P-NMR spectra for complexes 2 and 4 (Figures
S17 and S18) showed a single peak at 8P = -1.18 and 25.58
ppm, respectively, which means there is only one type of iso-
mer for each complex and confirms that they are pure.?

3. 3. Electronic Spectra, Magnetic
Susceptibility and Molar Conductivity
Studies

The UV-visible spectra of triphenylphosphine (Ph;P),
carbothioamide (L) ligands, and their corresponding com-
plexes (1, 2, 3, and 4) were recorded at room temperature
in DMSO solution (1073 mol. L7!), as shown in (Figure
1). The Ph;P and Carbothioamide (L) ligands exhibited
electronic absorption bands at 34013 cm™! (294 nm) and
34722 cm™' (288 nm), attributed to m>7* transitions, re-
spectively. Also, the (L) ligand displayed an absorption
band at 27932 cm™! (358 nm), which is associated with
n->7* transition.’! Complexes 1 and 2 exhibited absorp-
tion bands at 34246 cm™! (292 nm), 33222 cm™! (301 nm),
31545 cm™! (317 nm), 27548 cm™! (363 nm), and 27100
cm™! (369 nm), attributed to intra-ligand transitions.*?
The observed bathochromic shifts in these bands are due
to the coordination of the ligands with the metal centers.
Additionally, a weak absorption band was observed at
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Figure 1. The UV-Vis spectra of Ph;P, (L) ligands and their com-
plexes

17271 cm™ (579 nm) in complex 1, which is assigned to
the ?B,>?A,, transition, which is typical of a square pla-
nar Cu(II) complex.* The electronic spectra of complexes

3 and 4, displayed two d-d transition bands in the ultra-
violet and visible regions. The two d-d transition bands
were observed in the ranges of 27777-25641 cm™ (360-
390 nm) and 23923-21008 cm™! (418-476 nm) and have
been attributed to the 'A;,>'E,and 'A;;>'By, transitions,
respectively. Furthermore, in the spectra of complexes 3
and 4, the transitions situated within the spectral range of
34013-33444 cm™! (294-299 nm) and 32258-28901 cm™!
(310-346 nm) are related to intra-ligand transitions.* The
complexes 1, 2, and 3 exhibited molar conductivity values
in DMSO at 5.8, 8.6, and 16.3 Q~'cm? mol ™}, respectively,
indicating that they are non-ionic and have chlorine inside
the coordination sphere.?® In contrast, the complex 4 [Pd-
CI(L)(Ph3P)]Cl showed a molar conductivity value of 32.6
Q~lem? mol™!, suggesting the presence of only one chlo-
ride ion outside the coordination sphere, and the complex
is ionic at a ratio equal to 1:1.3 Complex 1 has (p.q = 1.83
B.M.), which confirms that the Cu(II) complex is square
planar and paramagnetic due to a 3d° electron configura-
tion. In contrast, complexes 2, 3, and 4 show (p.g < 1.0
B.M.), confirming that these complexes are diamagnetic.’’

3. 4. Theoretical Studies

Frontier molecular orbitals (FMOs) and their en-
ergy gaps are crucial parameters in quantum chemistry
computations. FMO analysis demonstrates chemical re-
activity and stability. The negative values of Epgpo and
Ejymo are indicators of a molecule's chemical stability.
Higher Eyomo values indicate that the molecule is an

Table 1. Quantum chemical parameters (eV) and NBO Charges (e).

Parameter Ph,;P L 1 2 3 4
om0 -5.7176  -1.4544 -2.4735,-3.2762 -1.5517 -2.6014 -2.5932
Erumo -0.7055 -0.4655 -1.004, -1.1646 -1.0132 -0.6938 -1.2952
AE 5.0121 0.9889 1.4695,2.1116 0.5385 1.9076 1.2980
I 5.7176 1.4544 2.4735,3.2762 1.5517 2.6014 2.5932
A 0.7055 0.4655 1.004, 1.1646 1.0132 0.6938 1.2952
1 2.5061 0.4944 0.73475, 1.0558 0.2693 0.9538 0.6490
N 0.3990 2.0224 1.3610, 0.9471 3.7140 1.0484 1.5408
X 3.2116 0.9600 1.73875, 2.2204 1.2825 1.6476 1.9442
U -3.2116 -0.9600 -1.73875, -2.2204 -1.2825 -1.6476 -1.9442
w 2.0578 0.9318 2.0573,2.3348 3.0542 1.4230 29121
The NBO charge of Ph;P, L ligands and their complexes
Atom Ph,P L 1 2 3 4
Cu - - -0.419, -0.393 -0.221 - -
Pd - - - - -0.214 -0.459
Cl - - -0.304 - -0.456 -0.515
Cl - - -0.179 -0.514 -0.354 -
N - -0.098 0.254 -0.091 0.014 0.171
S - 0.114 0.726 0.399 0.270 0.495
P 0.7610 - - 1.040 - 1.126

Tonization potential (I = —-Eyopzo); Electron affinity (A = —Eyypo); Hardness (7 = (I - A)/2); Softness (S = 1/1); Electronega-
tivity (y = (I + A)/2); Chemical potential (4 = —(I + A)/2); Electrophilicity (w = y?/2n).
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electron donor crucial for forming a charge-transfer
complex between it and the biological target. Low Eyg.
Mo Values, in contrast, suggest that a molecule's ability to
donate electrons is weak, whereas E;yyo values indicate a
molecule's capacity to accept an electron.® The chemical
hardness of compounds can be used to determine their
chemical stability. In general, soft molecules tend to be
more polarizable since they require less energy to excite
electrons from the HOMO to the LUMO. Hard molecules
have a large energy gap, whereas soft molecules have a
small energy gap.®® In this study, we computed the elec-
tronic properties of the Ph;P, 4,5-dihydro-5-(4-methoxy-
phenyl)-3-phenylpyrazole-1-carbothioamide (L) ligands,
and complexes 1, 2, 3, and 4 using the B3LYP method
and the 6-311G and LANL2DZ basis sets, respectively.
The Ph;P, L ligands, and complexes 1, 2, 3, and 4 Eyoyo,
Eiumo» and AE energy gaps are presented in (Figures 2,
3) along with their positive and negative areas. Positive

Eaonao=-5.7176 eV

and negative phases are indicated by green and red, re-
spectively. The quantum chemical parameters of the li-
gands and complexes are listed in Table 1. Each of the
ligands and complexes has a singlet spin, except complex
1, which has a doublet spin. The free Ph;P and (L) ligands
have an energy gap (AE) of 5.0121 and 0.9889 eV, while
complexes 1, 2, 3, and 4 have a AE of (1.4695, 2.1116),
(0.5385), (1.9076), and (1.2980) eV, respectively. The re-
sults show that complex 2 is softer (S= 3.7140 eV) than
the other complexes because it has the smallest energy
gap (AE= (0.5385 eV). Therefore, the synthesized Cu(I)
complex 2 is more reactive and less stable than the other
complexes. Based on AE, the stability trend was in the
following order: Ph;P > Cu(II) complex 1 > Pd(II) com-
plex 3 > Pd(II) complex 4 > ligand (L) > Cu(I) complex
2. The chemical potential values for the synthesized com-
plexes are negative, revealing that they are stable and do
not decompose into their components.*?

PhsP

AE=5.0121 eV

Ermao=-0.7055 eV

Fraouo=-1.4544 eV

Figure 2. Surface plots of HOMO-LUMO orbitals of Ph;P and L ligands

L
AE=10.9889 eV ELtmo= -0.4655 eV

Alietal.: Copper(I/I) and Palladium(II) Complexes Containing ...

497



498 Acta Chim. Slov. 2025, 72, 491-502

bl o 2

&+

@ ]
1 -
Euonio= -2.4735 eV AE=1.4695eV  Ervno=-1.004 &V

&+

Enmonmo= -1.5517 eV AE=0.5385 &V

K,
Encnio=-2.6014 eV AE=1.9076 eV
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Figure 3. Surface plots of HOMO-LUMO orbitals of complexes 1, 2, 3, and 4
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-0.129¢0 | 0.129¢0

-0.113¢0 | 0.113e0

Figure 4. MEP surfaces of the target compounds

Analysis of natural bond orbitals (NBOs) can be
used to investigate intermolecular and intramolecular
bonding, interactions between donors (ligands) and ac-
ceptors (metal centers), as well as charge transfer in molec-
ular structures.*! According to NBO analysis, the natural
electron configuration (NEC) of Cu metal in mononuclear
complex 1 is [Ar]4S%46 3d°%9 4p100 55018 44003 5p0.16
and [Ar]4S%4% 3d%%5 4P097 58021 44005 5p020, containing
11.04974, 11.13174 valence electrons and 0.37680, 0.33826
Rydberg electrons. The natural charge of Cu atom in com-

plex 1 is -0.419 and -0.393e supporting ligand-to-metal
charge transfer. The occupancies of the Cu 3d orbitals are
dy 17362 19904 q 19819 4,2 21900 4 219790 ang d 17505
d,, 19802 19801 4,2 218600 4 219792 Natural electron con-
figuration (NEC) of Cu atom in complex 2 is [Ar]4S%0!
3d%63 4p002 5504544001 5p113 containing 11.20146 valence
electrons and 0.04595 Rydberg electrons. The Cu atom's
natural charge is -0.221e, which validates electron transfer
to copper metal. The occupancy of the Cu 3d orbitals are
dy, L0008 g 19693 4 19243 4,2 (218774 § 219546 The NEC of
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the Pd atom in complex 3 is [Ar]55%48 4d°13 5p0-18 54001
6P%42, containing 10.18715 valence electrons and 0.03024
Rydberg electrons.*? The natural charge of the Pd atom is
-0.214e, confirming electron transport to palladium met-
al. The occupancy of the Pd 4d orbitals is d,,' 277 d,'->2%
d,, 19345 d,2 (2 198573 4 2 19459 Algo, the NEC of the Pd
atom in complex 4 is [Ar]558%3! 44939 5p0-34 54001 ¢p0-23,
containing 10.4485 valence electrons and 0.0214 Rydberg
electrons. The Pd atom's natural charge is -0.459, indicat-
ing electron transfer to palladium metal. The occupancy
of the Pd 4d orbitals is d,,'7%7® d,,'901%7 d,,! 7% dy? ¢
181095 (4 21.93072 The NBO data indicates that the positive
charge on the P (0.7610) atom in the free ligand increases
in complexes 2 and 4 due to the transfer of electron densi-
ty from the filled p orbital of the phosphorus atom to the
vacant metal d orbitals (p-d sigma-bonding).*

The molecular electrostatic potential (MEP) surfaces
for the ligands and their corresponding complexes were
calculated and are shown in (Figure 4). In MEP surfaces,
red areas signify electrophilic reactivity, whereas blue are-
as indicate nucleophilic reactivity.** The phosphorus atom
in Ph;P and the sulfur atom in the (L) ligand, with their
red regions, are identified as reactive sites for electrophilic
attack due to the high electronegativity of these atoms.
In all complexes, the chlorine atoms located at the nega-
tive electrostatic region represented by the red color is a
good target for an electrophilic attack.?®

4, Conclusions

In this research paper, we describe the synthesis and
spectral characterization of the complexes [CuCl,(L)] 1;
[CuCI(L)(Ph3P)] 2; [PACL,(L)] 3; and [PACI(L)(Ph;P)]Cl
4, which contain carbothioamide (L) and triphenylphos-
phine ligands. Spectroscopic studies have shown that car-
bothioamide (L) acts as an SN-donor bidentate ligand.
Magnetic moment, elemental analysis, and electronic
spectral data indicate that all synthesized complexes are
mononuclear. Moreover, structural analysis suggests that
complexes 1, 3, and 4 display a square planar geome-
try, while complex 2 shows a tetrahedral geometry. The
magnetic susceptibility measurements indicated that the
Pd(II) and Cu(I) complexes are diamagnetic, related to
their d® and d'° electron configurations, respectively. In
contrast, the Cu(II) complex demonstrates paramagnetic
behaviour, in agreement with the d° configuration. UV-Vis
spectral analysis detected the *B;,>A,, transition at 579
nm in complex 1. Also, d-d transitions were observed at
(390-360 nm) and (476-418 nm), which were attributed
to the 'A;,>'E; and 'A;;>'B,, transitions in complexes 3
and 4, respectively. NBO analysis showed that the charges
on the copper and palladium metal centres, coordinated to
the sulfur, nitrogen, and phosphorus atoms of the ligands,
were computed as Cu= -0.419, -0.393 e 1, Cu = -0.221 ¢
2,Pd=-0.214 e 3, and Pd= -0.459 e 4. These values are less

than the formal charge of the Cu*!/*? and Pd*?, support-
ing electron density transfer from the ligands to the metal
ions. MEP surface analysis indicated that electrophilic sites
are mainly localized on chlorine atoms in all complexes.
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Povzetek

S kondenzacijo 4-metoksihalkona s tiosemikarbazidom smo sintetizirali karbotioamidni ligand, 4,5-dihidro-5-(4-metok-
sifenil)-3-fenilpirazol-1-karbotioamid [C,,H:,N3OS]. Karbotioamidni ligand (L) in trifenilfosfin (Ph;P) kot koligand sta
se vezala na ione kovin Cu(I), Cu(II) in Pd(II) za sintezo ustreznih kompleksov: [CuCl,(L)] (1), [CuCl(L)(Ph;P)] (2),
[PACL(L)] (3) in [PACI(L)(Ph;P)]CI (4). Ligand in vse komplekse smo izolirali v trdni obliki ter karakterizirali z mag-
netno susceptibilnostjo, elementno analizo, molsko prevodnostjo, FT-IR, UV-Vis in NMR spektroskopijami (‘H, 13C,
*1P). Vrednosti molske prevodnosti v DMSO (5,8-16,3 Q' cm”® mol™) potrjujejo, da so vsi kompleksi neelektrolitski,
razen Pd(II) kompleksa 4, ki se obnasa kot 1:1 elektrolit (32,6 Q™' cm® mol™). Spektroskopski podatki kazejo, da se kar-
botioamidni ligand koordinira kot N,S-donor in kelatni ligand. Meritve magnetne susceptibilnosti skupaj z elektronsko
spektroskopijo nakazujejo, da imajo kompleksi Cu(II) in Pd(II) kvadratno planarno geometrijo, medtem ko ima Cu(I)
kompleks 2 tetraedri¢no strukturo. Elementna analiza in 'H NMR spektroskopija potrjujeta enojedrno strukturo vseh
kompleksov. DFT-racuni kazejo, da imajo sintetizirani kompleksi 1, 3 in 4 ve¢jo termodinamsko stabilnost kot prosti
ligand (L), s pripadajo¢imi vrednostmi AE (1,4695; 2,1116 eV), (1,9076 eV) in (1,2980 eV). V nasprotju s tem ima kom-
pleks 2 nizjo termodinamsko stabilnost (AE = 0,5385 eV). Med sintetiziranimi kompleksi je najve¢jo mehkobo pokazal
kompleks 2 (S = 3,7140 eV), sicer pa so bili vsi kompleksi mehkejsi od trifenilfosfinskega liganda. Rezultati kazejo, da v
dolo¢enih kompleksih elektronski prehodi potekajo lazje kot v njihovih ligandih, kar nakazuje moznost njihove uporabe
v fotocelicah v prihodnjih raziskavah.

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

Two series of new 1,3,4-thiadiazole derivatives were synthesized through heterocyclization of methyl 2-(3,5-di-
bromo-2-hydroxybenzylidene)hydrazine-1-carbodithioate (4) and methyl (E)-2-(1-(5,7-dibromobenzofuran-2-yl)
ethylidene)hydrazine-1-carbodithioate (5) with various hydrazonoyl chlorides, respectively. The structures of the newly
synthesized products were elucidated through elemental analysis and spectral data. Eight new compounds from the first
series (i.e. containing dibromohydroxybenzene moiety) were evaluated for their antimicrobial activity against Staphylo-
coccus aureus ATCC 6538-P as the Gram-positive bacteria, Escherichia coli ATCC 25933 as the Gram-negative bacteria,
Candida albicans ATCC 10231 as a yeast, and the filamentous fungus Aspergillus niger NRRL-A326 in comparison with
neomycin as a reference drug in the case of S. aureus, E. coli and C. albicans whereas cyclohexamide was used as a refer-
ence for filamentous fungi. The results showed that some of the novel compounds have promising antimicrobial activity.

Keywords: 1,3,4-thiadiazole, carbodithioate, hydrazonoyl chloride, antimicrobial activity.

1. Introduction

Heterocyclic compounds have garnered significant
interest among organic chemists, medical researchers, and
those involved in drug discovery. Thiadiazole is a promi-
nent class of heterocyclic compounds characterized by a
five-membered ring containing two nitrogen atoms, one
sulfur atom, and two carbon atoms. Thiadiazoles are cate-
gorized into four types: 1,3,4-thiadiazole, 1,2,4-thiadi-
azole, 1,2,5-thiadiazole, and 1,2,3-thiadiazole (Figure 1),
with 1,2,4-thiadiazole and 1,3,4-thiadiazole being the
most extensively studied.!

Compounds containing the 1,3,4-thiadiazole moiety
have been shown to exhibit a broad spectrum of biological

S S

(/ ‘N /B
N// N\%N
1,2,3-thiadiazole 1,2,4-thiadiazole

Figure 1. Structures of thiadiazoles

activities, including antimicrobial,>* antituberculosis,* an-
tiinflammatory,®>~’ anticonvulsant,*®° antihypertensive,'°
local anesthetic,!! and anticancer activities,'>!® 1,3,4-thi-
adiazole scaffold has been utilized in several FDA-ap-
proved!* drugs such as desaglybuzole, acetazolamide, sul-
famethizole, litronesib, filanesib, and methazolamide!®
(Figure 2).

Various synthetic routes including cyclization reac-
tions involving thioketones, hydrazines and various car-
bonyl compounds are utilized to synthesis thiadiazole. In
this work, we aim to synthesize a new series of 1,3,4-thiad-
iazole derivatives which are expected to exhibit antimicro-
bial activity.

N—S =
U S

1,2,5-thiadiazole 1,3,4-thiadiazole
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Figure 2. FDA-approved drugs contain thiadiazole

2. Experimental

Melting points were measured on an electrothermal
digital apparatus. IR spectra (KBr disks) were recorded on
a Shimadzu FT-IR 8201 PC Infrared spectrophotometer.
'H NMR spectra were recorded in DMSO-d, solutions on
a Bruker spectrometer operating at 400 MHz, 3C NMR
were recorded on a Bruker spectrometer at 100 MHz, and
chemical shifts were referenced to that of the solvent. Mass
spectra were recorded on a GCMS QP1000 EX Shimadzu.
Elemental analyses were carried out by the Microanalyti-
cal Research Centre, Faculty of Science, Cairo University.
Analytical C, H, N, and S results were within +0.4% of the
calculated values, hydrazonoyl halides 6a-h'%-!° were pre-
pared as reported in the literature.

2. 1. Chemistry

Synthesis of 3,5-Dibromo-2-hydroxybenzaldehyde (2)

Bromine 16 g (5 mL), 0.1 mol was added step-wise to
salicylaldehyde (1) (22.12 g, 0.18 mol) in acetic acid (150
mL), while stirring for 1 hour in an ice bath. The reaction
mixture was then poured on ice-cold water (1000 mL).2%2!
The resulting solid residue compound 2 was collected and
recrystallized from ethanol to give white crystals, yield
43.353 g (85%). M.p. 81-83 °C (ethanol); IR (KBr) v 3347
(OH), 3176, 3067 (CH, aromatic), 1680 (C=0) cm™; 'H
NMR (400 MHz, DMSO-dj) 8 11.25 (s, 1H, CHO), 10.01
(s, 1H, OH), 7.95 (d, J = 2.4 Hz, 1H, Ar-H), 7.83 (d, ] = 2.4
Hz, 1H, Ar-H); MS m/z (%): 281.87 ([M+4]*, 22.64),
279.61 ([M+2]*, 33.78), 278.08 (M*, 100). Anal. Calcd. for
C,H,Br,0, (279.96): C, 30.04; H, 1.44. Found: C, 29.83; H,
1.42 %.

filanesib

sulfamethizole

A

methazolamide

Synthesis of 1-(5,7-Dibromobenzofuran-2-yl)ethan-1-
one (3)

A total of 28 g (0.1 mol) of compound 2 was refluxed
for 2 hours in a solution of potassium hydroxide (5.6 g, 0.1
mol) in ethanol. After cooling the reaction mixture to
room temperature, 10 g (0.1 mol) of chloroacetone was
added. The mixture was then refluxed for an additional 2
hours. Following this, the reaction mixture was filtered,
and the resulting solution was allowed to cool at room
temperature. Light green crystals of compound 3 were ob-
tained with a yield 19.76 g (60%). M.p. 147-151 °C (etha-
nol); IR (KBr) v 3117, 3094, 3091 (=C-H, aromatic), 1692
(C=0) cm™};'"H NMR (400 MHz, DMSO-dy) § 8.07 (d, ] =
1.7 Hz, 1H, Ar-H), 7.97 (d, J = 1.7 Hz, 1H, Ar-H), 7.92 (s,
1H, Ar-H), 2.58 (s, 3H, CH3); 3C NMR (101 MHz,
DMSO-d,) § 188.15 (C=0), 153.83, 151.55, 133.11, 130.21,
126.08, 116.86, 114.54, 105.73, 27.06; MS m/z (%): 319.65
([M+4]*, 77.01), 317.50 ([M+2]*, 19.42), 315.05 (M,
25.53). Anal. Calcd for C;jH¢Br,0, (317.96): C, 37.78; H,
1.89. Found C, 37.58; H, 1.88 %.

Synthesis of Methyl (E)-2-(3,5-Dibromo-2-
hydroxybenzylidene)hydrazine-1-carbodithioate (4)

To a solution of 3,5-dibromo-2-hydroxybenzalde-
hyde (2.79 g, 10 mmol) in 20 mL of 2-propanol, 1.22 g (10
mmol) of methylhydrazinecarbodithioate was added. The
mixture was warmed gently and stirred for 1 hour. The sol-
id product was filtered off and recrystallized from dioxane
to afford compound 4 as a pale yellow solid in yield 3.341
g (87%). M.p. 187-189 °C (dioxane); IR (KBr) v 3575
(OH), 3428 (NH), 3219, 3127, 3091 (C-H, aromatic), 1628
(C=N), 1605 (C=C) cm™}; 'H NMR (400 MHz, DMSO-d,)
8 13.46 (s, 1H, NH), 11.83 (s, 1H, OH), 8.56 (d, ] = 1.7 Hz,
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1H, Ar-H), 8.55 (s, 1H, CH=N), 8.18 (d, J = 1.7 Hz, 1H,
Ar-H), 2.56 (s, 3H, S-CH,); 1*C NMR (101 MHz, DM-
SO-ds) & 199.01 (C=S), 165 (C-OH), 141.41 (C=N),
140.51, 127.66, 122.20, 120.80, 117.48, 17.30 (CH,).

Synthesis of Methyl (E)-2-(1-(5,7-Dibromobenzofuran-
2-yl)ethylidene)hydrazine-1-carbodithioate (5)

To a solution of 1-(5,7-dibromobenzofuran-2-yl)
ethan-1-one (3) (3.17 g, 10 mmol) in 2-propanol (20 mL),
methyl hydrazinecarbodithioate (1.22 g, 10 mmol) was
added. The mixture was heated under reflux for 1 hour.
The precipitated product was filtered off, recrystallized
from dioxane to afford compound 5 as a white solid, yield
3.503 g (83%). M.p. 210 °C (acetic acid); FT-IR (KBr) v
3199 (NH), 3065 (C~H, aromatic), 2955, 2856 (CH), 1645
(C=C), 1598 (C=N), 1238 (C=S), 704 (C-S) cm™; 'H
NMR (400 MHz, DMSO-dy) 8§ 12.63 (s, 1H, NH), 7.97 (d,
J=1.7Hz, 1H, Ar-H), 7.85 (d, ] = 1.7 Hz, 1H, Ar-H), 7.55
(s, 1H, Ar-H), 2.54 (s, 3H, S-CH,), 2.41 (s, 3H, CH,); MS
m/z (%): 423.17 ([M+4]*, 7.45), 421.18 ([M+2]*, 22.46),
419.19 (M, 23.59), 402.7 (100), 390.08 (22.44). Anal. Cal-
cd for C,,H,(Br,N,0S, (422.15): C, 34.14; H, 2.37; N, 6.64;
S, 15.19. Found: C, 34.06; H, 2.36; N, 6.62; S, 15.16%.

General Procedure for the Synthesis of
1,3,4-Thiadiazole Derivatives 10a-g

To a mixture of appropriate hydrazonoyl halides 6a-
g (1 mmol) and hydrazine-1-carbodithioate derivative (4)
(0.384 g, 1 mmol) in ethanol (20 mL), triethylamine (0.5
mL) was added, the mixture was warmed gently and
stirred at room temperature for 1 hour.2? The resulting sol-
id product was collected and recrystallized from the ap-
propriate solvent to give the corresponding 1,3,4-thiadi-
azole derivatives 10a-g. The physical constants of products
10a-g are listed below.

4-(4-Chlorophenyl)-5-(((E)-3,5-dibromo-2-
hydroxybenzylidene)hydrazineylidene)-N-phenyl-4,5-
dihydro-1,3,4-thiadiazole-2-carboxamide (10a)

Yellow solid, yield 0.534 g (88%). M.p. 230-232 °C
(dioxane); FT-IR (KBr) v 3382 (OH), 3310 (NH), 3070
(CH, aromatic), 2925 (CH), 1667 (C=0), 1601 (C=N),
1544 (C=N, thiadiazole) cm™; 'TH NMR (400 MHz,
DMSO-dq) § 10.83 (s, 1H, OH), 8.70 (s, 1H, NH), 8.65 (s,
1H, CH=N), 8.24 (d, ] = 8.9 Hz, 2H, Ar-H), 8.17 (d, = 8.9
Hz, 2H, Ar-H), 7.86 (d, ] = 2.3 Hz, 1H, Ar-H), 7.82 (d, ] =
2.3 Hz, 1H, Ar-H), 7.76 (d, ] = 7.9 Hz, 2H, Ar-H), 7.40 (t, ]
=79Hz,2H, Ar-H), 7.18 (t,J = 7.4 Hz, 1H, Ar-H); MS m/z
(%): 609.32 ([M+4]*, 23.14), 607.21 ([M+2]*, 20.78),
604.90 (M*, 60.81), 446.51 (100), 405.70 (52). Anal. Calcd.
for Cp,H,,Br,CIN,O,S (607.71): C, 43.48; H, 2.32;N, 11.52;
S, 5.28. Found: C, 43.36; H, 2.29; N, 11.48; S, 5.26%.

2,4-Dibromo-6-((1E)-((5-(furan-2-yl)-3-(4-
nitrophenyl)-1,3,4-thiadiazol-2(3H)-ylidene)
hydrazineylidene)methyl)phenol (10b)

Brown solid, yield 0.468 g (83%). M.p. 295-298 °C
(dioxane); FT-IR (KBr) v 3384 (OH), 3112, 3071 (CH, ar-
omatic), 2923 (CH), 1743 (C=C, furan ring), 1605 (C=N),
1590 (C=N, thiadiazole), 693 (C-S) cm™'; 'H NMR (400
MHz, DMSO-dq) 6 11.38 (s, 1H, OH), 8.81 (s, 1H, CH=N),
8.43 (s, 2H, Ar-H), 8.06 (d, ] = 1.6 Hz, 1H, furan-H), 7.91
(d, J = 2.3 Hz, 1H, Ar-H), 7.89 (d, ] = 2.3 Hz, 1H, Ar-H),
7.90 (d, ] = 8.12 Hz, 2H, Ar-H), 7.46 (d, J = 3.6 Hz, 1H,
furan-H), 6.82 (dd, J = 3.6, 1.6 Hz, 1H, furan-H); MS m/z
(%): 566.53 ([M+4]*, 5.00), 564.17 ([M+2]", 28.24), 562.97
(M*, 15.01), 440.47 (100), 429.35 (45.58). Anal. Calcd for
CyoH,,Br,N50,S (565.20): C, 40.38; H, 1.96; N, 12.39; S,
5.67. Found: C, 40.33; H, 1.94; N, 12.37; S, 5.66%.

5-(((E)-3,5-Dibromo-2-hydroxybenzylidene)
hydrazineylidene)-N,4-diphenyl-4,5-dihydro-1,3,4-
thiadiazole-2-carboxamide (10c¢)

Pale yellow solid, yield 0.441 g (77%). M.p. 187 °C
(dioxane); FT-IR (KBr) v 3382 (OH), 3310 (NH), 3070
(CH, aromatic), 2925 (CH), 1667 (C=0), 1601 (C=N),
1544 (C=N, thiadiazole) cm™}; 'H NMR (400 MHz, DM-
SO-dg) 6 10.75 (s, 1H, OH), 8.66 (s, 1H, NH), 8.62 (s, 1H,
CH=N), 8.07 (d, ] = 7.9 Hz, 2H, Ar-H), 8.01 (d, J = 7.9 Hz,
2H, Ar-H), 7.83 (d, J = 2.3 Hz, 1H, Ar-H), 7.82 (d, J = 2.3
Hz, 1H, Ar-H), 7.56 (d, ] = 6.8 Hz, 2H, Ar-H), 7.47-7.33
(m, 3H, Ar-H), 6.92 (d, ] = 7.8 Hz, 1H, ArH); MS m/z (%):
574.16 ([M+4]*, 5.04), 572.46 ([M+2]*, 22.09), 570.61
(M*, 13.02), 273.67 (100), 260.89 (58.38). Anal. Calcd for
Cy,H,sBr,N:0,S (573.93): C, 46.09; H, 2.64; N, 12.22;S,
5.59. Found: C, 46.10; H, 2.62; N, 12.22; S, 5.59%.

2,4-Dibromo-6-((1E)-((3-(4-nitrophenyl)-5-(thiophen-
2-yl)-1,3,4-thiadiazol-2(3H)-ylidene)hydrazineylidene)
methyl)phenol (10d)

Orange solid, yield 0.447 g (77%). M.p. >300 °C (ace-
tic acid); FT-IR (KBr) v 3444 (OH), 3108, 3065 (C-H aro-
matic), 2913 (CH), 1608 (C=N), 1589 (C=N thiadiazole),
1491 (C=C), 695 (C-S-C) cm™'; 'H NMR (400 MHz, DM-
SO-dg) § 11.37 (s, 1H, OH), 8.80 (s, 1H, CH=N), 8.41 (d,
J = 9.2 Hz, 2H, Ar-H), 7.94 (d, ] = 5.1 Hz, 1H, thio-
phene-H), 7.93 (d, ] = 1.8 Hz, 1H, thiophene-H), 7.92 (d, ]
=9.2 Hz, 2H, Ar-H), 7.90 (d, ] = 3.0 Hz, 1H, Ar-H), 7.89
(d, J = 3.0 Hz, 1H, Ar-H), 7.28 (t, ] = 5.1 Hz 1H, thio-
phene-H); MS m/z (%): 582.57 ([M+4]*, 28.40), 580.90
([M+2]*,23.47), 578.48 (M*, 32.64), 327.52 (61.54), 307.76
(24.94). Anal. Calcd for C;oH,;Br,N;05S, (581.26): C,
39.26; H, 1.91; N, 12.05; S, 11.03. Found: C, 39.05; H, 1.88;
N, 11.98; S, 10.98%.

Ethyl 5-(((E)-3,5-Dibromo-2-hydroxybenzylidene)
hydrazineylidene)-4-phenyl-4,5-dihydro-1,3,4-
thiadiazole-2-carboxylate (10e)

Yellow solid, yield 0.447 g (85%). M.p. 205-207 °C
(acetic acid); FT-IR (KBr) v 3423 (OH), 3110, 3071 (C-H
aromatic), 2991, 2922 (CH), 1746 (C=0), 1604 (C=N), 1555
(C=N thiadiazole), 687 (C-S—-C) cm~'; 'H NMR (400 MHz,
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DMSO-d;) & 10.89 (s, 1H, OH), 8.65 (s, 1H, CH=N), 7.86
(d,]=8.6 Hz, 2H, Ar-H), 7.80 (d, ] = 2.2 Hz, 1H, Ar-H), 7.78
(d,7=2.2Hz, 1H, Ar-H), 7.57 (t, ] = 7.8 Hz, 2H, Ar-H), 7.46
(t,J = 7.4 Hz, 1H, Ar-H), 441 (q, ] = 7.1 Hz, 2H, CH,), 1.34
(t, ] = 7.1 Hz, 3H, CH,); MS m/z (%): 528.22 ([M+4]*,
13.73), 526.46 ([M+2]*, 10.12), 523.90 (M, 8.77), 362.13
(53.28), 317.37 (100), 298.08 (43.31). Anal. Calcd for
C,sH4,Br,N,0,S (526.20): C, 41.09; H, 2.68; N, 10.65; S,
6.09. Found: C, 41.07; H, 2.66; N, 10.64; S, 6.09%.

1-(5-(((E)-3,5-Dibromo-2-hydroxybenzylidene)
hydrazineylidene)-4-(para-tolyl)-4,5-dihydro-1,3,4-
thiadiazol-2-yl)ethan-1-one (10f)

Pale yellow solid, yield 0.405 g (75%). M.p. 220 °C
(dioxane); FT-IR (KBr) v 3423 (OH), 3110, 3071 (C-H ar-
omatic), 2991, 2922 (CH), 1746 (C=0), 1604 (C=N), 1555
(C=N thiadiazole), 687 (C-S-C) cm™!; 'H NMR (400
MHz, DMSO-d;) 6 10.68 (s, 1H, OH), 8.65 (s, 1H, CH=N),
7.87 (d, J = 2.3 Hz, 1H, Ar-H), 7.80 (d, /] = 2.3 Hz, 1H,
Ar-H), 7.72 (d, ] = 8.3 Hz, 2H, Ar-H), 7.38 (d, ] = 8.3 Hz,
2H, Ar-H), 4.41 (g, ] = 7.0 Hz, 2H, CH,), 2.39 (s, 3H, CH3),
1.34 (t, ] = 7.1 Hz, 3H, CH;); MS m/z (%): 541.88 ([M+4]*,
18.7), 539.78 ([M+2]*, 14.33), 537.68 (M*, 28.74), 213.9
(100), 207.93 (43.55). Anal. Calcd for C,oH;¢Br,N,O;S
(540.23): C, 42.24; H, 2.99; N, 10.37; S, 5.93. Found C,
42.13; H, 2.95; N, 10.34; S, 5.92%.

1-(5-(((E)-3,5-Dibromo-2-hydroxybenzylidene)
hydrazineylidene)-4-(para-tolyl)-4,5-dihydro-1,3,4-
thiadiazol-2-yl)ethan-1-one (10g)

Orange solid, yield 0.459 g (90%). M.p. 285 °C (diox-
ane); FT-IR (KBr) v 3422 (OH), 3083 (C-H aromatic),
2920 (CH), 1681 (C=0), 1601 (C=N), 1555 (C=N thiadi-
azole), 687 (C-S-C) cm™!; '"H NMR (400 MHz, DMSO-dy)
8 10.71 (s, 1H, OH), 8.67 (s, 1H, CH=N), 7.87 (d, J = 2.3
Hz, 1H, Ar-H), 7.80 (d, J = 2.3 Hz, 1H, Ar-H), 7.79 (d, ] =
8.4 Hz, 2H, Ar-H), 7.40 (d, ] = 8.4 Hz, 2H, Ar-H), 2.59 (s,
3H, CHs,), 2.40 (s, 3H, CH,); MS m/z (%): 511.29 ([M+4]*,
5.97), 509.52 ([M+2]*, 10.03), 507.33 (M*, 14.58), 467.31
(86.40), 419.28 (100). Anal. Calcd for C,gH,4Br,N,O,S
(510.20): C, 42.37; H, 2.77; N, 10.98; S, 6.28. Found: C,
42.28; H, 2.74; N, 10.96; S, 6.27%.

Synthesis of 6,6'-((1E,1'E)-((1,4-Phenylenebis(3-
phenyl-1,3,4-thiadiazole-5(3H)-yl-2(3H)-ylidene))
bis(hydrazine-2,1-diylidene))bis(methaneylylidene))
bis(2,4-dibromophenol) (10h)

To a mixture of appropriate hydrazonoyl halide 6h (1
mmol), and hydrazine-1-carbodithioate derivative com-
pound 4 (0.768 g, 2 mmol) in ethanol (20 mL), triethyl-
amine (0.5 mL) was added, the mixture was warmed gen-
tly and stirred at room temperature for 1 hour?? The
resulting solid product was collected and recrystallized
from dioxane to give the corresponding 1,3,4-thiadiazole
derivative 10h. The physical constants of product 10h are
listed below.

Yellow solid, yield 1.37 g (70%). M.p. >300 °C (diox-
ane); FT-IR (KBr) v 3420 (OH), 3064 (C-H aromatic),
2921 (CH), 1603 (C=N), 1554 (C=N thiadiazole), 692
(C-S-C) cm™'; '"H NMR (400 MHz, DMSO-d,) 6 10.12 (s,
1H, OH), 8.69 (s, 1H, CH=N), 7.95 (s, 2H, Ar-H), 7.86 (d,
J=1.5Hz, 1H, Ar-H), 7.81 (d, ] = 1.4 Hz, 1H, Ar-H), 7.58
(t, ] = 7.7 Hz, 2H, Ar-H), 7.39 (d, ] = 8.0 Hz, 2H, Ar-H),
7.31 (t,J=6.0 Hz, 1H, Ar-H); MS m/z (%): 985.85 ([M+8]*,
37.87), 982.66 ([M+4]*, 53.24), 386.73 (100), 339.25
(73.62). Anal. Calcd for C;4H,,Br,NgO,S, (982.36): C,
44.02; H, 2.26 ; N, 11.41; S, 6.53. Found: C, 43.86; H, 2.23;
N, 11.37; S, 6.51%.

General Procedure for the Synthesis of
1,3,4-Thiadiazole Derivatives 11a—e

To a mixture of appropriate hydrazonoyl halides
6a-e (1 mmol) and hydrazine-1-carbodithioate derivative
compound 5 (0.422 g, 1 mmol) in ethanol (20 mL), trieth-
ylamine (0.5 mL) was added, the mixture was warmed
gently and stirred at room temperature for 1 hour.?? The
resulting solid product was collected and recrystallized
from the appropriate solvent to give the corresponding
1,3,4-thiadiazoles 11a-e. The physical constants of prod-
ucts 11a-e are listed below.

((E)-5-(((E)-1-(5,7-Dibromobenzofuran-2-yl)
ethylidene)hydrazineylidene)-4-phenyl-4,5-dihydro-
1,3,4-thiadiazol-2-yl)(phenyl)methanone (11a)

Brown solid, yield 0.524 g (88%). M.p. 145-146 °C
(acetic acid); FT-IR (KBr) v 3066, 3024 (C-H Ar), 2918,
2852 (C-H), 1728 (C=0), 1599 (C=N), 1582 (C=N thiadi-
azole), 686 (C-S) cm™; 'H NMR (400 MHz, DMSO-d;) §
8.10 (d, J = 1.7 Hz, 1H, Ar-H), 8.01 (d, J = 1.7 Hz, 1H,
Ar-H), 7.95 (s, 2H, Ar-H), 7.78 (d, ] = 6.0 Hz, 2H, Ar-H),
7.63-7.58 (m, 3H, Ar-H), 7.54 (s, 1H, Ar-H), 7.43-7.37
(m, 3H, Ar-H), 2.43 (s, 3H, CH3); MS m/z (%): 597.94
([M+4]*, 18.05), 596.39 ([M+2]*, 24.62), 594.17 (M*,
24.75), 300.17 (100), 277.25 (57.98). Anal. Calcd for
C,sH,Br,N,0,S (596.30): C, 50.36; H, 2.70; N, 9.40; S,
5.38. Found C, 50.22; H, 2.68; N, 9.37; S, 5.36%.

(Z)-4-(4-Chlorophenyl)-5-(((E)-1-(5,7-
dibromobenzofuran-2-yl)ethylidene)
hydrazineylidene)-N-phenyl-4,5-dihydro-1,3,4-
thiadiazole-2-carboxamide (11b)

Green solid, yield 0.497 g (77%). M.p. 200-203 °C
(acetic acid); FT-IR (KBr) v 3390 (NH), 3106, 3073 (C-H
aromatic), 2954, 2922 (C-H), 1691 (C=0), 1598 (C=N),
1578 (C=N thiadiazole), 686 (C-S) cm™'; 'H NMR (400
MHz, DMSO-d,) 6 10.75 (s, 1H, NH), 8.29 (d, ] = 9.0 Hz,
2H, Ar-H), 7.92 (d, ] = 1.7 Hz, 1H, Ar-H), 7.80 (d, J = 1.7
Hz, 1H, Ar-H), 7.76 (d, ] = 7.4 Hz, 2H, Ar-H), 7.65 (d, ] =
9.0 Hz, 2H, Ar-H), 7.53 (s, 1H, Ar-H), 7.40 (t, ] = 7.8 Hz,
2H, Ar-H), 7.18 (t, ] = 7.4 Hz, 1H, Ar-H), 2.43 (s, 3H,
CH;); MS m/z (%): 646.95 ([M+4]*, 19.56), 643.51
([M+2]*, 8.54), 642.61 (M, 34.29), 334.94 (100), 263.22
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(44.32). Anal. Calcd for Cy5H;¢Br,CIN;O,S (645.75): C,
46.50; H, 2.50; N, 10.85; S, 4.96. Found: C, 46.41; H, 2.47;
N, 10.83; S, 4.96%.

2-(((E)-1-(5,7-Dibromobenzofuran-2-yl)ethylidene)
hydrazineylidene)-3-phenyl-5-(para-tolyl)-2,3-
dihydro-1,3,4-thiadiazole (11c)

Yellow solid, yield 0.454 g (78%). M.p. >300 °C (di-
oxane); FT-IR (KBr) v 3066, 3024 (C-H aromatic), 2918,
2852 (C-H), 1599 (C=N), 1582 (C=N thiadiazole), 683
(C-S) cm™'; 'H NMR (400 MHz, DMSO-dg) 6 8.15 (d, ] =
8.4 Hz, 2H, Ar-H), 8.04 (d, ] = 8.4 Hz, 2H, Ar-H), 7.87 (d,
J=18Hz, 1H, Ar-H), 7.83 (d, ] = 1.8 Hz, 1H, Ar-H), 7.79
(d, J = 7.9 Hz, 2H, Ar-H), 7.70 (t, ] = 7.9 Hz, 2H, Ar-H),
7.58 (t, ] = 7.9 Hz, 1H, Ar-H), 7.51 (s, 1H, Ar-H), 2.44 (s,
3H, CH,), 2.39 (s, 3H, CH,); MS m/z (%): 584.98 ([M-+4]",
24.67), 582.97 ([M+2]%, 18.12), 580.05 (M*, 25.19), 264.08
(100), 190.92 (64.69). Anal. Calcd for C,;H;4Br,N,O,S
(582.31): C, 51.57; H, 3.12; N, 9.62; S, 5.51. Found: C,
51.33; H, 3.08; N, 9.58; S, 5.48 %.

(E)-2-(((E)-1-(5,7-Dibromobenzofuran-2-yl)
ethylidene)hydrazineylidene)-5-(furan-2-yl)-3-(4-
nitrophenyl)-2,3-dihydro-1,3,4-thiadiazole (11d)

Brown solid, yield 0.464 g (77%). M.p. >300 °C (di-
oxane); FT-IR (KBr) v 3114, 3070 (C-H aromatic), 2920
(C-H), 1604 (C=N), 1593 (C=N thiadiazole), 683 (C-S)
cm™'; '"H NMR (400 MHz, DMSO-d) 8 8.53 (d, ] = 9.2 Hz,
2H, Ar-H), 8.44 (d, J = 9.3 Hz, 2H, Ar-H), 8.10 (d, J = 1.7
Hz, 1H, Ar-H), 8.01 (d, J=1.7 Hz, 1H, Ar-H), 7.95 (dd, ] =
3.5,1.7 Hz, 1H, furan-H), 7.83 (d, J = 1.7 Hz, 1H, furan-H),
7.57 (s, 1H, Ar-H), 7.35 (d, J = 3.5 Hz, 1H, furan-H), 2.58
(s, 3H, CH,); MS m/z (%): 604.78 ([M+4]*, 22.44), 602.98
([M+2]%,18.11),600.15 (M*, 26.02), 436.93 (98.87), 391.31
(52.40). Anal.Caled for C,,H;3Br,N;O,S (603.25): C,
43.80; H, 2.17; N, 11.61; S, 5.31. Found: C, 43.75; H, 2.15;
N, 11.60; S, 5.31%.

4-((E)-5-(((E)-1-(5,7-Dibromobenzofuran-2-yl)
ethylidene)hydrazineylidene)-4-phenyl-4,5-dihydro-
1,3,4-thiadiazol-2-yl)-N-phenylbenzohydrazonoyl
Chloride (11e)

Orange solid, yield 0.540 g (75%). M.p. 220 °C
(chloroform); FT-IR (KBr) v 3317 (NH), 3078, 3052 (C-
H aromatic), 2918 (C-H), 1600 (C=N), 1573 (C=N thi-
adiazole), 692 (C-S) cm™; 'H NMR (400 MHz,
DMSO-dg) § 10.02 (s, 1H, NH), 8.10 (d, ] = 8.7 Hz, 2H,
Ar-H), 8.05 (d, J = 8.7 Hz, 2H, Ar-H), 7.86 (d, ] = 1.7 Hz,
1H, Ar-H), 7.83 (d, ] = 1.7 Hz, 1H, Ar-H), 7.53 (s, 1H,
Ar-H), 7.38 (d, ] = 7.8 Hz, 4H, Ar-H), 7.29 (t, ] = 7.9 Hz,
4H, Ar-H), 6.89 (t, J = 7.2 Hz, 2H, Ar-H), 2.40 (s, 3H,
CH,); MS m/z (%): 721.27 ([M+4]*, 17.82), 718.83
([M+2]*, 15.17), 717.99 (M", 39.38), 618.66 (65.29),
84.21 (100). Anal.Calcd for C;,H,,Br,CIN,OS (720.87):
C, 51.65; H, 2.94; N, 11.66; S, 4.45. Found: C, 51.62; H,
2.91; N, 11.65; S, 4.45%.

2. 2. Antimicrobial Activity Assay

The newly synthesized compounds were tested in
vitro for antimicrobial activity against strains of pathogen-
ic microorganisms, namely Staphylococcus aureus ATCC
6538-P (Gram-positive bacterium), Escherichia coli ATCC
25933 (Gram-negative bacterium), Candida albicans
ATCC 10231 and Aspergillus niger NRRL-A326 (unicellu-
lar and multicellular fungi) using an agar well diffusion
method.?? Neomycin and cycloheximide were used as the
standard antimicrobial drugs. Nutrient agar (NA) plates
were inoculated deeply with 0.1 mL of 10°-10° cells/mL
for bacteria and yeast. Potato dextrose agar (PDA) plates
were densely seeded with 0.1 mL (10° cells/mL) of fungal
inoculum to assess antifungal activities. Compounds were
prepared by dissolving 10 mg of the compound in 2 mL of
dimethyl sulfoxide (DMSO).?* The plates were desiccated,
and a sterilized cork borer (7 mm in diameter) was used
for punching the wells (2 wells) in agar medium. Wells
were filled with 100 pL of each compound and allowed to
diffuse at room temperature for 1 hour, then the plates
were placed in an incubator at 37 °C for 24 hours in the
case of bacteria and at 27 °C for 48-72 hours in the case of
fungi. After the incubation, the plates were observed for
the formation of a clear inhibition zone around the well
indicating the presence of antimicrobial activity. The ab-
sence of a clear zone around the well was taken as inactiv-
ity. The DMSO solvent was used as a negative control. The
resulting diameters of zones of inhibition, including the
diameter of the well, were measured using a ruler and re-
ported in millimeters. To maintain the consistency of
measurements, each zone of inhibition was measured
twice (one vertical and one horizontal measurement), and
the average value was taken. The experiment was per-
formed in triplicate.?

2. 3. Determination of Minimal Inhibitory
Concentration (MIC) and Minimum
Bactericidal/Fungicidal Concentration
(MBC/MFC)

Test Microbes

Three pathogenic microbial strains: Staphylococcus
aureus ATCC 6538, Escherichia coli ATCC 25933 and Can-
dida albicans ATCC 10231. The tested microbes are grown
on Mueller Hinton Agar (MHA) and Sabouraud Dextrose
Agar (SDA).

Preparation of Microbial Culture

Clean microbial cells were prepared by cultivated
test microbes in 100 mL bottles capped and incubated at
37 °C for 24 hours in the case of bacteria and 48 hours in
the case of yeast. Cells were obtained under sterile condi-
tions, in a cooling centrifuge at 4000 rpm for 15 min. The
cells were washed using 20 mL of sterile normal saline un-
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til the supernatant was clear. The optical density of the mi-
crobial suspension was measured at 500 nm, and serial
dilutions were carried out with appropriate aseptic tech-
niques until the optical density was in the range of 0.5-1.0.
The actual number of colony-forming units was carried
out to obtain a concentration of 5 - 10° cfu/mL.

Preparation of Resazurin Solution

The resazurin solution was prepared by dissolving a
270 mg tablet in 40 mL of sterile distilled water and shaken
well with vortex mixer and sterilized by filtration through
a membrane filter (pore size of 0.22-0.45 um).

Preparation of the Plates

Microplates with 96 wells were prepared and labeled
under aseptic conditions. A volume of 500 pL of test
material in DMSO (a stock concentration of 5 mg/mL for
purified compounds) was pipetted into the first row of the
plate. To all other wells 50 uL of broth medium was added.
Serial dilutions were performed. To each well 10 pL of
resazurin indicator solution was added, and 10 pL of
microbial suspension (5 - 10° cfu/mL) was added to each
well. Each plate was wrapped loosely with parafilm to en-
sure that microbes did not become dehydrated. The plates
were placed in an incubator at 37 °C for 24 hours in the
case of bacteria and for 48 hours in the case of yeast. The
color change was then assessed visually. Any color changes
from purple to pink or colorless were recorded as positive.
The lowest concentration at which color change occurred
was taken as the MIC.26

Determination of Minimum Bactericidal
Concentrations (MBC) of Each Compound

Streaks were taken from the two concentrations
higher than MIC and the plates exhibiting no growth were
considered as MB.27-28

H Acetic acid
+ BI'2

\

OH ice bath 2hr

Br

Determination of Minimum Fungicidal
Concentrations (MFC)

Minimal fungicidal concentrations were determined
according to the reported literature.?’ Briefly, MFC was
evaluated by transporting 100 uL from all clear MIC wells
(no growth seen in microdilution trays) onto Sabouraud
agar (SDA) plates. The MFC was the lowest sample con-
centration that killed > 99.9% of Candida cells.

3. Results and Discussion
3. 1. Chemistry

The objective of this research was to synthesize novel
heterocyclic compounds derived from 3,5-dibromosalicy-
laldehyde compound 2. This compound was prepared by
reacting salicylaldehyde with an equivalent amount of lig-
uid bromine in the presence of acetic acid, as illustrated in
Scheme 1. The structure of compound 2 was confirmed
through spectral data analysis; thus, the IR spectrum dis-
played a broad absorption band at 3347 cm™! which corre-
sponds to the OH group, a strong band at 1680 cm™! which
is attributable to the carbonyl group. '"H NMR spectrum
data showed two doublets at § 7.95 and 7.83 ppm with J,,..
1a = 2.4 Hz, each one integrating for one proton; mass spec-
trum data confirmed molecular weight with a molecular
ion peak at 278.08 (M*), 281.87 (M+4) and 279.61 (M+2)
peaks which are attributed to bromine isotopes 81 and 79,
respectively. Chloroacetone was added to a mixture of
compound 2 and ethanolic potassium hydroxide solution
to afford compound 3. The IR spectrum displayed no ab-
sorption bands in the region corresponding to the OH
group, a strong band at 1692 cm™! which is attributable to
the carbonyl group. '"H NMR spectrum data showed a sin-
glet at § 7.92 ppm which corresponds to one aromatic pro-
ton of the furan ring; also one singlet appeared at § 2.58
ppm integrated for three protons of the ketonic methyl
group; *C NMR showed a ketonic carbonyl signal at 188
ppm and methyl group at 27 ppm; mass spectrum data

H i) KOH / EtOH / Reflux 2hr

OH ii ) CH;COCH,CI /Reflux 2hr

Br 0

Br

Scheme 1. Synthesis of 3,5-dibromo-2-hydroxybenzaldehyde (2) and 1-(5,7-dibromobenzofuran-2-yl)

ethan-1-one (3)
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confirmed molecular weight with a molecular ion peak at
315 (M*), 319 (M+4) and 317 (M+2) peaks which are at-
tributed to bromine isotopes 81 and 79, respectively
Compound 2 was reacted with alkyl carbodithioate
in 2-propanol to yield the corresponding methyl
(E)-2-(3,5-dibromo-2-hydroxybenzylidene)hydrazine-1-
carbodithioate 4. Treatment of this compound with the
appropriate hydrazonoyl chlorides 6a-h in ethanolic tri-
ethylamine produced 1,3,4-thiadiazole derivatives 10a-h
(Scheme 2). The reaction mechanism outlined in Scheme 3
involves three steps: first, 1,3-addition of the C=S thiol
tautomer to the nitrilimine 7 produces the thiohydrazo-
nate ester 8 which subsequently undergoes nucleophilic
cyclization to afford compound 9. The latter compound is
readily converted to final products 10,11 through the
elimination of alkylthiol. Structures 10a-h were elucidated
on the basis of spectral data: IR spectrum displayed ab-
sorption bands in the range of 3382-3444 cm™, corre-
sponding to OH groups, strong bands at 1601-16081 cm™!
suggesting the presence of a C=N bond. Additionally,
bands at 1544-1590 cm™! were attributed to C=N in the
thiadiazole ring. "H NMR spectral data showed singlet for
the OH proton in the range § 10.68-11.38 ppm for com-
pounds 10a-h. OH proton of compounds 10b and 10d

o S

exhibited a downfield signal at § 11.38 and 11.37 ppm, re-
spectively. Another singlet appeared in the range of §
8.65-8.80 ppm, attributable to the sp? proton (H-C=N).
Compounds 10a and 10c showed singlets at § 8.70 ppm
and § 8.66 ppm, respectively, corresponding to the H-N
proton. Mass spectra confirmed the molecular weight with
molecular ionic peak (M*), (M+4) and (M+2) peaks at-
tributed to bromine isotopes 81 and 79, respectively.

Analogously, treatment of compound 3 with the ap-
propriate hydrazonoyl chlorides 6a-e in ethanolic trieth-
ylamine at room temperature afforded 1,3,4-thiadiazole
derivatives 11a-e, respectively (Scheme 4).

Structures 1la-e were elucidated on the basis of
their spectral data. The IR spectra showed no absorption
bands in the region corresponding to carbonyl groups,
while strong absorption bands in the range 1604-1599
cm™! confirmed the presence of a C=N group, and bands at
1582-1598 cm™! were attributed to C=N in thiadiazole
ring. The '"H NMR spectra displayed clear singlets in the
range of § 2.40-2.58 ppm for CHj protons, along with an-
other singlet in the range of § 7.50-7.57ppm correspond-
ing to the benzofuran ring. Additionally, compounds 11b
and 11e exhibited singlets at § 10.75 and 10.02 ppm for
NH proton. Mass spectra showed ion peaks (M+4) and

CHs
|
B H “zN\HJ\s/C*h Br SLUNPE
|l
> S
OH OH
Br CH3;CH(OH)CH; Irt
Br
2 4
R Cl
h
N~ nH
Br. N s ‘
PR Ar
e
OH A~ | Et:N/ 1hr 6a-h
Br
10a-h
Compound 6,10 R Ar
a CONHC4H; 4-CIC4H,
b C,H;0 4-NO,C4H,
c CONHC4H; C¢H;
d C,H;S 4-NO,C4H,
e COOC,H; C¢H;
f COOC,H; 4-CH;C¢H,
g COCH; 4-CH;C¢H,
h Br C¢Hs

Scheme 2. Synthesis of 1,3,4-thiadiazoles 10a-h
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Scheme 3. Proposed mechanistic pathway for the formation of 1,3,4-thiadiazoles 10,11
S
H2N CH
Br [o] o H )J\ 57 Br CH;
\ N>—
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Br r /
S
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|
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o N—N Ar
B N—s EGN/ 1 hr 8is
Ar— N ~ N/)L R
11a-e
Compounds 6,11 R Ar
a COC4¢H; C¢H;
b CONHC4H; 4-CIC¢H,
C 4-CH;CgHy C¢H;
d C,H;0 4-NO,C¢H,
e 4-C¢H,NHNCCIC(H; CeHs

Scheme 4. Synthesis of 1,3,4-thiadiazoles 11a—e
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(M+2) which are attributed to bromine isotopes 81 and 79,
respectively.

3. 2. Biological Evaluation

In vitro Antimicrobial Activity

Using an agar well diffusion method, the newly syn-
thesized 1,3,4-thiadiazole derivatives were investigated to
evaluate their antimicrobial activity against S. aureus ATCC
6538-P, E. coli ATCC 25933, C. albicans ATCC 10231, and
A. niger NRRL-A326. The inhibition zone diameter was ob-
served for the synthesized compounds and the positive
control, but not for the negative control. Evaluation of the
antimicrobial activity of these newly synthesized com-
pounds is presented in Table 1 and shown in Figure 3. It has
been found that compound 10e exhibited the highest activ-
ity against all tested microbial strains: S. aureus ATCC
6538-P, E. coli ATCC 25933, C. albicans ATCC 10231, and
A. niger NRRL-A326, with inhibition zone diameters
(IZDs) of 29, 28, 27, and 25 mm, respectively (Supplemen-
tary Information, Figure 52). Compounds 10a, 10f, and
10h showed moderate activity against all tested microbial
strains; the IZDs were 18, 17, and 18 mm on S. aureus
ATCC 6538-P, and 17, 19, and 21 mm on E. coli ATCC
25933, while the IZDs were 21, 16, and 20 mm on C. albi-
cans ATCC 10231, and 11, 16, and 12 mm on A. niger NR-
RL-A326. Additionally, it was found that compound 10c
showed activity only against the tested bacterial strains but

showed no inhibitory effect against the tested fungal strains.
Compound 10d showed low activity against S. aureus
ATCC 6538-P and C. albicans ATCC 10231 with IZDs of 8
and 9 mm, but showed no inhibitory effect against E. coli
ATCC 25933 and A. niger NRRL-A326. On the other hand,
compounds 10b and 10g showed no activity against any of
the tested microbial strains. Compound 10e was more po-
tent than the selected standard antibiotics, while other
compounds were less effective.

The results listed in Table 1 show that compounds
10a, 10e, 10f, and 10h were the most effective against three
tested microbial strains (S. aureus ATCC 6538-P, E. coli
ATCC 25933, and C. albicans ATCC 10231); therefore, to
determine the minimum inhibitory concentration (MIC)
and minimum bactericidal/fungicidal concentration
(MBC/MEC) against these microbial strains, experiments
on these four compounds (10a, 10e, 10f, and 10h) were
conducted.

The MIC and MBC/MEC results are reported in Ta-
ble 2 and in the Figure 4. The MIC values for compounds
10a, 10e, 10f, and 10h were 78.28, 2.58, 77.43, and 313.47
pg/mL, respectively, against S. aureus ATCC 6538-P, and
156.30, 4.88, 155.87, and 313.16 ug/mL against E. coli
ATCC 25933, while they reached 39.14, 2.56, 78.30, and
156.25 pg/mlL, respectively, against C. albicans ATCC
10231.

The MBC values for compounds 10a, 10e, 10f, and
10h were 313.68, 4.03, 158.33, and 627.11 pg/mL, respec-

Table 1. Zones of inhibition of the synthesized 1,3,4-thiadiazole derivatives, neomycin and cyclohexamide against tested microbial

strains.

Inhibition zone measured in millimeters

Compound no. S. aureus E. coli C. albicans A. niger

ATCC 6538-P ATCC 25933 ATCC 10231 NRRL-A326
10a 18.50 £ 0.50 17.33 £ 0.58 21.33 £0.58 11.00 £ 1.00
10b 00.00 + 0.00 00.00 +0.00 00.00 £ 0.00 00.00 + 0.00
10c 15.75 £ 0.66 12.67 £ 0.58 00.00 £ 0.00 00.00 + 0.00
10d 08.33 +0.58 00.00 +0.00 09.33 £ 0.58 00.00 + 0.00
10e 29.00 + 1.00 28.17 £0.29 27.33 £0.58 25.67 +0.00
10f 17.67 £ 0.58 19.00 + 1.00 16.67 £ 0.58 16.33 £ 0.58
10g 00.00 + 0.00 00.00 +0.00 00.00 £ 0.00 00.00 + 0.00
10h 18.67 £ 0.58 21.67 £0.58 20.00 £ 0.00 12.67 £ 0.58
C* Neomycin!’ "Cycloheximid®'8 27 25 28 22
C-DMSO 0 0 0 0

C*: Positive control, C™: Negative control.

Table 2. MIC and MBC/MFC of the synthesized 1,3,4-thiadiazole derivatives against highly susceptible microbial strains.

Compounds S. aureus ATCC 6538-P E. coli ATCC 25933 C. albicans ATCC 10231

MIC (ug/mL)  MBC (ug/mlL) MIC (ug/mL)  MBC (ug/mL) MIC (ug/mL)  MFC (ug/mL)
10a 78.28 £1.07 313.68 + 0.89 156.30 £ 0.96 314.08 + 0.84 39.14£0.93 156.46 £ 0.77
10e 2.58 £0.51 4.03 £0.55 4.88+1.10 8.86 £ 0.98 2.567 £ 0.53 19.49 + 1.07
10f 77.43 £1.08 158.33 £1.05 155.87 £ 1.47 311.68 + 1.68 78.30 £ 1.08 156.36 £ 0.96
10h 313.47 £ 0.86 627.11 £ 1.61 313.16 £ 2.55 314.68 + 1.07 156.25 £ 1.00 312.66 + 1.09
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Figure 3. Effect of the synthesized 1,3,4-thiadiazole derivatives, neomycin and cyclohexamide against tested microbial strains.
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Figure 4. MIC of the synthesized 1,3,4-thiadiazole derivatives against highly susceptible microbial strains.

tively, against S. aureus ATCC 6538-P, and 314.08, 8.86,
311.68, and 314.68 ug/mL, respectively, against E. coli
ATCC 25933. The MFC values for compounds 10a, 10e,
10f, and 10h were 156.46, 19.49, 156.36, and 312.66 pg/
mL, respectively, against C. albicans ATCC 10231.
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Abstract

Cancer remains a leading cause of death worldwide, necessitating novel therapeutic approaches. In this study we synthe-
sized and characterized 2-amino-3-carbonitrile chromene derivatives and evaluated their cytotoxic effects on 3T3 and
MCE-7 cell lines. Characterization included melting point, IR, NMR, and elemental analysis. Cytotoxicity was assessed
via MTT assay, with ICs, values calculated, while apoptosis induction was confirmed by flow cytometry using annexin
V/propidium iodide staining. Compounds 4f and 4h demonstrated significant cytotoxicity against breast cancer cells,
with ICs, values of 4.74 and 21.97 pug/mL and selectivity indices of 3.83 and 2.80, respectively. Increased apoptotic cell
populations support their pro-apoptotic potential. These findings indicate that the chromene derivatives, synthesized via
a one-pot method, may serve as promising candidates for further anticancer drug development.

Keyword: Chromene derivatives, Anticancer, Breast cancer, 3T3, MCEF-7.

1. Introduction

The global economic burden of cancer is rapidly in-
creasing as populations continue to grow, age, and adopt
certain lifestyle behaviors.! Current estimates indicate that
approximately 20% of the global population may develop
cancer over the course of their lives. Moreover, cancer-re-
lated mortality affects about one in nine men and one in
twelve women. Projections suggest that by the year 2050,
the number of newly diagnosed cancer cases worldwide
may surpass 35 million annually.? Breast cancer remains
the most prevalent cancer in women, both in terms of in-

cidence and mortality rates.® These incidence rates vary
widely across different regions, with certain Asian and Af-
rican countries reporting rates below 40 per 100,000 wom-
en, while in countries like Australia/New Zealand, North
America, and parts of Europe, rates exceed 80 per 100,000.*

The primary treatment approaches for cancer in-
clude surgery, radiation therapy, chemotherapy, and radio-
therapy.>~” Modern therapeutic strategies additionally en-
compass hormonal interventions, anti-angiogenesis
approaches, stem cell-based therapies, and immunothera-
peutic techniques utilizing dendritic cells.® In recent years,
nanotechnology-based therapies, gene editing approaches,
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and tumor microenvironment-modifying agents have
emerged as promising modalities to enhance treatment
precision and reduce toxicity.”!!

Chemotherapy is commonly used to treat various
types of cancer, but its toxic side effects lead to a range of
complications, such as gastrointestinal problems, immune
system suppression, nausea, hair loss, anemia, and damage
to organs like the liver and kidneys.!? A major challenge in
cancer therapy lies in the harmful effects of chemothera-
peutic agents on normal tissues, which can greatly com-
promise the effectiveness of treatment.!>!* Moreover, the
development of resistance to chemotherapy agents is a ma-
jor barrier in cancer therapy. This resistance leads to the
treatment becoming ineffective, forcing doctors to in-
crease the drug dosage, which consequently raises toxicity
levels and worsens side effects.!>!6

Several mechanisms have been identified as contrib-
uting to drug resistance, with one of the primary causes
being the overexpression of ATP-dependent membrane
proteins, which are part of the large family of ABC mem-
brane transporters. These transporters play a key role in
drug resistance by efficiently transferring drugs out of can-
cer cells, making them one of the most significant obsta-
cles in cancer treatment.!” Additionally, tumor heteroge-
neity, metabolic reprogramming, and ferroptosis resistance
also contribute significantly to therapeutic failure.'®

Thus, the use of novel medications is prompted by
the rise of tumor cells that are resistant to traditional
chemotherapeutic drugs. A class of organic compounds
known as chromenes from the flavonoid family exhibits
biological activities, including anti-tumor, anti-leishmani-
al, and antibacterial effects.!®?* Recent research on

0
X OH
| + ArCHO + CH,(CN),

() 2 3)

Scheme 1. Synthesis of dihydropyrano([3,2-b]chromene derivatives.

Et;N
EtOH, Reflux

plant-derived flavonoids, including those extracted from
hawthorn, highlights their potential in modulating oxida-
tive stress and cancer pathways.?® These findings have led
to the consideration of these substances for evaluation as
potential novel medicinal agents.?2

These substances prevent the polymerization of mi-
crotubules, resulting in cell cycle arrest and ultimately ap-
optosis by suppressing cell proliferation and interacting
with the colchicine site in tubulin B.?* These compounds
can benefit cancer patients with resistance to conventional
antitumor drugs, as they are effective against certain
drug-resistant cell types.* Some chromene derivatives
may also induce ferroptosis or modulate immune respons-
es in the tumor microenvironment.?>-28

Considering that the anticancer properties of these
compounds have been demonstrated through the induc-
tion of apoptosis, attempts have been made to synthesize
various chromene derivatives.?*3? The objective of this re-
search was to examine the cytotoxic impact of chlorinated
2-amino-3-carbonitrile chromene derivatives on 3T3 and
MCEF-7 cell lines. These dihydropyrano chromene deriva-
tives had been synthesized in previous investigations®!-33
and are modified in this study to reach to the novel struc-
tures (Scheme 1).

2. Experimental

2. 1. Chemical Synthesis and Structural
Characterization

All materials and reagents utilized in this investiga-
tion were obtained from commercial suppliers and em-
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ployed without any further purification. Melting point
measurements were carried out using an Electrothermal
9100 apparatus, without applying any correction. Infrared
(IR) spectra were recorded on a Bruker Alpha FTIR spec-
trometer using potassium bromide (KBr) pellets. 13C
NMR (75 MHz) and 'H NMR (300 MHz) spectra were
obtained on a Bruker AVANCE III 300 MHz spectrome-
ter in dimethyl sulfoxide (DMSO)-dg, with tetramethylsi-
lane (TMS) as the internal reference. Coupling constants
(J) are denoted in hertz (Hz), and chemical shifts (8) are
expressed in parts per million (ppm). Reaction progress
was tracked via thin-layer chromatography (TLC) using
silica gel GF254 plates on aluminum backing, and spots
were visualized under 254 nm UV light. Elemental com-
position was analyzed using a Heraeus CHN-O-Rapid el-
emental analyzer.

2. 2. Materials and Methods

Sodium citrate and dimethyl sulfoxide (DMSO)
were obtained from Sigma-Aldrich (USA), while DMEM
and RPMI were sourced from Biosera (France). Fetal bo-
vine serum (FBS) was acquired from Gibco (USA), and
MTT was provided by Melford (UK).

2. 3. General Procedure for the Preparation

of Dihydropyrano[3,2-b]chromene

Derivatives (4a-j)

A 50 mL round-bottom flask fitted with a magnet-
ic stir bar and a reflux condenser was charged with
3-hydroxychromone or 6-chloro-3-hydroxychromone 1
(2 mmol), an aromatic aldehyde 2 (2 mmol), malononi-
trile 3 (2.1 mmol), and a few drops of triethylamine, all
dissolved in 10 mL of ethanol. The reaction mixture was
stirred and heated under reflux for one hour. Progress
of the reaction was assessed by thin-layer chromatogra-
phy (TLC), employing a hexane/ethyl acetate mixture as
the mobile phase. After completion, the reaction mix-
ture was cooled to room temperature, and the resulting
solid was collected by filtration, washed with ethanol,
and purified by recrystallization from ethanol to afford
the desired product in solid form for further character-
ization.

2. 4. Cell Lines and Cell Culture

MCEF-7 human breast cancer cells and 3T3 mouse
embryonic fibroblasts were sourced from the Pasteur Insti-
tute of Iran (Tehran, Iran). These cells were cultured in ei-
ther Roswell Park Memorial Institute (RPMI) 1640 medi-
um or Dulbeccos Modified Eagles Medium (DMEM),
both supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin antibiotics. The cultures
were maintained at 37 °C in a humidified incubator with
5% CO,.

2. 5. Assessment of Cytotoxicity Using MTT
assay

The cells were plated into 96-well culture plates at a
density of 10,000 cells per well for both cell lines and incu-
bated in a CO,-controlled environment. Treatment was
applied the following day in accordance with the experi-
mental protocol. At the specified time intervals, 10 pL of
MTT solution (5 mg/mL) was added to each well, and the
cells were incubated in the dark for 4 hours. Subsequently,
the medium was removed, and the resulting formazan
crystals were solubilized in 100 uL of DMSO. Absorbance
was recorded at 570 nm using a multi-well plate read-
er.3437 MTT assays were performed in triplicate across
three independent biological experiments, and each con-
dition was tested in three technical replicates. Data are
presented as mean + SD. The selectivity index (SI) for
chromene compounds against cancer cells was calculated
as follows:

2. 6. Apoptosis Analysis Using Flow
Cytometry

An annexin V-FITC/PI double staining assay was
performed to evaluate apoptosis in MCF-7 cells. The cells
were exposed to 4f and 4h at concentrations of 4 ug/mL
and 21 pg/mL, respectively, for a duration of 24 hours. The
FITC-Annexin V apoptosis detection kit (XBIO, Czech
Republic) was used according to the manufacturer’s in-
structions. The samples were then analyzed using a BD
FACSCalibur flow cytometer to measure the fluorescence
intensity.

2. 7. Statistical Analyses

A one-way analysis of variance (ANOVA) was used
to compare the results among different experimental
groups, followed by Tukey’s post hoc test for multiple com-
parisons. Data are presented as the mean + standard devi-
ation (mean + SD), and statistical significance was accept-
edat P <0.05. All experiments were performed in triplicate.

3. Results and Discussion

In this work, a novel one-pot, three-component syn-
thetic strategy was developed for producing dihy-
dropyrano[3,2-b]chromene derivatives (4a-j) by reacting
3-hydroxychromones or 6-chloro-3-hydroxychromones
(1), various aromatic aldehydes (2), and malononitrile (3)
in ethanol using triethylamine (Et;N) as a catalyst under
reflux conditions. The crude products were purified by
recrystallization, yielding a series of 2-amino-10-oxo-
4,10-dihydropyrano[3,2-b]chromene-3-carbonitrile ~ de-
rivatives (4a-j) with yields ranging from 81% to 92%
(Scheme 1). The structures of the synthesized compounds
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were confirmed by elemental analysis, 'H and 3C NMR,
and IR spectroscopy.

2-Amino-10-o0xo0-4-(m-tolyl)-4,10-dihydropyrano(3,2
-b]chromene-3-carbonitrile (4a)

This compound was obtained as a white solid in 88%
yield, with a melting point of 268-269 °C. The IR spec-
trum (KBr, cm™) showed characteristic bands at 3399 and
3308 (NH,), 3016 (aromatic C-H), 2196 (C=N), 1650
(C=0), and 1626 (C=C). 'H NMR (300 MHz, DMSO-ds, 8
ppm): 8.00 (dd, / = 6, 3 Hz, 1H, ArH), 7.79-7.74 (m, 1H,
ArH), 7.54-7.46 (m, 2H, ArH), 7.33-7.14 (m, 6H, ArH
and NH,), 4.91 (s, 1H, CH), 2.32 (s, 3H, CH3). *C NMR
(75 MHz, DMSO-ds, 8 ppm): 169.04 (C=0), 159.70 (C-2),
155.01, 150.55, 141.47, 138.72, 134.93, 133.74, 129.30,
128.77, 125.88, 125.76, 125.59, 123.60, 119.85 (CN),
118.71, 56.26 (C-3), 41.47 (C-4), 21.48 (CH3). Elemental
analysis calculated for C,0H14N,Os: C, 72.72%; H, 4.27%;
N, 8.48%. Found: C, 72.57%; H, 4.08%; N, 8.11%.

2-Amino-4-(2-methoxyphenyl)-10-o0x0-4,10-dihydro-
pyrano|3,2-b]chromene-3-carbonitrile (4b)

This compound was obtained as a cream-colored
powder in 83% yield, with a melting point of 266.5-
267 °C. The IR spectrum (KBr, cm™!) showed characteris-
tic bands at 3389 and 3327 (NH,), 3021 (aromatic C-H),
2187 (C=N), 1667 (C=0), and 1648 (C=C). 'H NMR (300
MHz, DMSO-ds, § ppm): 8.13 (dd, ] = 6, 3 Hz, 1H, ArH),
7.79-7.73 (m, 1H, ArH), 7.53-7.47 (m, 2H, ArH), 7.36-
7.30 (m, 1H, ArH), 7.26-7.23 (m, 1H, ArH), 7.16 (s, 2H,
NH,), 7.09 (d, ] = 6 Hz, 1H, ArH), 6.98 (t, ] = 6 Hz, 1H,
ArH), 5.19 (s, 1H, CH), 3.80 (s, 3H, OCH,). '*C NMR (75
MHz, DMSO-ds, 8 ppm): 168.89 (C=0), 160.17 (C-2),
157.59, 154.96, 150.92, 134.82, 134.30, 129.89, 129.81,
129.05, 125.82, 125.75, 123.66, 121.46, 119.91 (CN),
118.72, 112.47, 56.35 (C-3), 55.54 (OCHj;), 36.48 (C-4).
Elemental analysis calculated for C,0H14N2O4: C, 69.36%;
H, 4.07%; N, 8.09%. Found: C, 69.09%; H, 3.93%; N,
7.79%.

2-Amino-4-(3-chlorophenyl)-10-0x0-4,10-dihydro-
pyrano|[3,2-b]chromene-3-carbonitrile (4c)

This compound was obtained as a white powder
with a yield of 91%, and a melting point of 244-244.5 °C.
The IR spectrum (KBr, cm™) displayed prominent bands
at 3396 and 3308 (NH,), 3071 (aromatic C-H), 2197
(C=N), 1648 (C=0), and 1627 (C=C). 'H NMR (300
MHz, DMSO-ds, 8 ppm): 8.12 (dd, J = 6, 3 Hz, 1H, ArH),
7.80-7.74 (m, 1H, ArH), 7.75-7.35 (m, 8H, NH,, ArH),
5.05 (s, 1H, CH). 1*C NMR (75 MHz, DMSO-ds, § ppm):
169.08 (C=0), 159.81 (C-2), 157.04, 155.02, 149.53,
143.78, 134.99, 134.00, 131.37, 128.47, 128.32, 127.30,
125.92, 125.77, 123.63, 119.67 (CN), 118.69, 55.63 (C-3),
40.99 (C-4). Elemental analysis calculated for
Ci1oH1:CIN,Os: C, 65.06%; H, 3.16%; N, 7.99%. Found: C,
64.79%; H, 3.02%; N, 7.77%.

2-Amino-4-(2-bromophenyl)-10-o0x0-4,10-dihydro-
pyrano[3,2-b]chromene-3-carbonitrile (4d)

This compound was obtained as a white powder with
a yield of 86%, and a melting point ranging from 281-282
°C. The IR spectrum (KBr, cm™) displayed absorption
bands at 3394 and 3331 (NH.,), 3046 (aromatic C-H), 2184
(C=N), 1653 (C=0), and 1626 (C=C). 'H NMR (300 MHz,
DMSO-ds, & ppm): 8.11 (dd, ] = 6, 3 Hz, 1H, ArH), 7.77-
7.68 (m, 2H, ArH), 7.50-7.26 (m, 7H, NH,, ArH), 5.45 (s,
1H, CH). 13C NMR (75 MHz, DMSO-ds, 8 ppm): 168.95
(C=0),159.94 (C-2),154.91, 149.47, 139.85, 134.98, 134.23,
133.74, 131.68, 130.52, 129.23, 125.92, 125.76, 123.61,
123.49, 119.42 (CN), 118.66, 55.18 (C-3), 41.44 (C-4). Ele-
mental analysis calculated for C;H;;BrN,Os: C, 57.74%; H,
2.81%; N, 7.09%. Found: C, 57.46%; H, 2.57%; N, 6.80%.

2-Amino-4-(4-fluorophenyl)-10-0x0-4,10-dihydropyra-
no[3,2-b]chromene-3-carbonitrile (4e)

The compound was obtained as a white powder with
an 83% yield, and its melting point was observed between
228 and 229 °C. The IR spectrum (KBr, cm™!) exhibited the
following characteristic peaks: 3378 and 3304 (NH,), 3068
(aromatic C-H), 2201 (C=N), 1654 (C=0), and 1602
(C=C). 'H NMR (300 MHz, DMSO-ds, 6 ppm): 8.11 (d, J
=6 Hz, 1H, ArH), 7.76 (t, ] = 6 Hz, 1H, ArH), 7.53-7.44
(m, 4H, ArH), 7.33-7.22 (m, 4H, NH,, ArH), 5.03 (s, 1H,
CH). 13C NMR (75 MHz, DMSO-ds, & ppm): 169.04
(C=0), 163.77 (C-2), 160.54, 159.74, 154.99, 150.09,
137.62, 137.58, 134.93, 133.75, 130.55, 130.44, 125.87,
125.76, 123.59, 119.77 (CN), 118.65, 116.37, 116.09, 55.99
(C-3), 40.67 (C-4). Elemental analysis calculated for
C1oH11FN,Os: C, 68.26%; H, 3.32%; N, 8.38%. Found: C,
68.01%; H, 3.29%; N, 8.11%.

2-Amino-8-chloro-4-(3-methoxyphenyl)-10-o0x0-4,10-
dihydropyrano[3,2-b]chromene-3-carbonitrile (4f)

The compound was obtained as a white powder with
an 88% yield and a melting point of 242-243 °C. The IR
spectrum (KBr, cm™!) exhibited prominent peaks at: 3395
and 3313 (NH,), 3061 (aromatic C-H), 2197 (C=N), 1645
(C=0),and 1629 (C=C). 'H NMR (300 MHz, DMSO-ds, §
ppm): 8.01 (d, ] =6 Hz, 1H, ArH), 7.76 (dd, ] = 6 Hz, 3 Hz,
1H, ArH), 7.58 (d, ] = 6 Hz, 1H, ArH), 7.33 (t,] = 6 Hz, 3H,
NH,, ArH), 6.95-6.89 (m, 3H, ArH), 4.93 (s, 1H, CH), 3.77
(s, 3H, OCH3;). 3C NMR (75 MHz, DMSO-ds, 6 ppm):
168.00 (C=0), 160.04, 159.70 (C-2), 153.54, 150.64,
142.75, 134.70, 133.84, 130.59, 130.39, 124.80, 124.64,
121.15, 120.49, 119.73 (C=N), 114.47, 113.48, 55.97, 55.58
(C-3), 41.39 (C-4). Elemental analysis calculated for
C10H13CIN,O4: C, 63.09%; H, 3.44%; N, 7.36%. Found: C,
62.89%; H, 3.12%; N, 7.19%.

2-Amino-8-chloro-4-(2-chlorophenyl)-10-o0x0-4,10-di-
hydropyrano[3,2-b]chromene-3-carbonitrile (4g)

The compound was isolated as a cream powder with
ayield of 92% and a melting point of 262-262.5 °C. The IR
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spectrum (KBr, cm™) displayed the following significant
bands: 3389 and 3335 (NH,), 3075 (aromatic C-H), 2187
(C=N), 1654 (C=0), and 1633 (C=C). '"H NMR (300 MHz,
DMSO-ds, 8 ppm): 8.01 (d, J = 3 Hz, 1H, ArH), 7.73 (dd,
= 6 Hz, 3 Hz, 1H, ArH), 7.54-7.35 (m, 7H, NH,, ArH),
5.43 (s, 1H, CH). 13C NMR (75 MHz, DMSO-ds, § ppm):
167.88 (C=0), 159.90 (C-2), 153.46, 149.78, 137.95,
134.77, 134.37, 133.15, 131.57, 130.49, 130.32, 128.63,
124.76, 124.63, 121.11, 119.37 (C=N), 54.94 (C-3), 40.82
(C-4). Elemental analysis calculated for C;oH;oCLN,Os:
C, 59.24%; H, 2.62%; N, 7.27%. Found: C, 59.00%; H,
2.39%; N, 7.07%.

2-Amino-4-(3-bromophenyl)-8-chloro-10-0x0-4,10-di-
hydropyrano[3,2-b]chromene-3-carbonitrile (4h)

The compound was obtained as a cream powder with
ayield of 84%, and it melted at 242.5-244 °C. The IR spec-
trum (KBr, cm™!) showed the following key bands: 3389,
3312 (NH,), 3057 (aromatic C-H), 2196 (C=N), 1650
(C=0), and 1632 (C=C). '"H NMR (300 MHz, DMSO-ds, 8
ppm): 8.01 (d, J=3 Hz, 1H, ArH), 7.76 (dd, = 6 Hz, 3 Hz,
1H, ArH), 7.64-7.53 (m, 3H, NH,, ArH), 7.44-7.36 (m, 4H,
ArH), 5.05 (s, 1H, CH). 1*C NMR (75 MHz, DMSO-ds, §
ppm): 168.05 (C=0), 159.71 (C-2), 153.57, 149.83, 143.83,
134.72, 134.07, 131.63, 131.42, 131.20, 130.41, 127.76,
124.86, 124.64, 122.65, 121.15, 119.59 (C=N), 55.62
(C-3), 40.93 (C-4). Elemental analysis calculated for
C1oH,10BrCIN,O3: C, 53.11%; H, 2.35%; N, 6.52%. Found:
C, 53.04%; H, 2.11%; N, 6.54%.

2-Amino-8-chloro-4-(4-fluorophenyl)-10-oxo0-4,10-di-
hydropyrano[3,2-b]chromene-3-carbonitrile (4i)

The compound was obtained as a white powder
with a yield of 82%, and it melted at 253-255 °C. The IR
spectrum (KBr, cm™!) exhibited the following prominent
bands: 3378, 3306 (NH,), 3071 (aromatic C-H), 2200
(C=N), 1655 (C=0), and 1603 (C=C). 'H NMR (300
MHz, DMSO-ds, 8 ppm): 8.02 (d, ] = 3 Hz, 1H, ArH),
7.77 (dd, J = 6 Hz, 3 Hz, 1H, ArH), 7.59 (d, ] = 6 Hz, 1H,
ArH), 7.48-7.43 (m, 2H, ArH), 7.35 (s, 2H, NH,), 7.28-

DMSO-ds, § ppm): 168.03 (C=0), 163.80, 160.57 (C-2),
159.64, 153.56, 150.44, 137.42, 137.38, 134.74, 133.86,
130.60, 130.49, 130.41, 124.80, 124.64, 121.14, 119.66
(C=N), 116.38, 116.10, 55.95 (C-3), 40.62 (C-4). Ele-
mental analysis calculated for C;sH;o,CIFN,Os: C,
61.89%; H, 2.73%; N, 7.60%. Found: C, 61.66%; H,
2.56%; N, 7.39%.

2-Amino-8-chloro-4-(4-nitrophenyl)-10-0xo0-4,10-di-
hydropyrano[3,2-b]chromene-3-carbonitrile (4j)

The compound was obtained as a cream powder with
ayield of 81%, and it melted at 250-251.5 °C. The IR spec-
trum (KBr, cm™!) showed prominent bands at 3370, 3321
(NH,), 3071 (aromatic C-H), 2206 (C=N), 1659 (C=0),
1602 (C=C), 1517, and 1351 (NO,). 'H NMR (300 MHz,
DMSO-ds, § ppm): 8.27 (d, J= 6 Hz, 2H, ArH), 8.02 (d, ] =
3 Hz, 1H, ArH), 7.79-7.72 (m, 3H, ArH), 7.58 (d, 1H,
ArH), 7.48 (s, 2H, NH,), 5.26 (s, 1H, CH). '3C NMR (75
MHz, DMSO-ds, § ppm): 168.05 (C=0), 159.79 (C-2),
153.59, 149.36, 148.29, 147.66, 134.81, 134.21, 130.49,
130.03, 124.83, 124.65, 124.60, 121.14, 119.44 (C=N),
55.08 (C-3), 41.00 (C-4). Elemental analysis calculated for
C1oH;10CIN;Os: C, 57.66%; H, 2.55%; N, 10.62%. Found: C,
57.31%; H, 2.19%; N, 10.43%.

3. 1. In vitro Cytotoxicity Assessment of
Synthesized Chromene Derivatives

The toxicity of the chromene compounds was eval-
uated using the MTT assay on MCF-7 (breast cancer)
and 3T3 (normal) cell lines. Approximately all of the
synthesized compounds displayed high levels of toxicity,
resulting in ICs, values below 50 pg/mL for all com-
pounds, except in three cases. The selectivity index of
chromene compounds on cancerous and non-cancerous
cell lines were calculated and reported in Table. 1.
Among the tested compounds, 4f and 4h exhibited the
highest toxicity. Compound 4f, which had an ICs; of ap-
proximately 4 pg/mL in MCF-7 cells and an IC5, of near-
ly 20 pug/mL in normal 3T3 cells, had the highest cyto-

7.21 (m, 2H, ArH), 5.02 (s, 1H, CH). 3C NMR (75 MHz, toxic effect among these samples. Additionally,
Table. 1 Summary of molecular features, ICs, values, and selectivity index of synthesized compounds in 3T3 and MCF-7 cells.

Com- Chemical Molecular 3T3 3T3 MCEF-7 MCEF-7 Selectivity

pounds Formula Weight (ug/ml) (uM) (ng/ml) (uM) Index (SI)

4a Cy0H14N,03 330.34 >125 - >125 - -

4b C,0H14N,04 346.34 >125 - >125 - -

4c CoH,;;CIN,03 350.76 48.40 137.98 79 22522 0.612

4d CioH;BrN,O; 395.21 >125 - >125 - -

4e CioHFN,0, 334.31 47 140.58 125.20 374.50 0.375

4f C,oH,5CIN,0, 380.78 18.170 47.71 4.740 12.44 3.83

4g CoH,(CL,N,0; 385.20 32.450 84.24 42.000 109.03 0.772

4h CoH,(BrCIN,0; 429.65 61.550 143.25 21.970 51.13 2.80

4 C9H,(CIFN,0; 368.75 32.780 88.89 30.870 83.71 1.061

4j CoH(CIN;05 395.76 34.123 86.22 43.800 110.67 0.779
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Figure 1. (a, b) The cytotoxic effects of chromene compounds at concentrations of 15.7-125 ug/mL were evaluated on 3T3 and MCEF-7 cells after 24
hours of exposure. Doxorubicin (8 pug/mL) was used as a positive control. Solv 250 refers to the solvent control containing 0.25% DMSO used to
dissolve the test compounds. Data are expressed as mean + SD (n = 3). Statistical significance was assessed by one-way ANOVA with Tukey’s post

hoc test (*P < 0.05, **P < 0.01, ***P < 0.001, **P < 0.0001).
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Figure 2. Bar chart showing ICs, values (ug/mL) of synthesized
chromene derivatives against MCF-7 and 3T3 cell lines. Values were
calculated from mean viability data (n = 3); error bars are not shown
as ICsos were derived from averaged curves. Corresponding numer-
ical data are listed in Table 1

compound 4h has an acceptable level of cytotoxicity,
with an ICsq of about 21 ug/mL in MCF-7 cells and 61
pg/mL in 3T3 cells (Fig. 2). Interestingly, in vitro poten-

tial of chromene compounds was promising with selec-
tivity index of 3.83 and 2.80 for 4f and 4h, respectively.
These results highlight the potential of chromene deriv-
atives as selective anticancer agents.

3. 2. Flow Cytometric Analysis of Apoptosis
Using Annexin V/PI Staining

To further elucidate the cytotoxic mechanisms,
flow cytometry analysis was performed on MCF-7 cells
treated with compounds 4f and 4h. Flow cytometry
analysis revealed that treatment with compound 4h re-
sulted in 13.57% viable cells, 6.2% early apoptotic cells,
and 76% late apoptotic cells. For compound 4f, 44.53%
of the cells remained viable, while 4.04% and 25.83%
underwent early and late apoptosis, respectively. Figure
4 depicts the morphology of MCF-7 cells treated with
compounds 4f and 4h, which corresponds to the find-
ings from the MTT and flow cytometry assays. These
findings confirm that the cytotoxicity of these com-
pounds is primarily mediated via induction of apopto-
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Figure 3. (a) Dot-plot flow cytometry histograms showing the distribution of MCE-7 cell populations after treatment with compounds 4f (5 pg/mL)
and 4h (25 pg/mL) for 24 h. Cells were stained with Annexin V-FITC and propidium iodide (PI). The quadrants represent: viable cells (lower left,
Annexin V- / PI-), early apoptotic (lower right, Annexin V+ / PI-), late apoptotic (upper right, Annexin V+ / PI+), and necrotic cells (upper left,
Annexin V- / PI+). (b) Bar chart showing the percentage distribution of viable, early apoptotic, late apoptotic, and necrotic cells in each treatment

group.

sis, consistent with previous studies on chromene deriv-
atives demonstrating their ability to induce programmed

cell death through mitochondrial pathways and regula-

tion of apoptosis-related genes such as Bax, caspase-3,

and Bcl-2 31,34,38-40

Control

15.7 pg/ml

—

3. 3. Biological Significance of Chromene
Derivatives

Chromenes are a class of naturally occurring oxy-

gen-containing heterocycles, known for their simple

31.25 pg/ml

62.5 pug/ml

125 pg/ml

Figure 4. Phase-contrast images showing morphological changes in MCF-7 cells after 24-hour treatment with compounds 4f and 4h at increasing
concentrations (15.7, 31.25, 62.5, and 125 pg/mL, left to right. Images were captured using phase-contrast microscopy at 40x magnification. Control:
untreated MCF-7 cells. Cell shrinkage and death were more pronounced at higher concentrations, consistent with MTT and apoptosis assay results.
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structure and minimal adverse effects, making them at-
tractive for drug development.*"#? They form the core of
many flavonoids and possess a broad range of biological
activities including anticancer, antimicrobial, neuropro-
tective, and anti-HIV effects.*! %" Several chromene deriv-
atives have shown significant cytotoxicity by binding to
the colchicine-binding site of tubulin, inhibiting polymer-
ization, and causing cell cycle arrest leading to apoptosis.
2324 Gourdeau et al. demonstrated the anti-vascular and
anticancer properties of certain chromene derivatives,
highlighting their potential in clinical cancer therapy, par-
ticularly due to their anti-angiogenic effects and synergy
with chemotherapeutic agents.*

3. 4. Structure-activity Relationship Analysis
of Chromene Derivatives Based on
Cytotoxicity Results

Structure-activity relationship (SAR) analysis re-
vealed that substitution patterns on the chromene core sig-
nificantly influence activity. In particular, compounds 4f
and 4h contain meta-positioned substituents on the 4-aryl
phenyl ring, a methoxy (-OCHj3) group in 4f and a bro-
mine (-Br) atom in 4h, which may explain their higher
potency.*® Previous studies have also noted that elec-
tron-donating groups at the 7th position of the chromene
scaffold enhance pharmacological effects, while elec-
tron-withdrawing groups tend to reduce activity.*® Zhang
et al. reported anticancer effects of chromene derivatives
via modulation of the p53 pathway and downregulation of
VEGE ICAM1, and MMP-2, supporting their antitumor
potential.#

4. Conclusion

In summary, we successfully synthesized and char-
acterized a series of chromene-based derivatives via a one-
pot, three-component reaction. The structures of the syn-
thesized compounds were confirmed by spectroscopic
methods, including IR and NMR ('H and *C NMR), and
elemental analysis. Biological evaluations revealed that
several of these compounds, particularly 4f and 4h, exhib-
it potent cytotoxic effects against MCF-7 breast cancer
cells, with ICs values of 4.74 ug/mL and 21.97 ug/mL, and
favorable selectivity indexes of 3.83 and 2.80, respectively.
Flow cytometry analysis confirmed their ability to induce
apoptosis, further supporting their anticancer potential.
These findings underscore the value of chromene scaffolds
as promising leads for breast cancer therapy.

Nevertheless, to fully elucidate their therapeutic po-
tential, further research is warranted, including evalua-
tions across diverse cancer cell lines, in vivo toxicity and
efficacy assessments, and deeper mechanistic investiga-
tions such as gene expression profiling and protease inter-
action studies. Such efforts may lead to the development of

more effective chromene-based agents for overcoming
chemo-resistance in cancer therapy.
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Abstract

The isoindoline scaffold, a rigid analogue of ameltolide, exhibits notable antiepileptic properties. Here we describe the
design, synthesis, and evaluation of nine new isoindoline derivatives prepared by condensation of trimellitic anhydride
with various arylamines. Anticonvulsant activity of prepared compounds was assessed in maximal electroshock (MES;
tonic seizure) and pentylenetetrazole (PTZ; clonic seizure) seizure models. All compounds significantly attenuated both
tonic and clonic seizures; in MES they reduced seizure-induced mortality, while in PTZ they improved seizure frequency
and latency. Compounds 3 and 4 showed the highest efficacy, surpassing phenytoin. Structure-activity analysis indicates
that bulky ortho-substituents on the N-aryl group, combined with a meta-nitro substituent, enhance anticonvulsant

potency.

Keywords: Isoindoline, MES, PTZ, Docking, Anticonvulsant, Sodium channel

1. Introduction

Epilepsy, also known as a seizure disorder, is a chron-
ic non-communicable neurological disease that affects
people of all ages. With an estimated 50 million people af-
fected worldwide, it is one of the most common neurolog-
ical disorders. About 80% of people with epilepsy live in
low- and middle-income countries. With an accurate diag-
nosis and appropriate treatment, up to 70% of patients can
control their seizures and live seizure-free.! Treatment
usually includes antiepileptic drugs (AEDs) and, in some
cases, surgery.

Many widely used AEDs, particularly those that
block sodium channels, are associated with a variety of
side effects and limited efficacy in drug-resistant cases.>
Therefore, the development of new agents with improved
safety profiles and higher therapeutic indices remains an
important research priority.

Phenytoin, one of the most commonly prescribed
AEDs, contains a hydantoin moiety that has been associ-
ated with various adverse effects.* Ameltolide, an antie-

pileptic drug with phenytoin-like activity, lacks a hydan-
toin ring and has a more favorable profile.>¢ In addition,
phthalimide—the rigid analog of ameltolide-has similar
receptor binding properties to phenytoin and has
demonstrated potent anticonvulsant activity in various
models.”

o]
o rigidification O. O
N
H,N o

Ameltolide Phthalimide

isosteric replacement

O
POOSY,
o}
R = COOH, CH,0H, CHO, C=NOH

Figure 1. Design of phthalimide analogues based on isosteric re-
placement.
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In our previous work, we reported several novel and
more potent phthalimide derivatives with promising anti-
convulsant activity.®-!> Continuing this line of research, we
now present the design and synthesis of a new series of
phthalimide analogs based on isosteric replacement. In
particular, the hydrogen at position 4 of the phthalimide
ring was replaced by various functional groups, including
-COOH, -CH,0OH, -CHO, and -C=NOH (Figure 1), with
the aim of improving biological activity and selectivity.

2. Materials and Methods
2. 1. Chemistry

All reagents and solvents were purchased from Sig-
ma-Aldrich and EXIR and used without further purifica-

tion. Melting points were determined using an Electro-
thermal IA 9100MK2 capillary melting point apparatus.
Infrared (IR) spectra were recorded with a Shimadzu
8400-S FT-IR spectrometer using KBr pellets. '"H NMR
spectra were recorded using a Varian INOVA FT-500 MHz
instrument. Chemical shifts (§) are expressed in parts per
million (ppm) relative to tetramethylsilane (TMS) as an
internal standard, in CDCl; or DMSO-d,. The signal mul-
tiplicities are labelled as follows: s (singlet), brs (broad sin-
glet), d (doublet), t (triplet), and m (multiplet).
Compounds 1-6 were synthesized by condensation
of trimellitic anhydride with the corresponding arylamines,
as previously described.®!> Compounds 7-9 were pre-
pared from compound 1 by successive reduction, oxida-
tion,'® and reaction with hydroxylamine.!”~18 The synthetic
pathway for compounds 1-9 is shown in Scheme 1.

0 0
Ar-NH,
0 S N—Ar
HO CH4;COOH HO

g

e
5,

o) 0

NO,
4
1
@]
. ) eme 05
o
H
0 (@]
9 8

Scheme 1. The synthetic pathway for designed compounds 1-9.
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Synthesis of 2-(2,6-dimethylphenyl)-1,3-dioxoisoindo-
line-5-carboxylic acid (1)

A solution of trimellitic anhydride (1 mmol) and
2,6-dimethylaniline (1 mmol) in glacial acetic acid
(2.5 mL) was heated under reflux for 48 h. The reaction
mixture was then cooled to room temperature, and water
(5 mL) was added. The resulting precipitate was filtered
oft, washed with water and dried to obtain the desired
compound as gray crystals. Yield: 50%; m.p. 225 °C. IR
(KBr, cm™) v 1691, 1750, 1775 (C=0), 2400-3400 (O-H).
'H NMR (500 MHz, DMSO-d;) & 8.44 (dd, J = 1.26,
7.92 Hz, 1H, H-6-isoindoline), 8.34 (s, 1H, H-4-isoindo-
line), 8.10 (d, J = 7.65 Hz, 1H, H-7-isoindoline), 7.15-7.42
(m, 3H, H-3,4,5-phenyl), 2.10 (s, 6H, CHs).

Synthesis of 2-(2-methyl-6-nitrophenyl)-1,3-dioxoiso-
indoline-5-carboxylic acid (2)

Trimellitic anhydride (1 mmol) and 2-methyl-6-ni-
troaniline (1 mmol) were refluxed in glacial acetic acid
(2.5 mL) for 72 h using the same procedure as described
for compound 1. The crude product was isolated by filtra-
tion and recrystallized from methanol to give the desired
compound as yellow crystals. Yield: 51%; m.p. 230 °C. IR
(KBr, cm™) v 1340, 1386, 1533 (NO,), 1706, 1737, 1780
(C=0), 2812-3462 (O-H). 'H NMR (250 MHz,
DMSO-dy) 6 8.40 (d, ] = 8.0 Hz, 1H, H-5-phenyl), 8.30 (s,
1H, H-4-isoindoiline), 8.08 (d, J = 7.75 Hz, 1H, H-6-isoin-
doline), 8.00 (d, ] = 7.75 Hz, 1H, H-7-isoindoline), 7.80 (d,
J=8.10Hz, 1H, H-3-phenyl), 7.65 (t, ] = 7.50 Hz, H-4-phe-
nyl), 2.23 (s, 3H, CH;). 3*C NMR (62.5 MHz, DMSO-dj) &
17.91 (CHj), 123.95 (C-5-phenyl), 124.57 (C-7-isoindo-
line), 125.07 (C-4-isoindoline), 131.07 (C-4-phenyl),
132.12 (C-1-phenyl), 134.82 (C-9-isoindoline), 136.62
(C-5,6-isoindoline),  137.01  (C-2-phenyl), 137.62
(C-3-phenyl), 140.36 (C-8-isoindoline), 146.85 (C-6-phe-
nyl), 165.87, 166.04 (C=0).

Synthesis of 2-(2-methyl-3-nitrophenyl)-1,3-dioxoi-
soindoline-5-carboxylic acid (3)

Following the same procedure as for compound 1, tri-
mellitic anhydride (1 mmol) and 2-methyl-3-nitroaniline (1
mmol) were refluxed for 3 h in glacial acetic acid (2.5 mL).
After completion, the solvent was removed under reduced
pressure. The resulting crude product was washed with di-
ethyl ether and recrystallized from chloroform to give the
desired compound as light brown crystals. Yield: 75%; m.p.
290 °C. IR (KBr, cm™) v 1354, 1365, 1479, 1526 (NO,),
1697, 1742, 1782 (C=0), 2350-3300 (O-H). 'H NMR (250
MHz, DMSO-dy) & 8.35 (d, ] = 7.75 Hz, 1H, H-6-isoindo-
line), 8.25 (s, 1H, H-4-isoindoline), 8.02 (d, J = 8.00 Hz, 1H,
H-6-phenyl), 7.98 (d, ] = 7.75 Hz, H-7-isoindoline), 7.71 (d,
J = 7.5 Hz, H-4-phenyl), 7.54 (t, ] = 8.00 Hz, 1H, H-5-phe-
nyl), 2.16 (s, 3H, CH3). *C NMR (62.5 MHz, DMSO-dy) &
14.42 (CHj3), 124.10 (C-4-phenyl), 124.56 (C-7-isoindo-
line), 125.47 (C-2-phenyl), 127.96 (C-4-isoindoline), 131.62
(C-5-phenyl), 132.56 (C-9-isoindoline), 133.02 (C-5,6-isoin-

doline), 134.44 (C-6-phenyl), 135.38 (C-3-phenyl), 136.05
(C-1-phenyl), 136.97 (C-8-isoindoline), 151.10 (C-3-phe-
nyl), 166.23, 166.42 (C=0).

Synthesis of 2-(2-chloro-4-nitrophenyl)-1,3-dioxoisoin-
doline-5-carboxylic acid (4)

Following the same procedure as for compound 1,
trimellitic anhydride (1 mmol) and 2-chloro-4-nitroani-
line (1 mmol) were refluxed for 52 h in glacial acetic acid
(2.5 mL). The crude product was isolated by filtration and
recrystallized from methanol to give the desired com-
pound as light brown crystals. Yield: 35%; m.p. 220 °C. IR
(KBr, cm™) v 1364, 1371, 1485, 1525 (NO,), 1692, 1731,
1757 (C=0), 2352-3309 (O—H). 'H NMR (250 MHz, DM-
SO-d,) 6 8.57 (s, 1H, H-3-phenyl), 8.48 (d, J = 7.75Hz, 1H,
H-6-isoindoline), 8.42 (d, J = 8.5Hz, 1H, H-5-phenyl), 8.39
(s, 1H, H-4-isoindoline), 8.17 (d, ] = 7.5 Hz, 1H, H-7-isoin-
doline), 7.97 (d, ] = 8.5 Hz, 1H, H-6-phenyl). *C NMR
(62.5 MHz, DMSO-ds) § 123.59 (C-5-phenyl), 124.21
(C-7-isoindoline), 124.72 (C-6-phenyl), 125.38 (C-3-phe-
nyl), 132.13 (C-4-isoindoline), 132.61 (C-2-phenyl),
133.56 (C-9-isoindoline), 134.87 (C-5-isoindoline), 135.49
(C-6-isoindoline), 136.24 (C-8-isoindoline), 137.27 (C-1-
phenyl), 148.69 (C-4-phenyl), 165.22, 165.89 (C=0).

Synthesis of 2-(3-chlorophenyl)-1,3-dioxoisoindoline-
5-carboxylic acid (5)

Following the same procedure as for compound 1,
trimellitic anhydride (1 mmol) and 3-chloroaniline (1
mmol) were refluxed for 4 h in glacial acetic acid (2.5 mL).
The crude product was recrystallized from methanol and
washed with diethyl ether to give the desired compound as
yellow crystals. Yield: 54%; m.p. 290 °C. IR (KBr, cm™) v
1692, 1683, 1724, 1784 (C=0), 2352-3309 (O-H). 'H
NMR (250 MHz, DMSO-d,) 6 8.34 (d, J = 7.5Hz, 1H,
H-6-isoindoline), 8.24 (s, 1H, H-4-isoindoline), 8.01 (d,
1H, J = 7.75Hz, 1H, H-7-isoindoline), 7.40-7.60 (m, 3H,
H-2,5,6-phenyl), 7.39 (d, ] = 7.25Hz, 1H, H-4-phenyl). 13C
NMR (62.5 MHz, DMSO-dy) 6 123.88 (C-7-isoindoline),
124.36(C-4-isoindoline), 126.51 (C-6-phenyl), 127.58
(C-4-phenyl), 128.64 (C-5-phenyl), 130.99 (C-9-isoindo-
line), 132.40 (C-2-phenyl), 133.35 (C-5-isoindoline),
133.52 (C-6-isoindoline), 135.25 (C-1-phenyl), 135.99
(C-3-phenyl), 136.93 (C-8-isoindoline), 166.22, 166.38
(C=0).

Synthesis of 2-(naphthalen-1-yl)-1,3-dioxoisoindoline-
5-carboxylic acid (6)

Following the same procedure as for compound 1,
trimellitic anhydride (1 mmol) and 1-naphthylamine (1
mmol) were heated in glacial acetic acid (2.5 mL) for 25 h
under reflux. The crude product was recrystallized from
methanol to give the desired compound as yellow crystals.

Yield: 68%; m.p. 230 °C. IR (KBr, cm™!) v 1667, 1697,
1780 (C=0), 2534-3483 (O-H). 'H NMR (250 MHz, DM-
SO-dg) 6 8.38 (d, J=7.75 Hz, 1H, H-6-isoindoline), 8.28 (s,
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1H, H-4-isoindoline), 7.97-8.06 (m, 3H, aromatic), 7.74
(d, 1H, J = 8Hz, H-7-isoindoline), 7.57-7.59 (m, 2H, aro-
matic), 7.44-7.52 (m, 2H, aromatic). '3C NMR (62.5 MHz,
DMSO-dg) § 123.36 (C-2-naphthyl), 124.00 (C-4-naph-
thyl), 124.43 (C-8-naphthyl), 126.06 (C-7-isoindoline),
127.09 (C-9-naphthyl), 127.59 (C-4-isoindoline), 127.83
(C-7-naphthyl), 128.71 (C-6-naphthyl), 128.78 (C-3-naph-
thyl), 130.04 (C-5-naphthyl), 130.51 (C-9-isoindoline),
132.81 (C-5-isoindoline), 134.15 (C-6-isoindoline), 135.64
(C-10-naphthyl), 135.96 (C-8-isoindoline), 136.95 (C-1-
naphthyl), 166.36, 166.37 (C=0).

Synthesis of 2-(2,6-dimethylphenyl)-5-(hydroxymethyl)
isoindoline-1,3-dione (7)

To a stirred solution of compound 1 (1.06 mmol, 312
mg) in dry tetrahydrofuran (THE 5 mL), BH;-THF (4.5
mL) was added dropwise over 30 min at 0 °C. The reaction
mixture was stirred for 48 h at the same temperature. Then
a saturated aqueous solution of K,COj; (5 mL) was added
and stirred for 30 min. The organic phase was separated,
washed with saturated NaHCOj solution and dried over an-
hydrous MgSO,. The solvent was removed under reduced
pressure and the crude product was purified by column
chromatography (stationary phase: silica gel; mobile phase:
CHCl;-methanol, 1:0.8) to obtain compound 7 as a yellow
oil. Yield: 45%. IR (KBr, cm™!) v 1477, 1438, 1718 (C=0),
2951 (CH aliphatic), 3030 (CH-aromatic), 3000 (O-H). 'H
NMR (500 MHz, CDCl;) § 7.97 (s, 1H, H-4-isoindoline),
7.92 (d, ] = 7.67 Hz, 1H, H-6-isoindoline), 7.77 (d , J = 7.79
Hz, 1H, H-7-isoindoline), 7.26 (t, ] = 7.61 Hz, 1H, H-4-phe-
nyl), 7.17 (d, ] = 7.59 Hz, 2H, H-3,5-phenyl), 4.86 (s, 2H,
CH,), 2.14 ( s, 6H, CH3), 2.01 (s, 1H, OH). 1*C NMR (125
MHz, CDCl) § 1848 (CH,), 64.68 (CH,), 12224
(C-4-isoindoline), 124.36 (C-4-phenyl), 128.92 (C-3,5- phe-
nyl), 129.93 (C-7-isoindoline), 130.20 (C-8-isoindoline),
131.41 (C-9-isoindoline), 132.85 (C-6- isoindoline), 132.66,
132.85 (C-2,6-phenyl), 137.27 (C-1l-phenyl), 148.92
(C-5-isoindoline), 167.59, 167.69 (C=0).

Synthesis of 2-(2,6-dimethylphenyl)-1,3-dioxoisoindo-
line-5-carbaldehyde (8)

A mixture of compound 7 (0.18 mmol) and MnO,
(1.44 mmol) in dichloromethane (5 mL) was refluxed for 8
hours. The warm reaction mixture was filtered and the res-
idue was washed with hot acetonitrile. The combined fil-
trates were concentrated under reduced pressure and the
crude product was purified by thin layer chromatography
(silica gel; CHCl3-methanol, 1:0.027) to afford compound
8 as a yellow oil. Yield: 80%. IR (KBr, cm™) v 1699, 1700,
1778 (C=0), 2853 (CH-aldehyde), 2922 (CH aliphatic),
2957(CH-aromatic). '"H NMR (500 MHz, CDCl;) § 10.20
(s, 1H, H-aldehyde), 8.449 (s, 1H, H-4-isoindoline), 8.33
(dd, J = 7.62 and 1.08 Hz, 1H, H-6-isoindoline), 8.13 (d, J
= 7.61 Hz, H-7-isoindoline), 7.29 (t, ] = 7.76, 7.43 Hz, 1H,
H-4-phenyl), 7.19 (d, ] = 7.61 Hz, 2H, H-3,5-phenyl),
2.149 (s, 6H, CH;). *C NMR (125 MHz, CDCl;) & 18.49

(CHj), 124.97 (C-7-isoindoline), 125.01 (C-4-phenyl),
129.03 (C-3,5-phenyl), 129.84 (C-4-isoindoline), 130.173
(C-9-isoindoline), 133.24 (C-6-isoindoline), 135.91 (C-
2,6-phenyl.), 136.61 (C-8-isoindoline), 137.07 (C-5-isoin-
doline), 141.40 (C-1-phenyl), 166.37, 166.47 (C=0),
190.47 (C=0, aldehyde).

Synthesis of 2-(2,6-dimethylphenyl)-1,3-dioxoisoindo-
line-5-carbaldehyde oxime (9)

A solution of compound 8 (0.17 mmol) and hydrox-
ylamine hydrochloride (0.68 mmol) in methanol (5 mL)
was stirred at room temperature for 13 hours. Water (3
mL) was then added and stirring continued for 30 min-
utes. The mixture was extracted with dichloromethane and
the organic phase was dried over anhydrous Na,SO,. The
solvent was removed under reduced pressure and the
crude product was purified by thin layer chromatography
(silica gel; CHCl3-methanol, 3:1) to give compound 9 as a
yellow oil. Yield: 50%. IR (KBr, cm™) v 1616, 1722, 1774
(C=0, C=N), 2922 (CH-aliphatic), 3067 (CH-aromatic),
3000-3650 (N-OH). 'H NMR (250 MHz, CD,COCD3) &
11.1 (s, 1H, N-OH), 8.43 and 8.40 (s,1H, CH=N), 8.20 (s,
1H, H-4-isoindoline), 8.17 (d, J = 8Hz, 1H, H-6-isoindo-
line), 8.01 (d, J = 7.5 Hz, 1H, H-7-isoindoline), 7.31 (t, ] =
5.75 Hz, 1H, H-4-phenyl), 7.24 (d, J = 5.75 Hz, 2H,
H-3,5-phenyl), 2.15 (s, 6H, CH,).

3. Methods
3. 1. Pharmacology

The anticonvulsant effects of compounds 1-9 were
investigated using maximal electroshock (MES) and pen-
tylenetetrazole (PTZ) models as previously described.3-1°
Male NMRI mice (Balb/c, 8-9 weeks old, 20-25 g) were
used in accordance with the Tehran Islamic Azad Medical
Sciences University and the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals.

The test substances were dissolved in dimethyl sul-
foxide and administered intraperitoneally 30 minutes be-
fore inducing seizures (groups of 5-6 mice). For the MES
test, the conditions that induced tonic seizures in 290% of
the animals were determined in preliminary experiments.
The following parameters were used for all experiments:
0.2 s duration, 50 mA current and 50 Hz frequency. The
mortality protection rates and the effects of compounds
1-9 at doses of 5, 10 and 20 mg/kg were determined and
compared with phenytoin-treated controls.

In the PTZ test, PTZ (80 mg/kg, i.p.) was used to in-
duce minimal clonic seizures. The latency and frequency
of clonic seizures were recorded for each group.

3. 2. Statistical Analysis

The data were analyzed using SPSS 16.0. One-way
ANOVA followed by Tukey—Kramer post hoc test was per-
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formed, and results were expressed as mean + SEM. Differ-
ences were considered statistically significant at P < 0.05.

3. 3. Docking

Molecular modeling and docking of compounds 3
and 4 were performed using HyperChem and AutoDock
according to the known procedures.®"!> Docking results
were analyzed with MGL Tools and LigPlot+.1%-20

4. Results and Discussion
4. 1. Chemistry

Nine new isoindoline derivatives were synthesized
with yields between 35 % and 80 % according to the proce-
dure shown in Figure 1. All compounds were character-
ized by FT IR, 'H NMR and *C NMR spectroscopy. The
reduction of the carboxylic acid group in compound 1 to
the corresponding alcohol (compound 7) was achieved
with BH;, while the oxidation of the alcohol to the alde-
hyde (compound 8) was carried out with MnO,.

4. 2. Pharmacology

PTZ test (clonic seizure)

The PTZ-induced seizure threshold model was used
to assess the ability of compounds 1-9 to inhibit clonic sei-
zures. The results are summarized in Table 1. All com-
pounds tested showed strong protection against PTZ-in-
duced seizures, with most showing a stronger effect than
the reference drug phenytoin. At a dose of 5 mg/kg, all
compounds were more potent than phenytoin, with com-
pounds 3 and 4 showing the highest activity. At a dose of
10 mg/kg, all compounds except 8 and 9 were more potent
than phenytoin; compounds 1 and 3 were the most active
in this group. At a dose of 20 mg/kg, all compounds tested
exceeded the potency of phenytoin, with compounds 1, 3,
4, 6 and 9 being the most active. All compounds signifi-
cantly reduced the frequency of clonic seizures at all doses
tested compared to vehicle controls. In particular, com-
pounds 1, 2, 3, 4, 6 and 8 reduced the frequency of seizures
more than phenytoin. Of the ligands tested, compounds 3
and 4 showed outstanding activity at all doses and exhibit-
ed significant differences compared to both the vehi-
cle-treated and phenytoin-treated groups.

Structure-activity relationship analysis of the PTZ
assay results showed that reduction of the carboxylic acid
moiety in compound 1 to ~-CH,OH (compound 7), fol-
lowed by oxidation to an aldehyde (compound 8) and con-
densation to an imine (compound 9), resulted in decreased
potency. Thus, compound 1 containing a carboxylic acid
was the most active, while compound 9 with the imine
moiety was the least active.

Comparing compounds 1-6, compounds 3 and 4
were the most active, which can be attributed to the pres-

Table 1. The ability of isoindoline derivatives (1-9) to protect against PTZ- and MES-induced seizures.

Protection of tonic

Protection of mortality

PTZ frequency in clonic seizure

PTZ latency in clonic seizure

S
Z

seizure in MES (%)

(%) in MES

(mg/kg)

(mg/kg)

10
50
50
80
50
80
80
30
60
50
80

20
50
100
90

10
100
100
100
100
100

20
100

10
0.00 + 0.00®

20
0.00 + 0.00®

10

NS

283.15 + 11.00°

20

NS?

584.25 + 15.33b

25

100
60

2.25 + 8.70
2.25+0.23
0.00 + 0.00°

110.25 £ 8.70°¢

25

100

0.00 + 0.00®

0.00 + 0.00®

295.00 + 10.25°

2

80
75

100

100
100

0.00 + 0.00®

0.00 + 0.00®

NS

410.50 + 7.07°

NS

639.00 + 10.80°
780.50 + 35.70°
245.35 + 17.19°
886.15 + 25.82b

105.00 £29.11¢

NS

100

100
80
60

1.50 + 0.07
4.25+0.50
2.17 £0.16
6.24 +0.83

0.00 + 0.00®

0.00 + 0.00®

NS

260.77 + 48.33b

30

100

4.50 £ 0.70
4.35+0.19
2.15+0.45

5.77 + 0.33
0.00 + 0.00®

188.25 + 12.50°¢
304.67 + 12.06°
290.00 + 17.33b
126.40 + 28.25¢
105.00 + 8.22¢
71.70 + 6.10

5

90

80
75
100

100
60

NS

280.25 + 15.00°
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50
50
75

15

75

75

425+ 1.00
0.00 + 0.00®

7

100
75

100

1.40 £ 0.25
4.11+£0.22
2.85+0.20

1.85+0.20
4.50 +0.21
2.12+1.08
4.60 + 3.75

NS

220.14 + 17.90°

20

75
100

100

6.35+0.90

95.15+17.21

9

25

100

100

100

1.58 + 0.30

118.00 £ 6.08

142.15 + 18.00¢

PHE

75.50 £5.71

DMSO

NS: No seizure; ®p < 0.001, ¢p < 0.01, ¢p < 0.05. Compared to the DMSO (vehicle) group.
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ence of a bulky substituent at one of the ortho positions of
the N-aryl group, which promotes a perpendicular orien-
tation of the phenyl ring with respect to the isoindoline
moiety. Furthermore, the comparison between com-
pounds 2 to 4 showed that a nitro substituent in the meta
position of the phenyl ring confers higher activity than
substitutions in the ortho or para position.

Overall, these results emphasize that the carboxylic
acid moiety has higher anticonvulsant activity compared
to alcohol, aldehyde or imine functions, with compound 1
identified as the most potent ligand.

MES test (tonic seizure)

The protective effect of compounds 1-9 against tonic
seizures induced by maximal electroshock (MES) is also
shown in Table 1. Most of the prepared compounds sho-

(A) U

PHES!
(B)

wed significant protection over the entire dose range test-
ed. Compounds 1, 3, 4 and 8 provided 100% protection
against mortality at all doses and showed efficacy compa-
rable to phenytoin.

4. 3. Docking

In silico studies to evaluate compaunds 3 and 4 as
active ligands during in vivo evaluation were performed
with the voltage-sensitive sodium channel receptor. The
MGL tools and Ligplus were used to study the receptor
profile of the drug. The drug-receptor interaction profile of
compounds 3 and 4 is shown in Figure 2. Minimum ener-
gy, Ki and crowded cluster were used to evaluate the
drug-receptor interactions.

In compound 3, the nitrophenyl ring was located in
a hydrophobic pocket formed by residues Phe84, Val 87
and Val 88 of the H-chains and residues Phe91 and Ile95 of
the E-chain, where the phenyl ring of compound 3 had a
charge transfer interaction with the phenyl ring of Phe84.
The carboxyl group at position 4 of the isoindoline compo-
nent of compound 3 forms a hydrogen bond interaction
with residue Ser 84 of chain G (Figure 2A).

VAL
Hi BB

VAL &
H: 87 &

Figure 2. Docked structure of compounds 3 (A) and 4 (B) in the sodium channel model.
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In compound 4, the oxygen of the imide of com-
pound 4 forms a hydrogen bond interaction with residue
Thr87 of chain G (Figure 2B). In addition, the N-phenyl
moiety was aligned with a hydrophobic pocket formed by
the hydrophobic residues Phe91, Ile92 and Ile95 of the G
chain and Tyr91, Val87 and Val88 of the H chain.

5. Conclusions

Nine new isoindoline derivatives were synthesized
and characterized by FT IR, '"H NMR and '*C NMR spec-
troscopy. Their anticonvulsant activities were investigated
using PTZ (clonic seizure) and MES (tonic seizure) mod-
els. All compounds showed a pronounced ability to pro-
long seizure latency, reduce the frequency of clonic sei-
zures and protect against MES-induced tonic seizures.
Structure-activity relationship analysis showed that 4-car-
boxyl derivatives exhibited greater efficacy than 4-hydrox-
ymethyl, 4-carboxaldehyde and 4-hydroxyimine analogs.
Compounds 3 and 4 showed the highest potency among
all compounds tested, outperforming phenytoin in the
PTZ model and showing comparable potency to phenyto-
in in the MES model.

The results also suggest that the anticonvulsant activ-
ity, especially in the PTZ model, is enhanced by the pres-
ence of a bulky ortho substituent and by the positioning of
the nitro group in the meta position of the phenyl ring in-
stead of the para position. These findings will be useful for
the design and synthesis of new isoindoline derivatives
with improved anticonvulsant properties.
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Povzetek

Izoindolinsko ogrodje, togi analog ameltolida, kaze pomembne antiepilepti¢ne lastnosti. V prispevku je opisana zasnova,
sinteza in vrednotenje devetih novih izoindolinskih derivatov, pripravljenih s kondenzacijo anhidrida benzen-1,2,4-tri-
karboksilne (trimelitne) kisline z razli¢nimi arilamini. Antikonvulzivno aktivnost pripravljenih spojin je ocenjena z
modelom maksimalnega elektro§oka (MES; toni¢i napad) in pentilentetrazolom (PTZ; kloni¢ni napad). Vse pripravljene
spojine so znatno oslabile tako toni¢ne kot tudi kloni¢ne napade; pri MES so zmanjsale umrljivost zaradi napadov, med-
tem ko so pri PTZ pomembno zmanj$ale pogostost in latenco napadov. Spojini 3 in 4 sta pokazali najvi$jo u¢inkovitost in
presegli fenitoin kot standard. Analiza strukture in aktivnosti spojin kaze, da steri¢no veliki orto-substituenti na N-arilni
skupini v kombinaciji z meta-nitro substituentom povecajo antikonvulzivno u¢inkovitost.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
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Abstract

In this study, the plants Eucalyptus globulus (E. globulus), Jasminum officinale (J. officinale), and Solanum nigrum (S. ni-
grum) are investigated for their antibacterial, antioxidant, and therapeutic properties. The extraction solvents (aqueous,
methanol, ethanol, and butanol) were used for phytochemical screening, antibacterial activity while aqueous extracts
were specifically used for antioxidant analysis. The quantitative determination showed that the highest phenolic and
tannin content was found in J. officinale, while highest flavonoid and alkaloids levels were found in E. globulus among
the tested species. The disc diffusion method was followed for assessing the antibacterial activity against Escherichia coli
(E. coli) and Staphylococcus aureus (S. aureus). All extracts of E. globulus leaves showed antibacterial activity against E.
coli and S. aureus. The aqueous extracts on FTIR showed quercetin, benzoic, salicylic, gallic, ferulic, and ascorbic acid.
Furthermore, in silico analysis to assess the interaction of selected bioactive compounds, quercetin and benzoic acid,
found in E. globulus, were docked with haemagglutinin and neuraminidase, as these influenza virus surface proteins
play an important role in the virus’s ability to infect host cells. Salicylic, gallic, ferulic, and ascorbic acid from J. officinale
and S. nigrum, were docked with GABA receptor-associated proteins, which are important in synaptic transmission and
plasticity.

Keywords: Disc diffusion method; anti-bacterial; DPPH radical scavenging assay; haemagglutinin; neuraminidase; GA-

BA receptor-associated protein.

1. Introduction

Plants provide the basis of intricate, conventional
medical systems that have been used for many years, and
scientists are still developing innovative remedies for hu-
manity today. Plants are commonly used to treat infections
and other conditions.! Nearly two-thirds of people world-
wide utilize medicinal plants for primary healthcare. When
compared to conventional medications, medicinal plants
have fewer side effects, are readily available, and cost less.?

Antibiotic resistance has been created in microor-
ganisms due to the haphazard usage of antimicrobial
drugs. Several antimicrobial drugs are needed to treat in-

fectious diseases. One strategy is to examine the potential
antibacterial properties of local herbal remedies. Medici-
nal plants serve as a substantial reservoir of new antifungal
and antibacterial chemotherapeutic drugs.®> Medicinal
plants are good antioxidants, anti-diabetic agents, antibac-
terial agents, anti-cancer agents, detoxifying agents, anti-
fungal agents, and neuro-pharmacological agents.*
Jasmine belongs to the olive family and is a genus of
shrubs/vines in this family.® J. officinale stems have been
used to treat chronic inflammatory conditions like colitis,
ulceration, angiitis, and enteritis, as well as for the allevia-
tion of insomnia.® The entire plant is traditionally used to
treat skin conditions, tumors, and chronic ulcers. The al-
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kaloids, salicylic acid, ascorbic acid, and resin found in the
entire plant are used to cure fevers, skin conditions, and
ulcers”. Eucalyptus is a genus that possesses various shrubs
and flowering trees. Eucalyptus leaves possess antioxidant,
anti-inflammatory, and antibacterial properties. Eucalyp-
tus is used to treat ailments such as rheumatism, skin dis-
eases, upper respiratory tract infections, diabetes, snake-
bites, and diarrhea.®® S. nigrum is an annual herbaceous
herb.!® Whole plants are used for coughs, burns, snake
bites, rabies, wound healing, and enhancing sleep.!!!?

The discovery of new therapeutic agents has been
based on medicinal plants. Based on their reported phar-
macological characteristics and documented traditional
uses, this study investigates the bioactive potential of J. of-
ficinale, E. globulus, and S. nigrum. They have been tradi-
tionally used to treat respiratory diseases and sleep distur-
bances. Although several phytochemicals from these
plants have demonstrated preliminary antiviral and seda-
tive effects, more research is needed to confirm their rele-
vance to illnesses such as influenza and insomnia >4

2. Materials and Methods

2. 1. Plant Collection

Fresh and disease-free plant samples of E. globulus, J.
officinale, and S. nigrum were collected from dry and shady
areas of GCU botanical garden, Lahore, Pakistan.

2. 2. Plant Extract Preparation

The plant extract preparation was started by washing
the leaves 2-3 times with running tap water and drying
them completely under shade. The plant leaves were dried
and grounded to a fine powder. 20 g of powdered leaves
from each plant species (E. globulus, J. officinale, and S. ni-
grum) were soaked in 200 mL of each solvent (ethanol,
methanol, butanol, and distilled water). The mixtures with
a concentration of 0.1 g/ml were periodically stirred, while
being stored at room temperature (25 + 2 °C) for 72 hours
followed by filtration using Whatman No. 1 filter paper.
The dried extracts were kept at 4 °C in sterile, labelled con-
tainers for phytochemical, antioxidant, and antibacterial
analysis.!6-18

2. 3. Phytochemical analysis

Both qualitative and quantitative tests were per-
formed for phytochemical analysis.

(a) Qualitative analysis

For the determination of bioactive components pres-
ent in plant leaves, different tests were performed, includ-
ing alkaloids, flavonoids, phenolics, terpenoids, anthra-
quinones, carbohydrates, proteins, coumarins, emodins,
saponins, steroids, tannins, anthocyanins, leucoanthocy-
anin, quinones, cardiac glycosides, and phlobotannins.!*2°

(b) Quantitative Analysis

The total phenolics, flavonoids, tannins, alkaloids,
and antioxidant activity were quantified using standard
spectrophotometric methods. Measurements were taken
in triplicates. Total Phenolic Content (TPC) was measured
using the Folin-Ciocalteu method with gallic acid as a ref-
erence. 0.5 mL of extract was wixed with 0.6 mL of Fo-
lin-Ciocalteu reagent, then 1.5 mL of 20% Na,CO; was
added and incubated for 90 minutes in the dark. The ab-
sorbance was measured at 765 nm.2!

Total Tannin Content (TTC) was calculated using
the Folin-Ciocalteu method with a tannic acid standard.
0.1 mL of extract which was treated with 0.5 mL Folin re-
agent and 1 mL of 35% Na,COj3.The absorbance was mea-
sured at 725 nm after 30 minutes.??

Total Flavanoid Content (TFC) was calculated using
the aluminium chloride method with quercetin standard.
To 0.5 mL of extract, 1 mL water, 75 pL of 5% NaNO,, 75
uL of 10% AICl;, and 0.5 mL of 1M NaOH was added, and
incubated for 15 minutes. The absorbance at 510 nm was
measured.?

Alkaloid content was determined by extracting 1.25
g of powder in 50 mL of 10% acetic acid in ethanol for 4
hours. The filtrate was concentrated to 1/4 and precipitated
with NH,OH. The residue was filtered, dried, weighed,
and the alkaloid content was determined.?

The in vitro approach was used to measure the anti-
oxidant activity (DPPH free radical scavenging assay)
100-200 pL extract was mixed with 1 mL of 0.4 mM
DPPH. Incubated for 30 minutes in the dark. The absor-
bance was measured at 517 nm.?*

2. 4. Antibacterial Activity

To determine antibacterial activity against S. aureus
and E. coli, the disc diffusion method was used. Sterile 6
mm filter paper discs were impregnated with plant extracts
at doses of 25, 50, 75, and 100 pL. 50 pl broth was spread
on nutrient agar plates. The discs that had been impregnat-
ed with various extracts quantities were incubated at 37 °C
for 24 hours. The inhibition zones were recorded.?> As
positive control the antibiotics Tetracycline was used,
which zone of inhibition was 15 mm.

2. 5. Bioinformatic Analysis

The aqueous extracts of E. globulus, J. officinale, and
S. nigrum were used to identify different functional groups
of bioactive compounds by FTIR.?® The compounds were
found using the Pubchem database (https://pubchem.nc-
bi.nlm.nih.gov/). The bioactive compounds in E. globulus
found by FTIR were used for in silico investigation by mo-
lecular docking against the target proteins influenza virus
hemagglutinin (PDB ID: 4WE5) and neuraminidase (PDB
ID: 7U4F) and bioactive compounds in J. officinale and S.
nigrum against GABA receptors associated protein
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(1KOT). The Galaxy web (https://galaxy.seoklab.org/) was
used for the determination of ligand and protein interac-
tion. The protein structure was retrieved from the Protein
Data Bank (PDB) (https://www.rcsb.org/)

2. 6. Statistical Analysis

All analyses were analyzed as triplicates, and for sta-
tistical analysis, SPSS (version 32) was used, and the one-
way ANOVA test was performed to check the significance
(p < 0.01) of the results.

3. Results and Discussion

There is a dire need to develop novel antibacterial
medicines, as the excessive usage of antibiotics leads to an-
tibiotic resistance.?” Plants are a big source of phytochem-
icals and possess numerous biological properties.?® The
use of solvents also plays a crucial role in the extraction
process of phytochemicals.®® Different types and content
of secondary metabolites that are recovered from plants
are influenced by the solvents employed in the extraction
process.’! Phenols, flavonoids, and tannins are polar phy-
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tochemicals that dissolve easily in polar or semi-polar sol-
vents, making them more effective for extracting these
components from dried plant materials.??

3. 1. Antimicrobial Activity of Extracts

The leaf extracts of E. globulus showed antibacterial
activity against both E. coli and S. aureus (Fig. 1-3). All
extracts of J. officinale leaves showed zones of inhibition
against E. coli and S. aureus, while the leaf extracts of .
nigrum showed no activity against E. coli and S. aureus. S.
nigrum methanol extracts showed the highest activity
against E. coli (Fig. 1-3).

With the increase in concentration, an increase in
inhibition zones was observed that has been reported.>
Butanol extracts proved to be the most effective due to
their intermediate polarity.3® This enables it to extract a di-
verse spectrum of bioactive components, including mod-
erately polar phytochemicals, which may contribute to the
observed antibacterial properties. As an organic solvent, it
enhances the dissolving of both polar and non-polar mol-
ecules, hence improving the extraction of a wide range of
active components.*® Methanol and butanol extracts of E.
globulus leaves showed more inhibition zones against S.
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Fig. 1. (a) Antibacterial activity of E. globulus leaf extracts against E. coli (b) Antibacterial activity of E. globulus leaf extracts against S. aureus.
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Fig. 2. (a) Antibacterial activity of J. officinale leaf extracts against E. coli (b) Antibacterial activity of J. officinale leaf extracts against S. aureus.
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Fig. 3. (a) Antibacterial activity of S. nigrum leaf extracts against E. coli (b) Antibacterial activity of S. nigrum leaf extracts against S. aureus.

aureus and E. coli, which has been reported in different
publications.®>'#37 It was also reported that similar leave-
and root- aqueous extracts showed higher activity against
E. coli and S. aureus as compared ethanol extract.*® The
highest zones in butanol might be due to its high polarity
as compared to other solvents.?® Ethanol extract of J. offic-
inale inhibited both strains, similar to the results of 7 and,*
which reported that DCM and methanol extract of J. offic-
inale whole plant showed the higher inhibition zones as
compared to aqueous, ethanol, methanol and butanol ex-
tracts of leaves. The results of this study follow the work of
different research groups,*> 42 who reported that aqueous
extract of S. nigrum leaves showed no inhibition zones,
while methanol extracts showed high inhibition zones
against E. coli and S. aureus. Our results are contradictory
to the work of,!! who reported that aqueous extract showed
inhibitory activity against both E. coli and S. aureus. Buta-
nol extract from leaves of S. nigrum did not show activity
against S. aureus.

3. 2. Qualitative Analysis of Extracts

Qualitative phytochemical analysis of leaf extracts of
E. globulus, ]. officinale and S. nigrum was performed for
the identification of secondary metabolites present in
them. Extracts showed that alkaloids, flavonoids, sapo-
nins, steroids, carbohydrates and tannins are present in
these extracts, while phlobotannins, emodins, anthocya-
nins and leucoanthocyanins were not found.**~*> Qualita-
tive analysis of different solvent extracts of E. globulus, J.
officinale and S. nigrum was performed. Phytochemical
tests showed that alkaloids, carbohydrates, coumarins,
cardiac glycosides, steroids, phenol, protein, tannin, qui-
nones and terpenoids were the bioactive components
identified in all plant extracts.**~*8 The results of this work
correlate with the work of different research groups.!®4
Furthermore, it has been reported that anthocyanins, an-
thraquinones, phlobtinins and leucoanthocyanins are not
present in any parts of E. globulus, J. officinale and S. ni-
grum. These phytochemicals make plants good antioxi-

dants, enhancing antibacterial, anti-inflammatory, anti-in-
fluenza, anti-diabetic, and anti-sedative properties.®®>!

3. 3. Quantitative Analysis of Extracts

Quantitative phytochemical analysis of the leaf ex-
tracts of E. globulus, J. officinale, and S. nigrum were per-
formed (Fig. 4). Total phenol content, flavonoid content,
tannin content, alkaloids, and antioxidant activity of each
extract were calculated. The results showed that maximum
alkaloid content (60%) was present in E. globulus as com-
pared to other extracts; maximum tannin content (0.38
mg TAE/mL) was found in J. officinale, max. phenolic con-
tent was found in J. officinale (0.64 mg GAE/mL), and the
highest flavonoid (11.39 mg QAE/mL) content was pres-
ent in E. globulus leaves.

The highest amount of flavonoid was found in the
leaves of E. globulus (11.39 mg/mL) and the least in S. ni-
grum (1.725 mg/mL). Total phenolic content and tannin
content were highest in J. officinale (0.64 mg/mL, 0.38 mg/
mL) and least in S. nigrum leaves (0.15 mg/mL, 0.209 mg/
mL). Alkaloid content was found to be highest in E. globulus
(60%) and least in S. nigrum (46%). These results are com-
patible with the results of,” which showed similar values of
the total flavonoids and phenolic content in the leaves of E.
globulus. The aqueous extract of E. globulus showed higher
flavonoid, phenol, tannin, and alkaloid content as compared
to the methanol extract, which has been reported.®*? Meth-
anol extract of J. officinale leaves showed lower flavonoid,
phenol, and tannin content that has already been reported
by>? and is in agreement with.>* Methanol extract of S. ni-
grum leaves showed more flavonoid, phenol, tannin, and
alkaloid content as compared to aqueous extract.*!

2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay was
used to measure the antioxidant activity of aqueous ex-
tracts. Aqueous extracts were chosen to assess antioxidant
activity since they are commonly used in traditional med-
icine and contain polar phytochemicals such as phenols
and flavonoids, both of which contribute considerably to
antioxidant activity. Furthermore, aqueous extracts are
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Fig. 4. (a) Determination of total phenolic content in aqueous leaf extracts of E. globulus, J. offcinale and S. nigrum (b) Tannin content in aqueous
extracts leaves of E. globulus, J. offcinale and S. nigrum. (c) Flavonoid content in aqueous extracts of leaves of E. globulus, J. offcinale and S. nigrum.

(d) Alkaloid content in leaves of E. globulus, J. offcinale and S. nigrum.
100—
80—
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— extract. For J. officinale, the leaves exhibited the highest
T T T antioxidant activity, as previously reported.”® (Fig. 5).
100 pL 150 pL 200 pL Comparative evaluation of solvent extracts is a promising
Extract Leaf Extracts subject for future research.
- Jasminum officinale
. Eucalyptus globulus

easier to use in the DPPH assay since they do not require
organic solvents or evaporation stages, making them ideal
for early antioxidant screening. An increase in radical
scavenging activity shows a low absorbance value.>® The
antioxidant activity increased with the increase in concen-
tration.”® The results of this study are consistent with pre-
vious findings, which reported that the antioxidant activity
was lower in leaves than in stems of E. globulus.>?> Another
study found higher antioxidant activity in methanol ex-
tract of E. globulus leaves, when compared with its aqueous

B o 3. 4. FTIR Analysis

olanunt nigrum
Fig. 5. Determination of the antioxidant activity of J. offcinale, E. The aqueous extracts of E. globulus, ]. officinale, and
globulus and S. nigrum leaves. S. nigrum were used for FTIR analysis to determine dis-
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Fig. 6. FTIR spectrum of E. globulus leaves (a), J. officinale leaves (b), and S.

tinctive functional groups in the phytochemical profile
(Fig. 6, Table 1). This analysis revealed functional groups
such as C=C, COO~, C=0, C-N, and N-H, recognized
through distinctive absorption peaks. These groups are
frequently found in classes of bioactive chemicals such as
flavonoids, phenolics, and carboxylic acids. These func-
tional groups are found in many beneficial substances, in-
cluding quercetin, benzoic acid, salicylic acid, rutin, and
ascorbic acid. While FTIR cannot determine the specific
identity of these compounds, spectrum similarities indi-
cate their possible presence, backed up by literature and
bioinformatic analysis on known phytochemicals in these
plants.>” This guided the selection of quercetin, benzoic
acid, salicylic acid, and ascorbic acid for molecular dock-
ing investigations. Thus, FTIR gave functional proof of
their presence, but compound-level validation is outside
the purview of this investigation.

Table 1. Functional groups detected by FTIR analysis found Euca-
lyptus globulus, Jasminum officinale and Solanum nigrum

Plants extracts Frequency Functional group

range

1541 cm™!
637 cm™!

Eucalyptus globulus Carboxyl group (COO~) and
C=C stretching C-H stretch
and C=C-H bend

C-N stretch

C-N stretch

C=0 stretch

N-H functional group

C-H stretch and C=C-H bend
C=C stretching

N-H functional group

1273 cm™!
1382 cm™!
1636 cm™!
3313 cm™!
667 cm™!

1656 cm™!
3313 cm™

Jasminum officinale

Solanum nigrum

3. 5. Bioinformatic Analysis of Bioactive
Compounds

Molecular docking studies were conducted against
specific protein targets that correspond with the tradition-
al or pharmacological use of the plants in order to offer a
deeper understanding of the therapeutic relevance of the
phytochemicals found. The antiviral properties of E. glob-

(b)

nigrum leaves (c)

ulus are well known, particularly in relation to respiratory
tract infections. Thus, the Influenza A virus's surface gly-
coproteins, haemagglutinin and neuraminidase, were se-
lected to investigate possible antiviral interactions. On the
other hand, S. nigrum and J. officinale have ethnomedical
significance in neurological conditions like anxiety and in-
somnia. In order to study neuropharmacological interac-
tions, GABA receptor-associated protein, a protein that
regulates neurotransmitters in the central nervous system
was chosen. In order to guarantee that the docking simula-
tions represent therapeutic pathways that are biologically
plausible, these choices were made.

Molecular docking was performed of the determined
bioactive components against the two proteins haemag-
glutinin and neuraminidase in E. globulus, and GABA re-
ceptor associated protein in J. officinale and S. nigrum
against.

Molecular docking studies were conducted to evalu-
ate the interactions of quercetin and benzoic acid ligands
with neuraminidase (PDB ID: 7U4F) and haemagglutinin
(PDB ID: 4WES5). The analysis revealed various hydropho-
bic interactions and hydrogen bonds between the ligands
and target proteins. The best docking models, which dis-
played hydrogen bonding patterns, hydrophobic contacts,
ligand-binding sites, and overall protein-ligand interac-
tions, were selected (Tables 2-3; Figs. 7-9). In silico screen-
ing was performed to identify potential new drug leads
and elucidate possible mechanisms of action. Additional
docking of identified bioactive compounds was carried out
with haemagglutinin (4WE5), neuraminidase (7U4F), and
the GABA receptor-associated protein (1KOT), revealing
hydrogen bonding and hydrophobic interactions within
the receptor binding pockets.® An increase in negative
binding energy indicated greater stability of the protein-li-
gand complexes.>

The Influenza A virus is an infectious respiratory
disease.®® Hemagglutinin and neuraminidase are surface
glycoproteins of the Influenza A virus®! and functional tar-
gets for anti-influenza therapy.5? FTIR spectra confirmed
the presence of quercetin, methane and benzoic acid in E.
globulus. These bioactive components were docked with
4WE5 and 7U4f. Methane did not bind with 4WE5 and
7U45, while quercetin and benzoic acid actively bind with
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the proteins, as reported by.%> Quercetin is a compound
which belongs to the flavonoids class.* It possesses anti-
microbial and anti-inflammatory properties.®> Benzoic
acid is a compound composed of a benzene ring along
with carboxylic acid. It possesses antibacterial, antiviral
and food preservation properties. Compounds of benzoic
acid have anti-influenza virus properties.®® Quercetin
binds with neuraminidase via hydrogen bonding and hy-
drophobic interaction with Glu 413, Trp 87, Arg 85, Cys
124, Phe 410, Glu 229, Cys 280 and Ser 228 (Table 2),
which are the amino acids that bind with the head of neur-
aminidase ranging from 91-469. Whereas benzoic acid
did not show hydrogen bonding and hydrophobic interac-
tions with Neuraminidase. Quercetin binds with haemag-
glutinin via hydrogen bonding with Thr 65 and Tyr 100
and hydrophobic interaction with Tyr 105, Arg 109 and Ile
67 (Table 3). Whereas, benzoic acid binds with haemag-
glutinin via hydrogen bonding with Arg 109 and hydro-
phobic interactions with Ile 67, Tyr 100, Tyr 105 and Val
102 (Table 3), which are the amino acids present in the
topological domain extending from 17-530. Neuramini-
dase cleaves terminal sialic acids and prevents the escape
of the virus from host cells.®! Haemagglutinin binds with
sialic acids, attaches the virus on the cell surface and pen-
etrates the virus into host cells.®® Benzoic acid and querce-
tin prevent the virus from penetrating and escaping from
its host cell.” The result showed that benzoic acid and
quercetin bind with the active catalytic site of the domain
and suppresses the neuraminidase and haemagglutinin ac-
tivity.”%”! Quercetin showed strong binding abilities with
haemagglutinin and neuraminidase. As Quercetin bound
with both surface proteins of the Influenza A virus, it could
be a potent anti-influenza compound.

Interactions of ligands salicylic acid, gallic acid, feru-
lic acid and ascorbic acid with protein GABA receptor as-
sociated protein (PDB ID: 1KOT). Different hydrogen
bonds and hydrophobic interactions were formed between

Fig. 7. Results of docking of quercetin ligand with neuraminidase

the protein and ligands. The best model was chosen that
shows the hydrogen bonding, hydrophobic interaction, li-
gand binding sites and protein ligand interaction (Table 4
and Fig. 10-13).

Table 2. Binding of Quercetin with Neuraminidase

Ligand 7U4F AA Typesof  Length Ligand AA
bonds (A) binding sites

Quercetin -~ Glu 413 HB 3.35 OE1-07

Trp 87 HI

Arg 85 HI

Cys 124 HI

Phe 410 HI

Glu 229 HI

Cys 280 HI

Ser 228 HI

Table 3. Binding of quercetin and benzoic acid with haemagglutinin
protein

Ligand Haemagglutinin Typesof Length Ligand AA

AA bonds (A) binding sites
Quercetin Thr 65 HB 2.95 0OG1-06
Tyr 100 HB 2.87 OH-06
Tyr 105 HI
Arg 109 HI
Ile 67 HI
HI
HI
HI
Benzoic aicd  Arg 109 HB 3.15 NH2-02
Ile 67 HI
Tyr 100 HI
Tyr 105 HI
Val 102 HI

—— P
/7_“«\5

1
I
Cys 124AF
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War 1004

Tyr 108A

Arg 1O A)

Fig. 9. Results of docking of benzoic acid with haemagglutinin

Table 4. Binding of different salicylic acid, ferulic acid, gallic acid and sscorbic acid with GABA receptor associated protein

Ligand GABA receptor Typesof Length Ligand AA Ascorbicacid ~ Lys 238 HB 3.05 NZ-03
associated protein  bonds (A) binding sites Ile 236 HI
(AA) Tle 260 HI
Leu 111 HI
Salicylicacid  Asn 84 HB 311 ND2-Ol Lo 177 HI
Val 85 HI Ser 115 HI
Ile 86 HI
Ferulicacid ~ Lys 40 HB 2.86 NZz-01
Ser 112 HB 2.84 GABA receptor-associated proteins are neurotrans-
Glu114 HI . . .
Val 116 HI m1tt§rs that play a role in the regulation of the sleep cy-
7 . . .
Gly 118 HI 0G-03 cle.”” A new m.ethod of pharmacologlf:ally 1nﬂ9enc1ng re-
ceptor activation and neurotransmitter action at the
Gallicacid ~ Asp 113 HB 286 OD2-O1 synaptic junction is the modification of GABA recep-
Lys 40 HI tor-associated protein binding to its interacting partners.”?
?/1111 llllg Ei FTIR spectra of J. officinale confirmed the presence of sal-
a

icylic acid, gallic acid, ferulic acid, epicatechin and rutin.
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Fig. 12. Results of docking of ferulic acid ligand with GABA receptor associated protein
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Spectrum of S. nigrum supported the existence of ascorbic
acid, rutin, p-cymene and 3,4-dihydroxybenzoic acid.
These bioactive components were docked with GABA re-
ceptor-associated protein. Epicatechin, rutin, p-cymene,
and 3,4-dihydroxybenzoic acid did not bind with the GA-
BA receptor-associated protein. While ferulic acid, salicyl-
ic acid, gallic acid and ascorbic acid bind via hydrogen
bonding and hydrophobic interactions. Ferulic acid and
salicylic acid are compounds belonging to the phenol fam-
ily. Gallic acid belongs to the hydrolysable tannins family.
Ascorbic acid, also known as vitamin C, is a potent antiox-
idant agent. They possess anti-bacterial, anti-inflammato-
ry and hypnotic properties. Studies have shown that a low
intake of vitamin C can lead to sleep disorders. One may
be able to prolong sleep and lessen sleep disturbances by
increasing the consumption of this antioxidant.”* Salicylic
acid binds via hydrogen bonding with Asn 84 and hydro-
phobic interaction with Val 85 and Ile 86 with GABA re-
ceptor associated protein (Table 4), which the amino acids
that bind with gephyrin E domain are ranging from 36-
117. GABA receptor-associated protein and gephyrin are
dependent on each other, as if one of the proteins is
down-regulated, the other one is also down-regulated.”®
Gallic acid binds via hydrogen bonding with Asp 113 and
hydrophobic interaction with Lys 40, Glu 114 and Val 116
with GABA receptor associated protein (Table 4), which
are the amino acids that bind with gephyrin E domain
ranging from 36-117. Ferulic acid binds with protein via
hydrogen bonding (Lys 40, Ser 112) and hydrophobic in-
teraction (Glu 114, Val 116 and Gly 118) (Table 4), which
are the amino acids that bind with C-terminal domain of
GABA receptor gamma 2 domain and gephyrin E domain
ranging from 36-68 and 36-117, respectively. Ascorbic ac-
id binds via hydrogen bonding with Lys 238, and hydro-
phobic interaction with Ile 236, Ile260, Leu 111, Leu 177
and Ser 115 (Table 4), which are the amino acids that bind

Lys 238(A)

Ile 236(A)

Lig 328(A)

01

<G
eu 111(A)

<o

ytq%
Ile 260(A) 3}\5111(,

Scr 115(A)

Lmk

Fig. 13. Results of docking of ascorbic acid ligand with GABA receptor associated protein

with N-terminal domain of tubulin, C-terminal domain of
GABA receptor gamma 2 and gephyrin E domain ranging
from 1-22, 36-68 and 36-117, respectively. The result
showed that salicylic, gallic, ferulic and ascorbic acid bind
with the agonist binding site of domains and will stimulate
the release of GABA receptors and inhibit the catabolism
of GABA receptor associated protein. Ferulic acid showed
more hydrogen bonds as compared to gallic acid and sali-
cylic acid. Ascorbic acid also formed more than one hy-
drogen bond. These bioactive components bind with neu-
rotransmitter receptors and strengthen the GABAergic
system, which increases the efficacy of hypnotic activity.”®
Models that show good binding energy are suggested to
interact with the enzyme active sites, indicating better sta-
bility with the GABA receptor-associated protein. These
bioactive compounds showed good affinity by forming hy-
drogen bonds and hydrophobic interactions, and they
could be a good alternative to medicines to treat influenza
and regulate the sleep cycle.

4, Conclusions

In this work, biological activities of medicinal plants
were assessed, which demonstrates the potential use of
isolated components from plants as alternative therapies
or as models for the synthesis of novel compounds. Fur-
thermore, it was concluded that these plant extracts pos-
sess an appreciable content of phytochemicals as well as
good antioxidant and antibacterial potential. The butanol
extract of these plants showed the highest antibacterial po-
tential. The findings show that the bioactive components
found in these plants may have the potential to treat influ-
enza-related symptoms and sleep disruptions, indicating
that they are worth further exploration as complementary
therapies. The combined in silico and in vitro approach
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brings up new possibilities for developing novel therapies
to treat various illnesses. This study can be a guideline for
researchers in the field of pharmacology and pharma in-
dustries to develop novel therapeutic agents.
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Povzetek

Rastlinam in njihovim ekstraktom Eucalyptus globulus (E. globulus), Jasminum officinale (J. officinale) in Solanum ni-
grum (8. nigrum) so dolo¢ilie njihovo protibakterijsko, antioksidativno aktivnost in terapevtske lastnosti. Za fitokemi-
jsko presejanje in protibakterijsko aktivnost so bila uporabljena ekstrakcijska topila (voda, metanol, etanol in butanol),
medtem ko so bili za analizo antioksidativne aktivnosti uporabljeni izklju¢no vodni izvlecki. Kvantitativna doloditev je
pokazala, da je imel J. officinale najvijo vsebnost fenolov in taninov, medtem ko je imel E. globulus najvisje ravni flavo-
noidov in alkaloidov med preizkusenimi vrstami. Za oceno protibakterijske aktivnosti proti Escherichia coli (E. coli) in
Staphylococcus aureus (S. aureus) je bila uporabljena metoda difuzije po disku. Vsi izvlecki listov E. globulus so pokazali
protibakterijsko delovanje proti E. coli in S. aureus. FTIR analiza vodnih izvleckov je pokazala prisotnost kvercetina,
benzojske, salicilne, galne, ferulne in askorbinske kisline. Poleg tega je bila izvedena in silico analiza za oceno interakcije
izbranih bioaktivnih spojin: kvercetina in benzojske kisline iz E. globulus sta bila sidrana v hemaglutinin in nevramini-
dazo, saj imata ti povrsinski beljakovini virusa influence klju¢no vlogo pri zmoznosti virusa, da okuzi gostiteljske celice.
Salicilna, galna, ferulna in askorbinska kislina iz J. officinale in S. nigrum so bile sidrane na proteine, povezane z GABA
receptorji, ki so pomembni pri sinapti¢nem prenosu in plasti¢nosti.

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

To extend the use of supported ionic liquids as effective heterogeneous catalysts, in this research, the ionic liquid immo-
bilized on magnetic lignin (Fe;0,-lignin-SO5/IL) was used as an environmentally friendly, and recyclable catalyst for
the synthesis of dihydropyrano[3,2-c]chromene derivatives via a one-pot reaction between aromatic aldehydes, malo-
nonitrile, and 4-hydroxycoumarin. This method offers the benefits of high yield, short reaction times, straightforward
processing, and its potential for green applications in pharmaceutical and chemical sectors. Furthermore, the detailed
role of Fe;0,-lignin-SO3/IL as a catalyst in chemical reactions was examined, providing insights into its mechanism and
potential uses in organic synthesis and other chemical processes.

Keywords: Lignin, Ionic liquid, Nanocatalyst, Dihydropyrano[3,2-c]chromene

1. Introduction

Catalysts are generally divided into two major class-
es: homogeneous and heterogeneous.! In the context of
liquid-phase organic synthesis, homogeneous catalysts are
widely used due to their high activity and well-defined ac-
tive sites. However, they often pose challenges in separa-
tion and recycling, which can limit their practical applica-
tions, especially in sustainable and green chemistry
approaches.? In contrast, heterogeneous catalysts offer the
advantage of easy separation from reaction mixtures, typi-
cally via simple filtration or magnetic recovery (when ap-
plicable), making them highly attractive for reuse in or-
ganic transformations. Many heterogeneous catalytic
systems have been developed by dispersing metal nano-
particles or organometallic complexes onto solid supports
such as carbon, silica, metal oxides, polymers, reduced
graphene oxide, or mesoporous materials through cova-
lent or non-covalent interactions.>> A common limitation
of conventional heterogeneous catalysts is the loss of cata-
lyst during recovery and the time-consuming separation
processes, which can reduce their overall efficiency. To ad-
dress these issues, magnetic nanocatalysts (particularly

those based on magnetite (Fe;0,) have emerged as prom-
ising alternatives. Their superparamagnetic properties en-
able rapid and efficient separation using external magnetic
fields, minimizing catalyst loss and eliminating the need
for expensive and labor-intensive workup procedures.
Fe;0, nanoparticles also provide an excellent platform for
further functionalization with biocompatible and biode-
gradable materials, enhancing catalytic performance, sta-
bility, and selectivity.>” They are often coated with meso-
porous silica, polymers, carbon-based materials (e.g.,
carbon nanotubes, graphene oxide, biochar), or boehmite
to create core-shell nanostructures. These modifications
extend their applicability in areas such as catalysis, bio-
medicine, and nanotechnology.®*

Lignin, a complex aromatic compound, is abundant
in plant biomass and exhibits unique physical properties
that can enhance catalyst performance.!® Also, lignin and
its derivatives have been used in the manufacture of adsor-
bents, catalyst supports, flame retardants, adhesives, car-
bon fibers, bioplastics, dispersants, reinforcement, etc.
Lignin as an amorphous polymer, has advantages such as
low cost, biocompatibility, high thermal stability, and
abundance.!! Heterogeneous catalysts supported on lignin
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as natural substrates offer an eco-friendly approach to ca-
talysis, leveraging renewable biomass-derived materials as
supports.!? This biopolymer offers abundant functional
groups (e.g., hydroxyl, carboxyl, and aromatic structures)
that facilitate strong interactions with catalytic metal nan-
oparticles or active species, enhancing their dispersion
and stability. By anchoring heterogeneous catalysts to this
natural substrate, the surface area and accessibility for re-
actants are maximized, improving catalytic efficiency. The
natural porous structures of lignin can increase the surface
area available for catalysis, enhancing reaction rates and
selectivity. Furthermore, their three-dimensional inter-
penetrating network architecture allows for the incorpora-
tion of a wide range of catalytic metals, including noble
metals and transition metals, enabling various catalytic
applications. Its unique physicochemical properties could
synergize with metal complexes to enhance catalytic activ-
ity or improve the selectivity of the reaction.!*-1°

Ionic liquids (ILs) are salts that remain in liquid form
at or near room temperature and have received significant
attention due to their exceptional properties such as low
vapor pressure, low toxicity, high chemical and thermal
stability, and the ability to dissolve a wide range of organic,
inorganic, and polymeric materials.!¢ ILs have various ap-
plications in electrochemistry, water treatment, polymeri-
zation, engineering, and biological uses, and are applied as
efficient solvents and catalysts in different organic reac-
tions.!” In the field of catalysis, ILs can be applied as ho-
mogeneous or heterogeneous catalysts. ILs can act as both
catalysts and reaction media, enhancing reaction rates
while minimizing side reactions.!® Recently, several re-
search teams have reported the ability of ILs immobilized
on the surfaces of nanomaterials to catalyze many chemi-
cal reactions.!®?® In such systems, the catalytic activity
typically arises from Brensted-acidic functional groups,
such as sulfonic acid (-SO3;H). These groups release pro-
tons, which help to facilitate acid-catalyzed transforma-
tions. They play a crucial role in activating electrophilic
centers, such as carbonyl or nitrile groups, thereby acceler-
ating nucleophilic addition steps. Their ionic nature ena-
bles them to stabilize transition states and reactive inter-
mediates, making them particularly useful in acid-base
catalysis, enzymatic reactions, and metal-catalyzed pro-
cesses. In heterogeneous IL-based systems, the IL is usual-
ly immobilized on a solid support to improve stability and
reusability while maintaining its Brensted or Lewis acidic
properties. Consequently, the active sites primarily come
from the acidic groups of the IL instead of the support it-
self. The integration of ILs with natural substrates, such as
cellulose and lignin, offers a compelling approach to en-
hance the catalytic efficiency and sustainability of chemi-
cal processes.?! Immobilizing ILs on natural substrates
helps reduce the challenges of catalyst separation and recy-
cling while maintaining or improving catalytic perfor-
mance, especially in processes like biomass conversion,
green chemistry, and renewable energy production. The

interaction between ILs and these biopolymers can also
enhance the dispersal of the IL, creating more active sites
for catalysis and improving overall reaction efficiency.?>%*

Pyrano|3,2-c]chromene derivatives are an important
class of O-containing heterocyclic compounds that find
widespread use in the pharmaceutical and agrochemical
industries.?* These heterocycles are known to possess a
wide variety of biological activities, including spasmolytic,
diuretic, anticoagulant, anti-cancer, and anti-anaphylactic
effects.”® Pyranochromenes also form components of
many natural products such as calanolides, calophyllolide,
and calanone.?® Moreover, some pyrano[3,2-c]chromenes
also serve as valuable photoactive agents. Many drugs con-
tain the pyranochromene structure, including acetylcho-
linesterase?” and Novobicin.?® Although these compounds
hold significant pharmacological, industrial, and synthetic
value, there are relatively few methods available for syn-
thesizing pyrano[3,2-c]chromene derivatives. The main
method for their preparation is the one-pot three-compo-
nent reaction of 4-hydroxycoumarin with aldehyde and
malononitrile in the presence of a catalyst. Recent advanc-
es have focused on developing greener and more efficient
synthetic routes to overcome limitations in traditional
methods. Furthermore, exploring novel catalytic systems
could enhance the yield and selectivity of pyrano[3,2-c]
chromene derivatives in pharmaceutical applications.?**°
Acid-catalyzed multicomponent reactions particularly
benefit from catalysts that can activate carbonyl groups
while stabilizing intermediates. Consequently, a Bren-
sted-acidic IL immobilized on a biopolymeric magnetic
support is well-suited for these transformations.3!

In continuation of our research on the introduction
of recoverable catalysts in organic synthesis,’*-*’ herein,
lignin-based nanocomposite containing high contents of
Fe;O,4 nanoparticles (Fe;0,-Lignin-SO3/IL) was used as a
catalyst in the condensation reaction between aromatic al-
dehydes, malononitrile, and 4-hydroxycoumarin to pre-
pare dihydropyrano[3,2-c]Jchromene derivatives in good
to excellent yields. The main catalytic activity in this sys-
tem is due to the sulfonic acid groups in the ionic liquid
component, which act as Bronsted acid sites to facilitate
the critical steps of the multicomponent reaction.

2. Experimental

All solvents, chemicals, and reagents were sourced
from suppliers such as Fluka, Merck, and Sigma-Aldrich.
Structural characterization of the samples was carried out
using X-ray diffraction (XRD) on a Rigaku Ultima IV dif-
fractometer. The magnetic properties of the synthesized
materials were measured with a vibrating sample mag-
netometer (VSM) model MDK VSM. Additionally, Fouri-
er-transform infrared (FT-IR) spectra covering the range
of 400-4000 cm™! were obtained using an FT-IR JAS-
CO-Model 680 spectrometer.
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2. 1. Preparation of Zwitterionic Salts
[(CH,),SO;TEA]

The zwitterionic compound was synthesized through
a simple one-step process by reacting 1 mmol of triethyl-
amine with 1 mmol of 1,4-butane sultone, under sol-
vent-free conditions, with continuous stirring at ambient
temperature for 18 h. The produced solid salt was exten-
sively washed with diethyl ether and then dried under vac-
uum at 75 °C to obtain the final product.?®

2. 2. Synthesis of Fe;O, Nanoparticles

Initially, FeCl,-4H,O (0.5 g, 2.5 mmol) and Fe-
Cl;-6H,0 (1.35 g, 5 mmol) were dissolved in deionized
water (30 mL) under a nitrogen atmosphere at 80 °C. Next,
a sodium hydroxide solution (10 M, 5 mL) was gradually
added dropwise over 60 min. After the reaction was com-
pleted, the magnetic solid was collected using a magnet
and washed with water and ethanol. The obtained solid
was then dried in an oven at 80 °C for 2 h to yield Fe;0,
nanoparticles.®

2. 3. Preparation of Fe;O,-Lignin Composite

To prepare the Fe;O,-lignin composite, lignin (0.5 g)
was dissolved in deionized water (30 mL) with continuous
stirring for 1 h until fully dissolved. The mixture was then
filtered to remove any particulate impurities. Next, Fe;O,
nanoparticles (0.15 g) were added to the lignin solution
and sonicated for 50 min. The mixture was stirred for 12 h
at room temperature. The resultant Fe;O,-lignin compos-
ite was separated using a magnet, washed with ethanol,
and dried.*

2. 4. Synthesis of Fe;O4-Lignin-SO;H

In the following, Fe;O,-lignin (0.3 g) was dispersed
in CH,Cl, (10 mL) by sonication for 20 min. Then, chloro-
sulfonic acid (0.1 mL) was added dropwise to the reaction
mixture for 20 min at room temperature and it was stirred
for 2 h. The resulting solid was separated using an external
magnet and dried in an oven at 90 °C for 2 h to obtain
Fe;0,-lignin-SO;H.#!

2. 5. Preparation of Fe;04-Lignin-SO;/IL

In the final step, Fe;O,4-lignin-SOsH (1.5 g) was dis-
persed in toluene (30 mL) using sonication for 20 min.
Subsequently, a solution of the zwitterionic salt [(CH,),SO-
sTEA] (0.8 g) in 1,4-dioxane (20 mL) was added to the
mixture at room temperature. The reaction temperature
was then raised to 85 °C and maintained for 3 h with con-
tinuous stirring. Following this, the solvent was removed
under vacuum at 80 °C. The Fe;0,-lignin-SO,/IL catalyst
obtained was washed with ethanol and subsequently dried
under vacuum at 70 °C.#?

2. 6. General Procedure for the Synthesis

of Dihydropyrano[3,2-c]Jchromene

Derivatives

In a 25 mL round-bottom flask equipped with a mag-
netic stirrer and reflux condenser, a mixture of the desired
aromatic aldehyde (1 mmol), malononitrile (1.2 mmol),
4-hydroxycoumarin (1 mmol), and Fe;O,-lignin-SO;H/IL
nanocatalyst (0.025 g) was added to 4 mL of a 1:1 ethanol-wa-
ter mixture. The reaction mixture was heated under reflux
conditions with constant stirring. The progress of the reaction
was monitored by thin-layer chromatography (TLC) using
ethyl acetate/n-hexane (2:1) as the eluent. Reaction comple-
tion was confirmed by the disappearance of the aldehyde spot
on TLC, usually within 30-90 minutes, depending on the
substrate. After the reaction was complete, the mixture was
cooled to room temperature, and the catalyst was separated
using a magnet. The crude product was filtered, washed with
cold ethanol, and recrystallized from methanol to obtain the
pure dihydropyrano[3,2-c]chromene derivative.

2. 7. Catalyst Recovery and Reusability

To assess the reusability of the Fe;O,-lignin-SO;H/
IL nanocatalyst, the catalyst was magnetically separated
from the reaction mixture after product isolation, thor-
oughly washed with methanol to remove any adsorbed or-
ganic residues, and dried at 70 °C under vacuum. The re-
covered catalyst was reused directly in subsequent runs of
the model reaction (benzaldehyde, malononitrile, and
4-hydroxycoumarin under identical reaction conditions as
described in Section 2.6). The catalytic activity remained
consistent over five consecutive cycles with minimal loss
in product yield, demonstrating the excellent stability and
recyclability of the nanocatalyst.

3. Results and Discussion

3.1. Synthesis of the Catalyst

This study describes the method for synthesizing
Fe;0,-lignin-SO;H/IL, with the steps illustrated in Scheme
1. The process began with the synthesis of Fe;O, nanopar-
ticles, which were then coated with lignin to produce
Fe;0,-lignin. Next, Fe;O,-lignin reacted with chlorosul-
fonic acid to form Fe;0,-lignin-SO;H. The ionic liquid (IL)
was created by the reaction of triethylamine with 1,4-bu-
tane sultone. The final step was electrostatically stabilizing
the IL onto Fe;0,-lignin-SO;H to obtain the Fe;0,-lignin-
SO;H/IL nanocatalyst. This immobilization strategy en-
sured that the Brgnsted-acidic -SO;H functional groups of
the ionic liquid (IL) were retained on the heterogeneous
support, making them accessible as active sites during ca-
talysis. The IL component introduces a strong proton-do-
nating capacity to the composite, which is responsible for
the acid-catalyzed activation of electrophilic centers, such
as aldehydes, and for stabilizing reactive intermediates.
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Meanwhile, the Fe;O,-lignin framework provides a high
surface area and allows for magnetic recoverability without
significantly contributing to catalytic activity. The synthesis
and structural features of the catalyst were previously re-
ported and characterized using XRD, FI-IR, FE-SEM,
EDS, VSM, TGA, and TEM techniques [42].

)
< Bl > 24 h [
S\\O + /\N ?h- /\

To determine the optimal reaction conditions, a one-
pot reaction involving benzaldehyde, malononitrile, and
4-hydroxycoumarin was chosen as the model reaction. By
screening loading of the catalyst and considering the effect
of the solvent and temperature on the reaction, it was
found that as little as 0.025 g of Fe;0,-lignin-SO5/IL nano-

IL, Dioxane = :
3h, 85°C e

1
L N ™ s0,
e TEA (CH2)4SOSTEA (IL)
FeCIf.GHzo —— Lo, oo
FeCl,.4H,0 80°C, Ny
Fez04 NP Fe;0,-Lignin Composite

Scheme 1. Preparation of Fe;O,-lignin-SO3/IL nanocatalyst.

3.2. Synthesis of Dihydropyrano([3,2-c]
chromenes Derivatives 4

Following the successful characterization of the
Fe;0,-lignin-SO;H/IL nanocatalyst, its catalytic potential
was explored in the synthesis of dihydropyrano[3,2-c]
chromenes through the reaction between aromatic alde-
hydes, malononitrile, and 4-hydroxycoumarin (Scheme 2).

Fe3O4-Lignin-SO3H Fe304-Lignin-SO3/IL

catalyst was sufficient to produce the desired product 4a at
70 °C in EtOH/H,O as the solvent (Table 1). Following
this, the various aryl aldehydes were used to synthesize di-
hydropyrano[3,2-c] chromene derivatives. As indicated in
Table 2, the products were prepared in yields ranging from
good to excellent. Subsequently, the effectiveness of the
Fe;0,-lignin-SO,/IL catalyst was compared with other
catalysts reported for the synthesis of dihydropyrano[3,2-c]
chromene derivatives. As illustrated in Table 3, the Fe;O,-
lignin-SO;/IL catalyst shows better performance than oth-
er catalysts in terms of catalyst amount, reaction tempera-

Scheme 3 illustrates the proposed mechanism for the

NH,
on PN ture, reaction time, and yield.
0
L ~ Xy FeyO,LigninSOyIL Ny SN ar
A “H * NCT CN + 40—”/
oSp  EtOHM;0,70°C oS0

1 2 3 4

Scheme 2. Synthesis of dihydropyrano[3,2-c]chromenes 4 using
Fe;0,4-lignin-SO/IL nanocatalyst.

formation of dihydropyrano([3,2-c]chromene derivatives
in the presence of Fe;O,-lignin-SO3/IL nanocatalyst. Ini-
tially, the carbonyl group of the aldehyde is activated by
the acid catalyst, which accelerates the condensation step.

Table 1. Optimization of the reaction conditions for the synthesis of 4a.?

Entry  Catalyst loading (g) Solvent Temp. (°C) Yield (%)P
1 0.01 - 70 60
2 0.015 - 70 64
3 0.025 - 70 73
4 0.035 - 70 70
5 0.025 CH,CN 70 75
6 0.025 EtOH 70 85
7 0.025 EtOH/H,0 (1:1) 70 92
8 0.025 MeOH reflux 80
9 0.025 Toluene 70 70
10 0.025 EtOH/H,0 (1:1) r.t. 40
11 0.025 EtOH/H,0 (1:1) 40 55
12 0.025 EtOH/H,0 (1:1) 60 85

2 Reaction conditions: benzaldehyde (1 mmol), malononitrile (1.2 mmol), 4-hydroxycou-

marin (1 mmol). time: 30 min. ® Isolated yields.
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Table 2. Synthesis of derivatives 4 using Fe;O,-lignin-SO;/IL nanocatalyst.*

Entry Product 4 M.p. (°C) Yield (%) Entry Product 4 M.p. (°C) Yield (%)
NH,
o CN
4a 252-254% 92 4g O 5 O 256-258% 95
0~ 0 Cl
NH,
o CN
4b 258-260% 95 4h ocH,  255-257% 93
L0 L0
0 s} [0 0] OH
NH; NH;
07N CN ? N CN
4c /| Y 258-260% 94 4i O e O 259-261% 95
2 O/«KO CH, 0" o OH
NH; NHz .
o CNCl o
4d A b 267-269% 92 4j O = O 260-26247 97
1 Z 0" "o NO;
0" o
il NH;
‘ CN o sy
o cl
4e “ 257-259% 98 4k O = O 246-248% 94
O O 0~ 0 OCHy
o~ o cl
2 Reaction conditions: Aldehyde (1 mmol), malononitrile (1.2
NHz BN mmol), 4-hydroxycoumarin (1 mmol), Fe;0,4-lignin-SO5/IL (0.025
07 g), 70 °C, EtOH/H,0 (5 mL), time: 20-60 min. ® Isolated yields.
e Br
af O O 249-251%8 96

Table 3. The comparison study between the efficiency of the present catalyst and that of other catalysts in the synthesis

of 4a.

Entry  Catalyst Conditions Time (min) Yield (%)?
1 Zinc hydroxyapatite (0.1 g) DME 120 °C 720 78 (ref. 50)
2 Amberlite IRA 400-Cl resin H,O/EtOH, 80 °C 180 95 (ref. 51)
3 Na,SeO, EtOH/H,0, Reflux 60 95 (ref. 52)
4 Yb(PFO), DME, 60 °C 300 92 (ref. 53)
5 Zn/Al hydrotalcite (0.1 g) DME, 120 °C 720 84 (ref. 54)
6 H;PW,04 EtOH/reflux 300 93 (ref. 55)
7 Fe;0,-lignin-SO/IL Cat. (0.025 g), EtOH/H,0, 85 °C 20 92b

2Tsolated yields. ® This work.

In this system, the Bronsted acid sites (coming from the
sulfonic acid groups (-SO;H) present in the ionic liquid)
mainly protonate the carbonyl oxygen, making the alde-
hyde group more electrophilic. Subsequently, the activated
aldehyde is attacked by the active methylene of malononi-
trile to give a,p-unsaturated intermediate I via the Knoev-
enagel condensation, and elimination of a water molecule.
Next, a Michael addition reaction between 4-hydroxycou-
marin and the activated intermediate I leads to the forma-
tion of intermediate II. Finally, the intramolecular cycliza-

tion of intermediate II to intermediate III and its
tautomerization gives the corresponding products.
Throughout this cascade process, the ILs acidic sites facili-
tate both the initial condensation and the subsequent cy-
clization steps, while the magnetic lignin support offering
a stable, reusable heterogeneous platform that guarantees
high catalyst dispersion and recoverability. Similar
IL-functionalized systems have been shown in the litera-
ture to operate through analogous acid-catalyzed mecha-
nisms in multicomponent transformations.>!
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A

Scheme 3. The suggested mechanism for the formation of compound 4.

SO4H

3. 3. Efficiency of the Catalyst

The leaching test was conducted to confirm the het-
erogeneous nature of the Fe;O,-lignin-SO,/IL catalyst
during the synthesis of dihydropyrano[3,2-c]Jchromene
derivatives. Based on this, the model reaction was investi-
gated using the optimized reaction conditions. After the
progress of approximately 50%, the catalyst was removed
from the reaction. Next, the residue of the reaction was
stirred under optimal conditions without the presence of
the catalyst. However, no significant increase in product
conversion was observed, which confirms that the catalyst
performance varies heterogeneously. The reusability of the

100
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40
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1 2 3 4 5
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Yields (%)

Figure 1. Reusability of Fe;0,-lignin-SO;/IL in the synthesis of 4a.

catalyst was investigated in the model reaction under opti-
mal reaction conditions. After completion of the reaction,
the heterogeneous catalyst was magnetically separated,
washed with MeOH, and dried for use in the next run. As
shown in Figure 1, the recycled catalyst was used for five
runs with no significant loss in performance.

The FT-IR spectrum of the recovered Fe;O,-lignin-
SO;/IL nanocatalyst is presented in Figure 2. This analy-
sis demonstrates the high stability of the catalyst's struc-

56|
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Figure 2. FT-IR spectrum of the recycled Fe;0,-lignin-SO;/IL cat-
alyst.
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ture after reuse. In addition, the structural properties of
the recovered catalyst have been examined using XRD
diffraction patterns (Figure 3). As shown, the relative in-
tensity and position of all the peaks confirm the stability
of the catalyst. The VSM analysis of the reused catalyst
was conducted, revealing that the magnetic properties of
the catalyst remained consistent after multiple cycles
(Figure 4).
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Figure 3. XRD pattern of the recycled Fe;O,-lignin-SO5/IL catalyst.
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Figure 4. VSM curves of the recycled Fe;O,-lignin-SO5/IL catalyst.

4. Conclusions

In this study, an ionic liquid was effectively immobi-
lized on magnetic lignin to create a heterogeneous catalyt-
ic system (Fe;O,4-lignin-SO;/IL nanocatalyst), providing a
green, efficient, and recyclable platform for chemical reac-
tions. Its catalytic performance was tested in the synthesis
of dihydropyrano[3,2-c]Jchromene derivatives, demon-
strating excellent activity and selectivity. Notably, the cata-
lyst's heterogeneous nature enabled easy magnetic recov-
ery and reuse for at least five consecutive cycles with

minimal activity loss, highlighting its potential for sustain-
able and practical use in organic synthesis.
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Except when otherwise noted, articles in this journal are published under the terms and conditions of the
Creative Commons Attribution 4.0 International License

Gerami and Farahi: Preparation and Characterization of Ionic Liquid ...


https://doi.org/10.1016/j.ejmech.2011.06.022
https://doi.org/10.1016/j.molliq.2023.123247
https://doi.org/10.1002/slct.201803483
https://doi.org/10.1039/C7OB02794J
https://doi.org/10.1139/cjc-2013-0053
https://doi.org/10.1021/acs.joc.9b01596
https://doi.org/10.1016/j.tetlet.2007.02.135
https://doi.org/10.1039/D4RA01381F
https://doi.org/10.1016/j.arabjc.2022.104311
https://doi.org/10.1039/D3NJ04796B
https://doi.org/10.1039/D3RA04953A
https://doi.org/10.1039/C7RA08253C
https://doi.org/10.1007/s00706-014-1240-7
https://doi.org/10.1007/s11030-022-10393-w
https://doi.org/10.1039/C8RA06886K
https://doi.org/10.1016/j.jmmm.2015.06.012
https://doi.org/10.1016/j.jallcom.2017.11.264
https://doi.org/10.1007/s10934-018-0628-x
https://doi.org/10.1016/j.molstruc.2024.141246
https://doi.org/10.1016/S1872-2067(11)60457-9
https://doi.org/10.1039/C8RE00241J
https://doi.org/10.3184/0308234043431221
https://doi.org/10.1016/j.molstruc.2024.138527
https://doi.org/10.1007/BF03246084
https://doi.org/10.1016/j.tet.2012.11.068
https://doi.org/10.1016/j.molliq.2022.120501
https://doi.org/10.1080/00397910600619630
https://doi.org/10.1039/C8RE00241J
https://doi.org/10.1039/D0RE00071J
https://doi.org/10.1007/s11164-018-3402-4
https://doi.org/10.1016/j.molcata.2005.11.043
https://doi.org/10.1016/j.jcat.2010.09.014

DOI: 10.17344/acsi.2025.9289

Acta Chim. Slov. 2025, 72, 553-561

creative
commons

Scientific paper

Adsorption and Corrosion Inhibition Effect of Expired
Prednisolone on AISI 1020 Carbon Steel: Electrochemical,
Gravimetric, and Surface Studies

Sihem Kherraf*!2, Malika Foudia®, Zohra Djetoui?, Leila Kherraf 4,
Nour El Houda Sobhi*?

! Laboratory of Chemical Engineering and Environment of Skikda, University of 20 August 1955-Skikda, Algeria.

2 Departement of Petrochemicals, Faculty of Technology, University of 20 August 1955-Skikda, Skikda, Algeria

3 Laboratory of Energy and Electrochemistry of Solids, Faculty of Technology, Ferhat Abbas University Setif-1, Setif 19000, Algeria.

4 Department of Civil Engineering, University of 20 Aoiit 1955-Skikda, Algeria.

> Department of chemistry, Water and Environment Science and Technology Laboratory, Mohamed Cherif Messaadia
University, Souk-Ahras, Algeria.

* Corresponding author: E-mail: s.kherraf@univ-skikda.dz

Received: 04-21-2025

Abstract

The present study evaluated the inhibition performance of expired prednisolone against the corrosion of AISI 1020 car-
bon steel in a 3.5% sodium chloride medium. The inhibition effectiveness was evaluated using electrochemical imped-
ance spectroscopy, potentiodynamic polarization, gravimetric measurements, and surface characterization techniques.
Data obtained from the polarization studies indicated that prednisolone acted as mixed-type inhibitor. Electrochemical
impedance spectroscopy results revealed an increase in charge transfer resistance with rising inhibitor concentration.
The inhibitor showed a maximum inhibition efficiency of 90% at 298 K. The interaction between the steel surface and the
inhibitor was determined to be physisorption, consistent with the Langmuir adsorption isotherm model. The corrosion
inhibition performance of prednisolone decreased with increasing temperature, reaching 79.42% at 328 K. Surface char-
acterization showed that the inhibitor significantly reduced the corrosion on the metal surface.

Keywords : Corrosion, drug inhibitors, sodium chloride medium, electrochemical methods, weight loss method.

1. Introduction

Seawater is widely used across various industries due
to its economic benefits and ecological availability. How-
ever, its corrosive nature poses a significant challenge,
leading to material degradation, equipment failure, and
increased maintenance costs. The corrosion of metals and
other materials in marine environments is a complex pro-
cess influenced by several factors, with salinity being one
of the most important.! Halide ions, particularly chloride
ions, play a critical role in metal corrosion. These ions have
an autocatalytic effect on localized corrosion and the prop-
agation of pits on metal surfaces, which leads to the deteri-
oration of steel performance and causes significant eco-
nomic losses.>™

AISI 1020, a low-carbon steel, is widely used in in-
dustrial applications, particularly in marine environments,
due to its cost-effectiveness, excellent weldability, and fa-
vorable mechanical properties.>® However, its corrosion
resistance in seawater and chloride-rich environments re-
mains a persistent concern, attracting growing interest
from researchers and industrial communities.

Rios et al.” demonstrated the corrosion behavior of
AIST 1020 steel in seawater. Their findings showed that,
during the early stages of exposure, the steel primarily un-
derwent localized corrosion, characterized by pitting and
intergranular attack. After 14 hours of immersion, the cor-
rosion progressed into a more uniform form. In another
study, C4ceres et al.® investigated the corrosion behavior of
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AISI 1020 carbon steel in sodium chloride (NaCl) solu-
tions and found that the corrosion kinetics depended on
both immersion time and the dissolved oxygen concentra-
tion in the electrolyte.

To address the corrosion challenges associated with
AISI 1020 steel and prevent premature equipment failure,
the use of corrosion inhibitors is widely recognized as a
practical and cost-effective strategy.” These inhibitors are
chemical compounds added in low concentrations to cor-
rosive environments to significantly reduce the rate of the
electrochemical reactions responsible for corrosion.!
These inhibitors can be added directly into circulating sys-
tems to protect internal metal surfaces or incorporated
into protective coatings to serve as a barrier against chlo-
ride-induced degradation.

In industrial applications, the most effective inhibi-
tors are heteroatomic organic compounds containing oxy-
gen, sulfur, phosphorus, nitrogen, n-electrons in double or
triple bonds, and/or aromatic rings.!'"!? The effectiveness
of these inhibitors mainly depends on their adsorption on-
to the metal surface.!®> Metal-inhibitor interactions can be
formed through van der Waals forces between the charged
metal and charged inhibitor molecules (physisorption),
and/or by the creation of coordinate covalent bonds
(chemisorption).

Among traditional organic inhibitors, many com-
pounds are recognized as toxic and non-biodegradable.!*
As a result, the development of eco-friendly, protective,
and cost-effective corrosion inhibitors has become a major
research priority.!>"' Drugs have emerged as promising
alternatives to conventional toxic organic corrosion inhib-
itors, as they are rich in various polar substituents such as
-C=N, -C=0, and -OH, and are both biodegradable and
non-toxic.!%13

Using expired drugs as corrosion inhibitors offer
multiple benefits: reducing environmental pollution
caused by active pharmaceutical ingredients, preventing
harm to human health, addressing disposal and treatment
challenges of expired drugs, and lowering the economic
costs associated with traditional corrosion inhibitors.!*-2!
Several pharmaceuticals, such as miglitol,?2 amoxicillin,?
hexamine,?* ceftin,? oxazepam,? clonazepam,?”” and imi-
dazole,?® have been reported to effectively protect carbon
steels in neutral chloride environments.

For AISI 1020 steel, Schneider et al.? investigated
the anti-corrosion properties of tetracycline hydrochloride
in various corrosive media, including sulfuric acid (1 M),
hydrochloric acid (1 M), nitric acid (1 M), and sodium
chloride solution (0.05 M). The evaluation, conducted us-
ing electrochemical impedance spectroscopy (EIS), weight
loss measurements, and metallographic analysis, revealed
that tetracycline hydrochloride significantly reduced the
corrosion rate of AISI 1020 steel in hydrochloric acid and
sodium chloride media, achieving maximum inhibition
efficiencies of 74.10% and 72.58%, respectively.

Similarly, Swetha et al.3° evaluated the corrosion in-

hibition performance of Seroquel on AISI 1020 steel in
3.5% NaCl solution over a temperature range of 303-333
K, using weight loss, EIS, and potentiodynamic polariza-
tion techniques. EIS results showed that inhibition effi-
ciency increased with both inhibitor concentration and
temperature, reaching a maximum of 83% at 333 K. Polar-
ization studies further revealed that Seroquel functioned
as a mixed-type inhibitor, effectively reducing both anodic
and cathodic reactions involved in the corrosion process.

Prednisolone is a corticosteroid drug widely used to
treat a variety of metabolic diseases, including inflamma-
tion, allergies, asthma, and vision problems.*"*2 The mo-
lecular formula of prednisolone is C,;H,305 (Fig. 1).3 The
presence of oxygen atoms with m-electrons in conjugated
double bonds provides active sites for adsorption onto
metal surfaces, enhancing its potential as a corrosion in-
hibitor.

Notably, no prior research has explored the use of
prednisolone as a corrosion inhibitor. In this study, the
corrosion inhibition performance of prednisolone was in-
vestigated for the first time as a novel anticorrosion com-
pound for AISI 1020 steel in 3.5% sodium chloride solu-
tions. The inhibitory performance was evaluated using the
weight loss method, electrochemical measurements, and
surface characterization via scanning electron microscopy
(SEM).

O

O

Figure 1. Molecular structure of prednisolone.*®

2. Experimental

2. 1. Materials.

AISI 1020 low-carbon steel, supplied by Shaanxi Sh-
ew-E Steel Pipe Co., Ltd, was used in this study. The chem-
ical composition of the steel, expressed in weight percent
(wt.%), was as follows: 0.16% C, 0.012% P, 0.63% Mn,
0.031% S, 0.012% Si, 0.01% Cu, 0.03% Cr, 0.01% Ni, with
the remainder being iron. The corrosive solution (3.5%
NaCl) was prepared using high-purity sodium chloride
(99.5%) and distilled water.

2. 2. Electrochemical Techniques

An electrochemical cell equipped with a three-elec-
trode setup and a potentiostat/galvanostat (Voltalab
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PGZ301) was used for the electrochemical measurements.
The working electrode was AISI 1020 steel with a surface
area of 1 cm®. A platinum electrode served as the counter
electrode, and a saturated calomel electrode was used as
the reference electrode. Prior to measurements, the work-
ing electrodes were abraded using abrasive paper with pro-
gressively finer grit sizes (240-2000), degreased with ace-
tone, and rinsed with distilled water. Once the open circuit
potential stabilized, potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS) measure-
ments were carried out. Polarization curves were recorded
at a sweep rate of 1 mV/s. EIS measurements were per-
formed over a frequency range of 100 kHz to 10 mHz, us-
ing a sinusoidal excitation signal of +10 mV.

2. 3. Weight Loss Method

Weight loss measurements were performed at vari-
ous temperatures ranging from 298 K to 328 K. The steel
sample dimensions were 4 cm x 2 cm X 0.3 cm. Prior to the
experiments, the carbon steel samples were gradually
abraded using different grades of emery paper, degreased
with acetone, cleaned with distilled water, dried, and then
weighed. The polished and pre-weighed samples were sub-
sequently immersed in a 3.5% NaCl solution, both with
and without varying concentrations of the inhibitor. After
24 hours of immersion, the AISI 1020 samples were re-
moved from the electrolyte, cleaned with acetone and dis-
tilled water, dried, and reweighed.

2. 4. Surface Studies

The alloy specimens, measuring 1 cm x 1 cm x 1 cm,
were polished to a smooth finish using different grades of
abrasive paper. The alloys were then immersed in 3.5% Na-
Cl solutions, both with and without the inhibitor, at room
temperature. After 24 hours of immersion, the carbon steel
samples were rinsed with distilled water, dried, and ana-
lyzed using scanning electron microscopy (Euromex) to
evaluate their surface morphology.

3. Results and Discussion

3. 1. Polarization Curves

Fig. 2 presents the polarization curves for carbon
steel in aerated 3.5% NaCl solutions, both with and with-
out various concentrations of prednisolone at 298 K. The
polarization curves for the inhibited solutions closely re-
sembled those of the blank solution, suggesting that the
inhibitor did not alter the underlying corrosion mecha-
nism. This indicates that the corrosion inhibition of steel
by prednisolone occurred primarily through a geometric
blocking effect.>*

Electrochemical parameters, including current den-
sity (icor), corrosion potential (E,,,), anodic Tafel slope

(B,), cathodic Tafel slope (-B.), and inhibition efficiency
(IE,), are presented in Table 1. The inhibition efficiency
was calculated from the extrapolated corrosion current
densities using Eq. (1):%

IE, % = —‘2”;0“““" x 100 (1)

corr
where, i°,,,, and i,,, refer to the corrosion current densities
of carbon steel without and with the inhibitor, respectively.

The results in Table 1 indicate that the addition of
prednisolone to the corrosive media reduced the corrosion
current density, with the lowest value observed in the solu-
tion containing 5.25 g L™! of the inhibitor. Corresponding-
ly, the inhibition efficiency increased with inhibitor con-
centration, reaching a maximum value of 89.54%. The
decrease in i, in the presence of prednisolone was attrib-
uted to the adsorption of inhibitor molecules onto the steel
surface, forming a protective layer that slowed down the
kinetics of the corrosion reactions.>*3”

The results also showed that the corrosion potential
(Eory) shifted anodically with increasing inhibitor concen-
trations. According to the literature, if the shift in E,,,, ex-
ceeds 85 mV relative to the E,,,, of the blank solution, the
inhibitor can be classified as either anodic or cathodic.
However, if the shift is less than 85 mV, the inhibitor is
considered a mixed-type inhibitor.3%3!

In this study, the largest shift in E,,, was 48.7 mV,
which is below the 85 mV threshold, indicating that pred-
nisolone acted as a mixed-type inhibitor with a predomi-
nant anodic effect. Additionally, the anodic and cathodic
Tafel slope values for the inhibited solutions differed sig-
nificantly from those of the blank solution, further sup-
porting the classification of prednisolone as a mixed-type
inhibitor.

log i (mA.cm™?)

6 i 1 i 1 i 1
-0.8 -0.7 -0.6 -0.5

E vs. SCE (V)

Figure. 2 Polarization curves for AISI 1020 steel in 3.5% NaCl solu-
tion containing different concentrations of prednisolone at 298K
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Table 1. Polarization parameters and the corresponding inhibition
efficiency for the corrosion of AISI 1020 steel in a 3.5% NaCl solu-
tion containing different concentrations of prednisolone at 298 K

Cinh Ecorr icorr ﬁ a _ﬁ c IEpol
(gL (mV) (pA.cm™?) (mV.dec!) (mV.dec?!) (%)
Blank -683.7 243 115.3 69

1.5 -635.6 7.53 126.4 74.1 69.01
2.75 -654.1 4.5 123.1 59.4 81.48
4 -642.4 3.7 112.9 62.7 84.77
525 -659,2 2.54 111.8 51.7 89.54

3. 2. Impedance Measurements

Fig. 3 (a) and (b) show the Nyquist and Bode plots,
respectively, recorded for AISI 1020 carbon steel in 3.5%
NaCl solutions, both with and without various concentra-
tions of prednisolone. The Nyquist plots (Fig. 3a) exhibited
a depressed semicircular shape. The diameter of the semi-
circle in the inhibited solutions was larger than that of the
blank electrolyte and increased with rising drug concen-
tration. Similarly, the impedance modulus |Z| (Fig. 3b) in-
creased with increasing drug concentration, suggesting
the adsorption of inhibitor molecules onto the steel sur-
face. 340

All phase angle plots exhibited values below 90°,
which could be attributed to surface roughness, the ad-
sorption behavior of the inhibitor molecules, or the forma-
tion of corrosion products.*! Therefore, in the EIS analysis,
a constant phase element (CPE) was more appropriate for
fitting the data than a pure capacitance.

The electrochemical equivalent circuit used to model
the metal/solution interface consisted of two relaxation
constants, as illustrated in Fig. 4. In this model, R; repre-
sented the solution resistance, Ry denoted the resistance of
the protective film, and R, was the charge transfer resist-
ance between the steel surface and the outer Helmholtz
plane. CPE; and CPE, were the constant phase elements
associated with the protective film and the double layer at
the metal/solution interface, respectively.

The impedance of a CPE is described by Eq. (2):*?

Zepg = Q7' (jo)™ 2)

where Q is the magnitude of the CPE ,*® w is the angular
frequency, j is the imaginary number, and # is the CPE ex-
ponent. The exponent n provided insight into the degree of
surface inhomogeneity, which could result from surface
roughness or the adsorption of inhibitor molecules.*>
The inhibition efficiency (IEg;) for the impedance
data was calculated using the charge transfer resistance
values of the uninhibited and inhibited solutions, as shown
in Eq. (3):1
Ret—R&

Ree

IEEls(O/G) = x 100 (3)

Where R, and R, were the charge transfer resist-
ances in 3.5% NaCl solution without and with different
concentrations of prednisolone, respectively.

The impedance parameters and inhibition efficiency
values are listed in Table 2. It was evident that the values of
R and Ry increased with increasing inhibitor concentra-
tion, while Qs and Qg decreased. The most pronounced
effect was observed at the highest concentration. The in-
crease in R, values was attributed to the adsorption of in-
hibitor molecules onto the metal surface, forming a barrier
that hindered mass and charge transfer processes.*”48

Meanwhile, the decrease in Q,; was likely related to a
reduction in the local dielectric constant and/or an in-
crease in the thickness of the double electric layer. The ad-
sorption of drug molecules on the electrode surface dis-
placed water molecules and other ions, thereby lowering
the dielectric constant.*->

Furthermore, the addition of prednisolone to the test
electrolyte increased the n value, indicating a decrease in
surface inhomogeneity. The inhibition efficiency also in-
creased with inhibitor concentration, reaching a maxi-
mum of 89.59% at 5.25 g L°! of inhibitor. The enhance-
ment in inhibition performance was likely due to increased

500
Blank —_—15 g/l
—2750/L —4giL
400 | ——525g/L
0.035 Hz
300 |
g (@ 0.04 Hz
& 200 0.044 Hz
N
100 }
0.05 Hz
0.075 Hz
0 1 i 1 1
0 100 200 300 400 500
Z.(Q.cm?)
4 30
15 — Blank —15gL4 20
275 gl —ag/L 4 10
——5259/L 4 0 s
= 3
e 0 B
™ =
g il
<
-30 £
40
50
60
70

log Frequency (Hz)

Figure 3. Nyquist diagrams (a) and Bode plots (b) recoprded for
AISI 1020 carbon steel in blank and inhibited solutions.
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Table 2. Impedance data for the steel electrode in uninhibited and inhibited solutions.

CPE; CPE,

Cinh R, Q ne Ry Qu ng R IEgss
(gL (Q.cm?) (mF.cm™2) (Q.cm?) (mF.cm™2) (Q.cm?) (%)

Blank 4.95 7.96 0.64 22.9 8.56 0.61 119.6

1.5 4.99 6.64 0.68 51.6 6.87 0.64 389.8 69.31
2.75 4.33 6.24 0.73 66.2 5.61 0.72 658.9 81.84
4 6.51 4.60 0.75 84.5 4.42 0.76 801.1 85.07
5.25 6.64 3.90 0.84 100.5 33 0.80 1149 89.59

surface coverage.’! As the drug concentration increased,
more inhibitor molecules were adsorbed onto the active
sites of the metal surface, resulting in a reduced dissolu-
tion rate of carbon steel.

Rs CPEf

Figure 4. The equivalent circuit used to fit the EIS data

The effect of temperature on the inhibition perfor-
mance of prednisolone was assessed using the gravimetric
method. The corrosion rate (Cy) and inhibition efficiency
(IEwy) were calculated using Egs. (4) and (5).5%% The cal-
culated values are summarized in Table 3.

AWX8.76x10%
Sxtxd

Cr(mmy™1) = (4)

[Ewy, (%) = £ x 100 5)
R

In these equations, AW represents the average weight
loss in grams, S is the total area of the specimen in cm?, ¢ is
the immersion time in hours, d is the density of the carbon
steel samples used (7.87 g cm™). C% and Cjy refer to the
corrosion rates without and with the addition of the inhib-
itor, respectively.

As shown in Table 3, increasing the temperature of the
electrolyte led to a decrease in the inhibition performance of

prednisolone. When the temperature rose from 298 K to
328 K, the inhibition efficiency decreased from 90% to
79.42%. This behavior could be attributed to the desorption
of inhibitor molecules from the metal surface. As the tem-
perature of the corrosive medium increased, the adsorbed
inhibitor molecules became more mobile and tended to de-
tach from the surface, leaving the metal exposed to corro-
sive species and thereby accelerating the corrosion rate.>>

3. 3. 1. Thermodynamic Calculations

To investigate the corrosion kinetic parameters of
prednisolone adsorbed at the metal/solution interface,
thermodynamic parameters such as activation energy (E,),
activation enthalpy (AH,), and activation entropy (AS,)
were calculated using the Arrhenius and transition state
equations, shown in Egs. (6) and (7).

_Ea

Cr = A exp() ©
RT AH, —AS,
Cr = exp T) exp (%) (7)

where A is the Arrhenius pre-exponential factor, N is
Avogadro's number, 4 is Planck's constant, R is the univer-
sal gas constant, and T is the absolute temperature.

Fig. 5(a) and (b) show the linear fit of the Arrhenius
and transition state equations, respectively. The values of
E,, AH,, and AS, for different concentrations of predniso-
lone were calculated from the slopes and intercepts of the
straight lines and are reported in Table 4.

It was observed that the E, values of the inhibited
solutions were higher than that of the blank solution, sug-

Table 3. Effect of temperature on the corrosion rate of AISI 1020 steel in 3.5% NaCl solutions containing different

concentrations of prednisolone

Temperature (K)

Cinn 298 308 318 328
(gL Cr IEg Cr IEg Cr IEg Cr IEg
(mmy™") (%) (mmy™") (%) (mmy™") (%) (mmy~") (%)
Blank 0.0025 0.0027 0.0031 0.0035
1.5 0.00077 69.2 0.0009  66.66 0.0011 64.51 0.0014 60
2.75 0.00045 82 0.00056 7925  0.00075 7580  0.00099 71.71
4 0.00036 8532  0.00048 8222  0.00064 79.35  0.00087 75.14
5.25 0.00025 90 0.00036  86.66 0.0005 83.87  0.00072 79.42
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Figure 5. Arrhenius (a) and Transition state (b) plots of AISI 1020
steel in 3.5% NaCl solutions containing various concentration of
prednisolone

Table 4. Kinetic parameters for the corrosion of carbon steel in un-
inhibited and inhibited solutions

Ciun E, AH, AS,
(gL (kJ.mol™!) (kJ.mol ') (J.mol K1)
Blank 9.24 11.84 -217.3
1.5 16.03 18.64 -204.3
2.75 21.40 24.01 -190.8

4 23.39 26.26 -185
5.25 28.24 30.83 -172.7

gesting that the substitution process between the inhibitor
molecules and the pre-adsorbed water molecules required
more energy.”’ Additionally, the activation energy in-
creased with rising inhibitor concentration, confirming
the increased thickness of the adsorbed layer formed on
the metal surface.

The AH, values of both uninhibited and inhibited
solutions were positive, indicating the endothermic nature

of the metal dissolution and adsorption processes.>®>

Moreover, the negative values of the activation entropy
(AS,) suggested an increase in order as the reactants
formed an activated complex.5%!

3. 4. Adsorption Isotherm

The interaction between the inhibitor and the metal
surface was typically attributed to several factors, includ-
ing the chemical structure of the organic compound, the
type of electrolyte, and the charge and nature of the metal.
Adsorption isotherms served as important tools for de-
scribing this interaction. To gain insight into the adsorp-
tion behavior of prednisolone on the AISI 1020 steel sur-
face, the degree of surface coverage () values, calculated
using Eq. (8), were fitted to various adsorption isotherm
models, including Langmuir, Temkin, Frumkin, and Fre-
undlich, to determine the best-fitting model.

Based on the correlation coefficient (R?), the Lang-
muir isotherm provided the best fit, as shown in Fig. 6, and
was defined by Eq. (9).52 This result suggested that the ad-
sorption of prednisolone molecules on the metal surface
occurred through the formation of monolayers without
lateral interactions between the adsorbed molecules.5>*

The degree of surface coverage (8) was calculated us-
ing Eq. (8):

_ CR-Cr
0= 0 (8)

The Langmuir adsorption isotherm was expressed by

Eq. (9):

Cinn _ _1 .
0 - Kads + th (9)

Here, K 4 was the equilibrium constant of the ad-
sorption-desorption process and was related to the stand-
ard free energy of adsorption (AG®,;,) by Eq. (10):%°

Angs = —RTIn (1000K,q45) (10)

From the Langmuir plots, adsorption parameters
such as K,z and AG®,;, were obtained and are presented in
Table 5. The K, values decreased from 1.48 to 1.2 L g ! as
the electrolyte temperature increased from 298 K to 328 K.
This decrease in K4, suggested that the adsorption strength
of prednisolone weakened with rising temperature.>>¢6

Generally, when AGP, ;, was greater than -20 k] mol ™},
it indicated physical adsorption involving electrostatic in-
teractions, while values smaller than —40 k] mol™! were
associated with chemisorption.’”% As shown in Table 5,
the AGY,, values for prednisolone at different tempera-
tures ranged from -18.07 k] mol™! to -19.32 kJ mol™}, in-
dicating that the adsorption of the inhibitor on the metal
surface was spontaneous and occurred through a physical
adsorption process. Furthermore, as the electrolyte tem-
perature increased, the AG? 4 values became less negative,
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further supporting the reduction in the adsorption capac-
ity of prednisolone at higher temperatures.
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Figure 6. Langmuir adsorption isotherms for the adsorption of
prednisolone on carbon steel at different temperatures.

Table 5. Thermodynamic parameters of the adsorption of predniso-
lone on the metal surface at different temperatures

Temperature R? K46 AG® 4,
(K) (Lg™h (kJ. mol™?)
298 0.999 1.48 -18.07
308 0.999 1.43 -18.59
318 0.999 1.36 -19.06
328 0.999 1.2 -19.32

3. 5. Surface Characterization

Fig. 7(a) and (b) illustrate the SEM images of the
AISI 1020 steel surface after 24 hours of exposure to 3.5%

NaCl solutions, both in the absence and presence of the
maximum concentration (5.25 g L™!) of prednisolone. In
the uninhibited solution (Fig. 7a), significant corrosion
damage was visible on the steel surface. In contrast, in the
presence of the inhibitor (Fig. 7b), steel dissolution was
notably reduced, and the surface exhibited significantly
less damage. This improvement was attributed to the ad-
sorption of prednisolone molecules onto the steel surface,
forming a protective barrier that prevented direct contact
between the metal and the corrosive medium, thereby mit-
igating corrosion.

4, Conclusion

In this study, expired prednisolone was evaluated as
a novel corrosion inhibitor for AISI 1020 carbon steel in a
3.5% sodium chloride solution. Electrochemical and
gravimetric analyses demonstrated that prednisolone ef-
fectively reduced the corrosion rate of carbon steel in neu-
tral chloride environments. The inhibition efficiency de-
pended on both the inhibitor concentration and the
temperature of the corrosive medium. This inhibitory per-
formance was primarily attributed to the adsorption of
prednisolone molecules onto the steel surface through
electrostatic interactions. Surface characterization con-
firmed the formation of a protective layer on the inhibited
steel surface. Therefore, expired prednisolone offered a
sustainable solution for mitigating corrosion of carbon
steel in marine and saline environments.
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Abstract

Novel families of thiazolidine-2,4-dione and imidazolidine-2,4-dione derivatives were synthesized. Thiazolidine-2,4-di-
one 3 was prepared using chloroacetic acid and thiourea, followed by condensation with terephthalaldehyde to form
4-((2,4-dioxothiazolidine-5-ylidene)methyl)benzaldehyde 4. This compound reacted with 2-aryloxyacetohydrazides
8a-b to yield Schiff bases 9a-b. Imidazolidine-2,4-diones 13a-c were synthesized via cyclizing of anilines 10a-c, urea
11, and chloroacetic acid 12. The compounds 9a-b and 13a-c were evaluated for antitumor activity against the Caco-2
cell line, compounds 13b and 13c exhibiting the highest potency (ICs, values of 41.30 + 0.07 uM and 109.2 + 0.027 uM,
respectively). DFT calculations, including HOMO-LUMO analysis, energy gap estimation, and molecular docking, were
conducted to evaluate and optimize the molecular properties of the target compounds.

Keywords: Imidazolidine-2,4-dione; thiazolidine-2,4-dione; molecular docking; DFT; anti-cancer.

1. Introduction

Tumors are a category of intricate disorders de-
scribed by the rapid, unregulated, and serious cell prolifer-
ation, which disrupts the process of normal cell division.!
It is considered one of the gravest diseases threatening hu-
man health. Improved recognition of the complicated na-
ture of cancer biology has been critical in the advancement
of cancer therapies. Recent research has focused on devel-
oping novel cancer therapies using non-toxic therapeutic
approaches.? Chemotherapy, a widely used cancer treat-
ment, works by interfering with the mechanisms regulat-
ing cell division. Its goal is to prevent metastasis and inva-
sion by inhibiting tumor growth. However, chemotherapy
can cause adverse side effects due to its impact on healthy
cells. Key challenges in cancer treatment include drug re-
sistance and adverse off-target effects, driving the develop-
ment of new anti-cancer agents with minimal toxicity and
high efficacy.® Heterocyclic scaffolds are valued in medici-
nal and synthetic organic chemistry for their diverse bio-
logical activities and chemical versatility.*> These com-
pounds, derived from natural sources or synthetic
methods, have significant potential in overcoming drug
resistance and improving treatment efficacy. Notably, thi-
azolidine-2,4-diones, commonly known as glitazones, are

a class of heterocyclic compounds exemplified by the ar-
chetypal medication ciglitazone. These compounds are
used in the management of type 2 diabetes mellitus, intro-
duced in the late 1990s.° In addition to their antidiabetic
efficacy, thiazolidine-2,4-diones inhibit the proliferation of
various cancer cell lines, including colon, breast, and pros-
tate, both in vivo and in vitro.”® Thiazolidine-2,4-dione is a
highly selective oral agonist of peroxisome proliferator-ac-
tivated receptor gamma (PPARYy), which shown potential
in stabilizing disease progression in patients with meta-
static colorectal cancer (mCRC), along with demonstrat-
ing favourable safety and pharmacokinetic stability.” Imi-
dazolidine-2,4-dione and thiazolidine-2,4-dione are
significant five-membered heterocycles characterized by
two carbonyl groups. These groups impart unique elec-
tronic and steric properties, making them valuable syn-
thetic intermediates and pharmacophores in medicinal
chemistry. The incorporation of nitrogen and sulfur in
these frameworks significantly affects their nucleophilic,
electrophilic, and tautomeric properties, thus regulating
their reactivity and applications. The imidazolidine-2,4-di-
one ring is a key pharmacophore with diverse biological
properties.!? Its derivatives are well-known for anticonvul-
sant, antiarrhythmic, antibacterial, skeletal muscle relax-
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ant, and non-steroidal antiandrogen properties. Imidazo-
lidine-2,4-dione and its analogues are found in some
naturally occurring compounds, such as certain alkaloids.
Numerous alkaloids containing an imidazolidine-2,4-di-
one ring, such as the aplysinopsins, have been isolated
from sponges or corals and demonstrate potent biological
activity, including antimicrobial and cytotoxic effects.!
Building on the diverse therapeutic potential of imidazoli-
dine-2,4-dione and thiazolidine-2,4-dione derivatives, this
study investigates novel approaches to enhance cancer
treatment by synthesizing and evaluating new derivatives
for their anti-cancer activity.!!

2. Experimental
2. 1. Materials and Methods

All chemical reagents were of analytical grade and
purchased from Accela ChemBio Co., Ltd. (Shanghai, Chi-
na). Melting points have been determined using an XT-4
melting point instrument (Beijing Tech Instrument Co.,
China). 'H and C NMR were recorded on an AVANCE
III HD 400 MHz NMR spectrometer (Bruker Corpora-
tion, Switzerland.) or JEOL ECX 500 MHz NMR spec-
trometer (JEOL Ltd., Japan) operating at room tempera-
ture, using DMSO-ds or CDCl; as solvents. Reaction
progress was monitored by thin-layer chromatography
(TLC). FT-IR spectra were recorded on a Nicolet iS5 FTIR
spectrophotometer (Thermo Fisher Scientific, USA) using
KBr pellets.

2. 2. Synthesis of Thiazolidin-2,4-dione (3)!2

The established procedure was followed to synthe-
size compound 3. Chloroacetic acid (9.45 g, 0.1 mol) and
thiourea (7.61 g, 0.1 mol) were dissolved in 10 mL of H,O
and stirred for 15 minutes until a white precipitate formed.
The mixture was cooled, and 10 mL of concentrated HCI
was slowly added. The flask was then attached to a reflux
condenser, and the mixture was refluxed with stirring at
100-110 °C for 8-10 hours. The product was cooled, fil-
tered, washed, dried at room temperature, and recrystal-
lized from water to yield a white solid. Melting point: 115
°C; yield: 11.11 g (95%).

2. 3. Synthesis of 4-((2,4-dioxothiazolidine-5-
ylidene)methyl)benzaldehyde (4)'3

A mixture containing compound 1 (0.03 mol), tere-
phthalaldehyde (0.03 mol), and 45 mL of ethanol was pre-
pared. Piperidine (3 mL, 0.0188 mol) was added, and the
solution was stirred and refluxed for 12 hours. The reaction
mixture was then poured onto ice and acidified using gla-
cial acetic acid. This process yielded a yellow substance
identified as compound 4, which was subsequently filtered,
dried, and purified through recrystallization using ethanol.

2. 4. Synthesis of Ethyl 2-substituted-

oxyacetate 7a-b!>14

In 65 mL of anhydrous acetone, hydroxy aromatic
compounds (5a-b, 0.034 mol), anhydrous K,CO; (4.72 g,
0.034 mol), and chloroethyl acetate (2, 4.2 g, 0.034 mol)
were refluxed for 8-10 h. After completion, the solvent was
removed under reduced pressure, and the residue was dis-
solved in dichloromethane (DCM, 20 mL) and washed
with water. The organic layer was evaporated to yield com-
pounds 7a and 7b as solids, with yields of 84% (7a) and
92% (7b), respectively.

2. 5. Synthesis of 2-(substituted-2-yloxy)
acetohydrazide 8a-b3-15

The hydrazine hydrate (0.75 g; 0.015 mol) was added
dropwise to solution of 7a or 7b (0.015 mol) in ethanol (25
mL). The resulting mixture was subjected to ultrasonic ir-
radiation at ambient temperature for 0.5 h. The solid was
filtered and dried to produce compounds 8a, Yield: 45%;
m.p. 220-222 °C; 8b, Yield: 60%; m.p. 242-243 °C.

2. 6. Synthesis of Compounds (9a-b)

Using a catalytic quantity of glacial acetic acid, sub-
stituted hydrazides 8a or 8b (0.01 mol) were added to a
solution of compound 4 (0.01 mol) in methanol (50 mL),
and the obtained mixture was refluxed for 4-18 h. The fi-
nal compounds (9a-b) were obtained by recrystallizing the
reaction mixture from methanol after it had cooled.

Synthesis of 2-((3,6-dioxocyclohexa-1,4-dien-1-yl)ox-
y)-N’-(4-(-(2,4-dioxothiazolidin-5-ylidene) methyl)ben-
zylidene)acetohydrazide (9a)

Brown solid; Yield: 45%; m.p. 220-224 °C.; FT-IR
Upmax (KBr)/cm™ 3367, 3186 (NH), 1774, 1716, 1678
(C=0); 'H NMR (DMSO-dy): 8 4.57 (s, 2H, CH,), 7.27-
8.02 (m, 9H, CH=C, H-Ar), 11.71, 11.76 (s, 2H, NH).
I3C NMR (DMSO-dg): § 52.10, 116.22, 129.68,131.50,
143.82, 146.87,162.91, 163.51, 165.14, 165.43; Anal. Calcd.
for CyoH sN;06S (411.05): C, 55.47; H, 3.19; N, 10.21;
Found: C, 55.52; H, 3.09; N, 10.29%.

Synthesis of N’-(4-(-(2,4-dioxothiazolidin-5-ylidene)
methyl)benzylidene)-2-(naphthalen-1-yloxy)acetohy-
drazide (9b).

Pale brown solid; Yield: 60%; m.p. 243 °C; FT-IR
Umax (KBr)/cm™! 3323-3257(N-H), 3098-3021 (C-HAr),
2967-2911 (C-HAliph), 1709-1619 (C=0), 1651-1624
(C=N) 1645-1625 (C=C); 'H NMR (DMSO-d;): § 4.98 (s,
1H, NH), 5.30 (s, 2H, CH,), 6.40-7.95 (m, 13H, C=CH,
H-Ar), 11.73 (s, 1H, NH). *C NMR (DMSO-d,): § 62.54,
105.99, 121.21, 125.76, 125.95, 126.46, 126.55, 127.89,
127.94, 134.56, 154.11, 162.86, 172.54; Anal. Calcd. for
Cy3H 7 N;0,S (431.09): C, 64.03; H, 3.90; N, 9.74; Found:
C,64.13; H, 3.99; N, 9.94%.
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2. 7. Synthesis of 3-phenyl-2-(phenylimino)

imidazolidin-4-one derivatives (13a-c)

A mixture of phenylamine (0.01 mol, 0.94 g), urea
(0.01 mol, 0.69 g), and chloroacetic acid (0.01 mmol, 0.95
g was stirred for 30 minutes. The resulting mixture under-
went trituration with hot, diluted methanol solution in
distilled water. After cooling, the precipitated solid was
separated through filtration, subjected to drying, and sub-
sequently recrystallized using ethanol as solvent, produc-
ing buff-coloured crystalline material identified as com-
pound 13a-c.

Synthesis of 2-((4-chlorophenyl)imino)-3-phenylimida-
zolidin-4-one (13a)

Pale brown solid; Yield: 53%; m.p. 277-280 °C; FT-
IR v, (KBr)/cm™! 3310-3277 (N-H), 3100-3001 (C-H,
Ar), 2997-2941 (C-H, Aliph), 1733-1649 (C=0), 1649-
1627 (C=N), 1635-1619 (C=C); 'H NMR (DMSO-dy): §
3.90 (s, 2H, CH,), 6.17-7.62 (m, 9H, H-Ar). 13C NMR
(DMSO-dg): 8 52.09, 114.00, 115.70, 120.13, 120.20,
121.32, 129.01, 138.17, 147.50, 172.04; Anal. Calcd. for
C,sH,,CIN;O (285.07): C, 63.05; H, 4.23; N, 14.71; Found:
C,63.12; H, 4.16; N, 14.63%.

Synthesis of 2-((4-bromophenyl)imino)-3-phenylimi-
dazolidin-4-one (13b)

Pale brown solid; Yield: 66%; m.p 281-285°C; FT-IR
Vpmax(KBr)/cm™! 3301-3282 (N-H), 3099-3001(C-H, Ar),
2997-2941(C-H, Aliph), 1731-1656 (C=0), 1649-1627
(C=N), 1625-1619 (C=C); 'H NMR (DMSO-dq): § 3.90
(s, 2H, CH,), 6.20-7.57 (m, 9H, H-Ar) . 3C NMR
(DMSO-dg): § 52.10, 107.50, 114.58, 114.60, 114.41,
114.74, 116.27, 121.70, 131.78, 131.83, 132.01, 132.67,
138.59, 147.87, 172.00; Anal. Calcd. for C;sH,,BrN;0O
(329.02): C, 54.56; H, 3.66, N, 12.73; Found: C, 54.66; H,
3.78, N, 12.85%.

Synthesis of 2-((4-acetylphenyl)imino)-3-phenylimida-
zolidin-4-one (13c)

Pale brown solid; Yield: 43%; m.p. 279-284 °C; FT-
IR vy, (KBr)/cm™; 3313-3267 (N-H), 3108-3021(C-H,
Ar), 2977-2921 (C-H, Aliph), 1713-1619 (C=0), 1654-
1619 (C=N) 1645-1625 (C=C; 'H NMR (DMSO-dg): &
1.65 (s, 3H, CHj), 4.40 (s, 2H, CH,), 7.47-8.21 (m, 9H,
C=CH, H-Ar), 11.71(s, 1H, NH). 3C NMR (DMSO-dy): §
22.49,50.85,128.54,129.04, 129.38, 133.34, 133.37, 134.50,
134.86, 143.00, 146.43, 169.34, 171.25; Anal. Calcd. for
C,,H,sN;0, (293.12): C, 69.61; H, 5.15; N, 14.33; Found:
C,70.11; H, 5.45; N, 14.67%.

2 .8. Biological Evaluation

2. 8. 1. Cell Culture

Human splenic fibroblast (HSF) and human colonic
epithelial (Caco-2) cell lines, obtained from the National
Cancer Institute in Egypt, were cultivated in RPMI 1640 or

DMEM media (Gibco, USA) with a 10% fetal bovine se-
rum added (Hyclone, USA). At 70-80% confluence, cells
were harvested using a 0.25% trypsin/EDTA cocktail and
planted into a fresh culture flask containing DMEM-LG
with 10% FBS and 0.1 mg/mL primocin. Flask were then
incubated at 37 °C with 5% CO,. Cells were passaged every
5-6 days, and the media was replaced every 48 hours.!>1>

2.8.2. MTT Assay

Using the MTT assay, recently synthesized com-
pounds (9a-b, 13a-c) were evaluated for cytotoxicity
against normal human skin fibroblasts (HSF) and malig-
nant Caco-2 cell lines, the latter derived from human
colorectal adenocarcinoma and serving as a standard in
vitro model for colorectal cancer. These compounds had
not previously been tested against Caco-2 in this context,
making this study novel in assessing their anticancer activ-
ity in a colorectal cancer model. The results, particularly
for 13b and 13¢, demonstrated significant cytotoxicity and
selectivity, supporting their potential as anticancer agents.

The MTT assay was used to assess the cytotoxicity of
compounds 9a-b and 13a-c by measuring cell viability via
mitochondrial reduction of yellow tetrazolium salt to pur-
ple formazan crystals. Cells were plated at a density of 1 x
10* cells/well in 96-well plates and incubated at 37 °C with
5% CO,. They were then exposed to test compounds at
concentrations of 0-500 pM for 48 hours. After incubation
with 10 pL of MTT solution for 4 hours, 100 pL of solubi-
lization solution (e.g., DMSO) was added to dissolve the
formazan, and absorbance was measured at 490 nm. Ex-
periments were conducted in biological triplicate, with un-
treated control cells set as 100% viability. ICs, values were
analyzed using GraphPad Prism 5.0.

2.9. Docking Simulation

AutoDockTools-1.5.6rc3 (ADT4),'¢ was adopted for
in silico molecular docking toward calculate the compel-
ling modes of potent 13b through selected proteins. ADT4
has been widely reported as one of the best docking tools
for structure-based drug design and virtual screening of
drug-like molecules through the prediction of how the lig-
ands can interact with protein targets to obtain the possi-
ble effective interactions between them.!”~!" In the current
docking, we have used Bcl-2 protein (PDBID: 4IEH)
which is recognized as a target for anti-cancer compounds,
especially with colorectal cancer.!*-*! The 3D structure da-
ta of Bcl-2 protein target proteins were obtained in pdb,
format from RCSB- PDB internet site (http://www.rcsb.
org/pdb/). Besides, the compound 13b was built and re-
fined in 3D-Chem Draw Ultra 12.0 and minimized ener-
getically by MM2 force field before saving in pdb. file. Pri-
or of the docking, the target protein has been prepared by
deleting all water, co-crystal ligand and co-factors. As well,
ADT4 was utilized to set polar hydrogens, charge deacti-
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vations and rotatable bonds. The computer simulation of
ligand-protein was achieved under Lamarckian Genetic
Algorithm (LGA) technique.?? The docking grid box [110
x 110 x 110 A3] was run at the active site pocket of the Bcl-
2 protein. The prediction analysis of docking results was
carefully done under strict settings with RMSD < 2.0A.
This effects for modern docking exposed possible H-bonds
as well as binding energy interactions of our compound
with the Bcl-2 protein. The parameters of five orientations
are recorded in Table 2. Along with ADT4, both PyMOL
and BIOVIA software were also used for the analysis and
visualization of the results.?-2*

2. 10. Density Functional Theory (DFT)

The computational function within the current test
was done through using DFT-B3LYP efficient under
6-311++G(d,p) bases organized which is considered as
one of the best computational quantum models used with
organic compounds.?>?*® DFT-B3LYP/6-311++G(d,p)
combination has proven high degree of accuracy in the ge-
ometric optimization, energies, electronic structure and
correlated molecular characteristics.?6-2® Owing to the re-
lation between the reactivity features and biological be-
haviours of the compound, DFT-B3LYP/6-311++G(d,p)
was employed to calculate the verves of lowest- unoccu-
pied/highest employed molecular orbitals (LUMO-HO-
MO) which are recognized as (FMOs = frontier molecular
orbitals). Based on the FMOs, we have also computed the
energy gap (AE,,;) and other parameters of chemical reac-
tivities like; international electrophilicity index v, global
hardness 7, electronegativity y, electronic chemical poten-
tial y and global softness (. Moreover, the molecular elec-
trostatic potential (MEP) of the computed compound was
also explored under the same computational combination.
All the DFT studies, in the present work, were executed in
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Gaussian 09 program.?’ While the construction of struc-
ture input file and figure visualizations have been done us-
ing GaussView5 program.!*3

3. Results and Discussion

3. 1. Rationale of the Study

This study builds on the well-documented pharma-
cological potential of thiazolidine-2,4-dione and imidazo-
lidine-2,4-dione scaffolds, both recognized for their broad
spectrum of biological activities, particularly in cancer
therapy (Figure 1). Previous research by El-Adl et al. de-
scribed the development of thiazolidine-2,4-dione-based
compound A, which demonstrated superior anticancer
efficacy compared to a reference drug against HepG2,
HCT-116, and MCF-7 cell lines.*® Similarly, Mahmoud et
al. reported the synthesis of novel imidazolidine-2,4-dione
derivatives, derivative B, which exhibited significant cyto-
toxicity against MCF-7 and A549 cell lines, surpassing the
activity of the standard treatment. Inspired by the robust
anticancer profiles of these scaffolds, the present study in-
troduced strategic modifications to enhance their thera-
peutic performance. This approach successfully yielded
compounds 13b and 13c, both showing notable inhibitory
activity in vitro.

3. 2. Chemistry

In this study, we synthesized novel imidazoli-
dine-2,4-dione as well as thiazolidine-2,4-dione deriva-
tives via synthetic pathway shown in Schemes 1. The pro-
duction of thiazolidine-2,4-dione 3 has been accomplished
by an established literature procedure using chloro-acetic
acid and thiourea in the presence of HCl as catalyst.®!
Consequently, Knoevenagel condensation of thiazoli-

13c

Figure 1. Examples of the well-documented pharmacological potential of thiazolidine-2,4-dione and imidazolidine-2,4-dione scaffolds.
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Scheme 1. Synthetic route of compounds 9a and 9b.

din-2,4-dione 3 with equivalent amount of terephthalalde-
hyde was performed resulting in the formation of
4-((2,4-dioxothiazolidine-5-ylidene)-methyl)-benzalde-
hyde 4 in the presence of piperidine.’!

In this study, the key intermediate compounds, sub-
stituted ethyl 2-aryloxyacetates (7a-b), were synthesized
efficiently with good yields by reacting ethyl 2-chloroace-
tate (6) with substituted hydroxy compounds (5a-b, as de-
tailed in Scheme 1) using anhydrous potassium carbonate
in dry acetone. These intermediates were then reacted with
hydrazine hydrate in ethanol to yield substituted 2-ary-
loxyacetohydrazides (8a-b) with yields of 84 and 92%.%%%
In the final step, 4-((2,4-dioxothiazolidin-5-ylidene)me-
thyl)benzaldehyde (4) was refluxed with 2-aryloxyaceto-
hydrazides (8a-b) in absolute ethanol with a catalytic
amount of acetic acid for 4-5 hours, forming Schiff bases
(9a-b), as illustrated in Scheme 1.

In Scheme 2, the target molecules 13a-c were synthe-
sized by one-pot condensation reaction of aniline deriva-

NH, j\
XO/ o N o <Oy

10a-c 11

Scheme 2. Synthesis of compounds 13a-c

tives 10a-c, urea 11, and chloro-acetic acid 12 which un-
dergo cyclization without solvent to produce
N-phenylimidazole, followed by condensation with anoth-
er molecule of aniline to furnish 3-phenyl-2-(phenylimi-
no)imidazolidin-4-one 13a-c.

All the target compounds were structurally con-
firmed through IR, 'H and '*C NMR spectroscopy. The
formation of Schift base compound 9a was confirmed by
IR spectroscopy, which revealed a C=N stretching band at
1649 cm™! and two carbonyl stretching bands at 1626 and
1635 cm™!, consistent with conjugated carbonyl groups.
The 'H NMR spectrum showed signals at 11.71 and 11.76
ppm, assigned to two NH proton Additionally, new signals
were observed in the range of 7.27-8.02 ppm, attributed to
C=CH and aromatic protons. The IR spectrum of com-
pound 13a revealed bands at 3282 and 3292 cm™ assigned
to NH stretching and a band at 1639 cm™! assigned to C=N
stretching. The 'H NMR spectrum displayed a signal at
3.90 ppm attributed to the CH, group and signals in the

X

N},NH
N
%
13a-c

X= Cl, Br, - COCHj
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range of 6.20-7.57 ppm corresponding to aromatic pro-
tons, consistent with the proposed structure.’>%3

3. 3. Biological Assays

3. 3. 1. Cytotoxicity Assay

This study investigated the in vitro cytotoxic activity
of all selected compounds (9a-b and 13a-c) against normal
(HSF) and cancer (Caco-2) cell lines. All tested com-
pounds exhibited cytotoxicity against Caco-2 cells, with
IC5 values ranging from 40.67 + 0.09 to 109.2 + 0.027 uM
(Table 1). Compounds 13b and 13c¢ showed higher cyto-
toxicity, with ICs, values of 41.30 + 0.07 uM and 109.2 +
0.027 uM, respectively. Compounds 13a and 9a displayed
moderate cytotoxicity, with ICs, values of 40.67 + 0.09 uM
and 66.68 + 0.068 uM, respectively, while compound 9b
exhibited less potent cytotoxicity, with an ICs, value of
73.91 £ 0.03 pM. To address IC5, values exceeding 500 uM,
particularly for HSF cells, compounds 9a-b and 13a-c
were tested using a two-fold serial dilution from 15.625 to
1000 pM. Compounds with low cytotoxicity against HSF
cells (e.g., 13b, 13c) were evaluated at higher concentra-
tions, despite initial screening up to 500 uM. ICs, values
were calculated using GraphPad Prism 5.0 based on full
dose-response curves, with data points up to 1000 uM en-
suring accurate determination for compounds like 13c,
which showed low inhibition below 500 pM. All com-
pounds were soluble in culture medium with <0.5% DM-
SO, showing no precipitation or turbidity, ensuring no ve-
hicle-related cytotoxicity. Caco-2 and HSF cell lines were
treated under identical conditions (seeding density, incu-
bation time, medium composition, assay procedures) to
ensure data consistency and comparability, validating the
reported ICs, and selectivity index values.

Table 1. In vitro cytotoxicity (ICsy) of compounds 9a-b and 13a-c
against HSF and Caco-2 cell lines using the MTS assay.

Compound ICsy £ SD* (uM) SI for Caco-2
HSF Caco-2

9a 187.3+0.014 66.68+0.068 2.81

9b 102.1+0.11 73.91+0.036 1.38

13a 143.4+0.022 40.67%0.09 3.52

13b 496.8+0.041 41.30+0.07 12.03

13c 805.9+0.05 109.2+0.027 7.38

*ICsy: Concentration of the compound resulting in 50% suppres-
sion of cell growth + standard deviation.

The selectivity index (SI), defined as the ratio of IC5,
values for normal (HSF) to cancer (Caco-2) cell lines, was
calculated and presented in Figure 2 and Table 1. SI values
greater than 2.0 indicate higher selectivity for cancer
cells.** According to the results, compound 9b with SI of
1.38 suggests that it has comparable effects on malignant

and healthy cells, which limits its usefulness as a selective
anticancer agent. Because cancer cells do not exhibit a
markedly increased cytotoxicity, the use of this compound
in therapy may result in significant toxicity to normal cells,
raising the possibility of adverse effects. On the other
hand, compound 9a demonstrates moderate selectivity (SI
= 2.81), indicating that although the chemical is more
harmful to cancerous cells than cells that are normal, the
difference is not very large. This indicates that the possibil-
ity of cytotoxic effects on healthy cells remains at thera-
peutic dosages. Compound 13a, with an SI of 3.52, demon-
strated moderate selectivity for Caco-2 cells over HSF
cells, making it a promising candidate for further preclini-
cal anticancer studies. According to this, the compound is
substantially more cytotoxic to cancer cells than healthy
cells, which makes it an attractive option for more preclin-
ical study in anticancer investigations. Compounds 13b
and 13c exhibited SI values of 12.02 and 7.38, respectively,
for Caco-2 cells relative to HSF cells, indicating higher se-
lectivity with significantly greater cytotoxicity toward can-
cer cells than normal cells (Figure 2). These results posi-
tion both compounds as promising candidates for further
anticancer drug development.*®

SI of Synthesized Compounds
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4
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oo s,
9a 9b
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SELECTIVITY INDEX

Compounds

u Sl of synthesized compounds

Figure 2. SI of synthesized compounds.

3. 3. 2. Docking Simulation

The molecular docking study was aimed to check the
possible effective interactions of potent molecule com-
pound 13b with the Bcl-2 protein receptors. Based on the
co-crystal ligand, the typical modes for inhibition binding
positions were identified within the Bcl-2 active site, which
comprise the interaction of cocrystal ligand (1E9) with
ARG66 and GLY104 residues.?’ The outcomes of recent
docking exposed rational H-bond connections with our
ligand with the effective amino acids of Bcl-2 as listed in
Table 2. The greatest binding energy reached (-7.77 kcal/
mol) through three H-bond interaction formed as single
bond of GLY104 with N14 atom at distance 1.78 A, as well
as double H-bonds linked over-coordinated 029 atom of
our ligand with two N atoms of ARG66 residue at distanc-
es of 1.78, 1.82 and 2.14 A forming R?, ring motif which
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strengthens the interaction and bond stabilization of pro-
tein-ligand. Additionally, this conformation exhibited pi-
pi stacking between HIS432 and the phenyl ring of com-
pound 13b, as shown in Figures 3 and 4. Other
conformations (2 and 3) showed hydrogen bonds with
ARG66 and PHE63 via the 029 atom (2.17 A and 2.28 A,
binding energies of -7.71 and -7.69 kcal/mol, respective-
ly). Moreover, the conformations 2 and 3 showed H-bond

107

Figure 3. 2-D interaction plot of the potent molecule compound
13b docked with 4IEH showing hydrogen bond and pi interactions.

interactions of AGR66 and PHE63 a with the 029 atom at
distances 2.17 and 2.28 A and B.E of -7.71 and -7.69 kcal/
mol. Likewise, TYR161 and GLY104 residues in confor-
mations 4 and 5 shaped H-bonds with N14 atom at dis-
tances of 2.15, and 1.97 A (see Figure S1 in Supplementary
Material). Thus, the bond interactions in our current
docking are observed to be parallel to that of co-crystal li-
gand and reported literature which reflects the perfect set-
tlement of our potent molecule in Bcl-2 active site pock-
et. 202136 Figure 3 depicts 2D plot of ligand-Bcl2
interactions, while Figure 4 illustrates the enfoldment of
ligand inside Bcl-2 active site cleft with zoom view in rib-
bon and 3D models. Consistently, the computer docking
predicted the better B.E values and strong bonding inter-
actions of our potent compound 13b, that might be a fa-
vourable candidate for anticancer drugs development.

3. 4. Density Functional Theory (DFT)

3. 4. 1. Geometry Optimization

The structure geometry of compound 13b has been
prudently enhanced at stationary point of ground state
energy level, which is adopted in all other computations.
Furthermore, the stability of optimized geometry has
been examined and confirmed by implementing the “sta-

Table 2. Docking results of the potent molecule 13b compound docked with 4IEH.

Conf B.E L.E I.C,uM vdW-Hb- H-bonds of B.L m-Interaction
(kcal/mol) T=298.15K des-energy amino acids (A) (A)
kcal/mol with ligand
1 -7.77 -0.39 2.03 -7.82 AGR66NH: 1.82 TYRI161...Cgl
(0] 2.14
2 -7.71 -0.39 2.23 -7.76 AGR66NH:O 147 e
3 -7.69 -0.38 2.31 -7.47 PHE63NH:O 2.28 TYRI161...Cg2
4 -7.21 -0.36 5.22 -7.55 TYR1610:HN 145 e
5 -7.07 -0.35 6.56 -7.52 GLY1040:HN 1.42 TYRI161...Cgl

Conf: Conformation, B.E: Binding Energy, L.E: Ligand Efficiency, I.C: Inhibition Constant, vdW: Vander Walls energy, Hb: Hydrogen
bond energy, des: desolv energy, and B.L: Bond length. Cgl and Cg2 are the centroids of phenyl and bromophenyl rings, respectively.

Figure 4. Visualization of whole and close view of the potent molecule compound 13b docked at the active site groove of the protein target a) Ribbon

and b) 3D model.
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bile” keyword and validated by the nonappearance of neg-
ative frequencies, which specified the stationary point
computed structure at the ground state.?”-3 The DFT op-
timized tested form of compound 13b through atoms
enumeration is given in Figure 5. The selected computed
geometries are recorded in Tables 3-5. Full geometry pa-
rameters are given in Tables 3-5 of Supplementary Mate-
rial. The DFT computed structure of compound 13b ex-
hibited coplanarity conformation between phenyl rings,
while the mean plane of imidazole ring is nearly perpen-
dicular to the both phenyl rings as depicted in Figure 5.
The torsion angle usually describes the steric connection
across the bonds and ring geometries. The imidazole ring
is an anti-clinal conformity by point to the phenyl ring, as
specified by the rotation angle degree of —125.72° (C28-
N13-C17-C18). While the imidazole ring exhibited in
+anti-clinal with respect to bromophenyl ring according
to the torsion angle of C4-C3-N12-C15 (121.24°). The
optimized geometry of compound 13b is in good agree-
ment with the similar reported phenyl-imidazole com-
pounds.*

3. 3. 2. Frontier Molecular Orbitals (FMOs)

The reactivity, stability, and electronic transport
properties are significantly associated with the values of
Ey, E; and AE,, which empowers us to explore chemical
hardness, softness, and kinetic stability for tested mole-
cules.***! Typically, the small data for AE,, reflects the
softness which lead toward the easy electronic transporta-
tions from HOMO toward LUMO of the molecules, which

Table 3. Selected bond lengths(4) of potent compound 13b comput-
ed at dft-b3lyp/6-311++g(d,p)

Atoms Length (A) Atoms Length (A)
C1-C2 1.3927 N14-Hl16 1.008
C1-C6 1.3911 N14-C30 1.4511
C3-N12 1.4054 C19-C22 1.3925
C4-C5 1.3918 C19-H23 1.0822
C4-H9 1.0836 C20-C24 1.394
C6-Brll 1.9195 C22-H26 1.0839
N12-C15 1.2726 C24-H27 1.084
N14-C15 1.3792 C30-H32 1.093

points to the significant bio-activity of the molecules. Be-
cause the biomedical system possess well interaction with
soft molecules compared to hard ones.*? The illustration of
LUMO and HOMO populations of 13b are depicted in
Figure 6, as (-ve &+ve) stages are introduced in red as well
as green, individually. The computed values all reactivity
parameters are enumerated in Table 6. The Ey value of
HOMO orbital is found to be -3.514 eV with electronic
distribution of m character appears over the bromophenyl
ring which predictable to involve in pi-pi stacking interac-
tion. In addition, the o electronic density covered the imi-
dazole ring and bromine moiety, while the other phenyl
ring has no electron density. In contrast, the LUMO orbital
revealed the main m electronic distribution over the entire
molecular system with E; = -1.060 eV. The DFT values of
AE,,, and softness are 2.453 eV and 0.815, respectively.
The lower AE,,, value, highest softness degree and main
dose of electronic intensity for LUMO compared to LU-
MO signifies the easiest of electronic transportation and
good reactivity of the molecule in comparison of similar
reported compounds.*>#4

3. 3. 3. Molecular Electrostatic Potential MEP

The diagram of 3D-MEP illustration at different ori-
entations of our potent molecule is shown in Figure 7. It
portrayed in colour system ranging from highest +ve po-
tential (dark blue) to highest —ve potential (deepest red).
The highest nucleophilic site (i.e., —ve site) seems round
the oxygen atom, so it exists an attractive object for the
electrophilic attack to shape acceptor hydrogen bonds. The
average —ve sites represented by orange colour and appear
over bromine Brll and nitrogen bridge atom N12 with
middling opportunity to construct H-bonds with electro-
philic sites. On the other hand, the maximum electrophilic
site (i.e., +ve site) appears over the nitrogen atom in imida-
zole ring N14, so it tends to build donor hydrogen bond
during the interaction with nucleophilic substrate-protein
interactions, (see docking part).

Besides, the carbon atom in imidazole ring C30 ex-
hibited average +ve site which may also act as hydrogen
donor in the interaction with nucleophilic sites. The light
green (zero potential) is broadly covering phenyl rings,
which tend to shape pi-bonding interactions as demon-
strated in docking study.

Table 4. Selected bond angles (°) of potent compound 13b computed at dft-b3lyp/6-311++g(d,p)

Atoms Angle (°) Atoms Angle (°) Atoms Angle (°) Atoms Angle (°)
C2-C1-C6 119.46 C6-C5-H10 120.36 N13-C17-C18 120.23 C24-C22-H26 120.22
C2-C1-H7 120.16 C1-C6-C5 120.75 N13-C17-C19 119.21 C20-C24-C22 119.81
C2-C3-C4 118.34 C15-N13-C28 111.52 C17-C19-C22 119.57 029-C28-C30 126.58
C2-C3-N12 122.24 C17-N13-C28 12391 C17-C19-H23 119.9 N14-C30-C28 102.71
C3-C4-H9 118.9 H16-N14-C30 122.49 C18-C20-H25 119.51 C28-C30-H31 109.08
C4-C5-C6 119.43 N12-C15-N14 130.23 C19-C22-C24 120.24 H31-C30-H32 108.59
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Table 5. Selected torsion angles (°) of potent compound 13b computed at dft-b3lyp/6-311++g(d,p)

Atoms Angle (°) Atoms Angle (°) Atoms Angle (°)
C6-C1-C2-C3 -0.05 C3-N12-C15-N14 -3.26 N13-C17- C19-C22 -179.01
C2-C1-C6-Brl1 -179.94 C15-N13-C17-Cl18 554 C17- C18- C20- H25 179.59
H7-C1-C6-C5 -178.99 C15-N13-C17-C19 -125.58 H21-C18-C20-C24 -179.59
H7-C1-C6-Brl1 0.5 C28- N13-C17-C18 -125.72 H21-C18-C20-H25 0.64
C2-C3-C4-C5 1.23 C17-N13-C28- C30 -179.65 C18-C20-C24-C22 0.22
N12-C3-C4-C5 176.95 H16-N14-C15-N13 160.69 H25-C20-C24-C22 179.99
C4-C3-N12-Cl15 121.24 C15-N14-C30-C28 -9.11 C19-C22-C24-H27 -179.72
H9-C4-C5-C6 178.88 H16-N14-C30-C28 -159.56 N13-C28-C30-N14 5.66
C4-C5-C6-Brl1 -179.68 N13-C17-C18-C20 179.53 029-C28-C30-N14 -174.5

Table 6. Values of homo-lumo, Se,,, and reactivity parameters of
potent compound 13b computed at dft-b3lyp/6-311++g(d,p)

Property Formula Value
LUMO energy E; (eV) -1.060
HOMO energy Eg(eV) -3.514
Energy gap AEgp = E ~Ey (eV) 2.453
hardness n=(EL-En)/2 (eV) 1.227
Softness {=1/n(ev?) 0.815
Chemical potential p=(EL+Ep)/2 (eV) -2.287
Electronegativity x=-u(eV) 2.287
Electrophilicity v =p*2n (eV) 2132

Figure 5. Optimized structure of the potent compound 13b DFT-

B3LYP/6-311++G(d,p).

€ LUMO=-1.060 eV 4. Conclusions

To summarize, our work involved design and syn-
thesis of two compound series featuring imidazoli-
dine-2,4-dione as well as thiazolidine-2,4-dione structural
elements. The synthesized compounds have demonstrated
notable cytotoxicity against the tested cancer (Caco-2) cell
lines. The two most potent compounds were compound
13b and compound 13c. The activity values of these com-
pounds against the Caco-2 cell line were 41.30 + 0.07 uM
and 109.2 + 0.027 pM, respectively. The compounds 13b
and 13c, which exhibited the highest activity, had selective
index values of 12.03 and 7.38, respectively. This indicates
HOMO=-3.514 eV that the compounds had a good therapeutic window and
significant anticancer selectivity. To validate its promise as
a clinically effective anticancer treatment, more mechanis-

T W74 0c-2

AEgap=2.453 e\

<"

Figure 6. HOMO-LUMO surfaces with AEy,of the potent 13b com-
puted at DFT-B3LYP/6-311++G(d,p) combination.

-5.740¢-2 D

T e
/‘a | -i. ® Ve |
P

Figure 7. MEP of the potent moleculel obtained by DFT-B3LYP/6-311++G(d.p) level
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Povzetek

Sintetizirali smo derivate tiazolidin-2,4-diona in imidazolidin-2,4-diona. Tiazolidin-2,4-dion 3 je bil pripravljen z up-
orabo kloroocetne kisline in tiouree, nato pa kondenziran s tereftalaldehidom za tvorbo 4-((2,4-dioksotiazolidin-5-il-
idensko)metil)benzaldehida 4. Ta spojina je reagirala z 2-ariloksiacetohidrazidi 8a in 8b in dala Schiffove baze 9a-b. Im-
idazolidin-2,4-dioni 13a-c so bili sintetizirani s ciklizacijo anilinov 10a-c, se¢nine 11 in kloroocetne kisline 12. Spojine
9a-b in 13a-c so bile ovrednotene glede protitumorske aktivnosti proti celi¢ni liniji Caco-2, pri ¢emer sta spojini 13b in
13¢ izkazali najmocnejs$o jakost (vrednosti ICs 41,30 £ 0,07 yM in 109,2 + 0,027 uM). Izvedeni so bili DFT-izracuni,
vklju¢no z analizo HOMO-LUMO, oceno energijske vrzeli in molekularnim dokovanjem, z namenim ovrednotenja in
optimizcije molekulskih lastnosti ciljnih spojin.

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

A copper complex containing mixed ligands [Cu(MCA)(Phen)-3H,0)] (HMCA = 3-hydroxy-2-methylquinoline-4-car-
boxylic acid, Phen = 1,10-phenanthroline) was prepared by the hydrothermal method. Structure was characterized by
single crystal X-ray diffraction. Solid state fluorescence photoluminescence measurement shows a strong emission peak
at 620 nm, which is attributed to the characteristic electronic transitions and molecular stacking effects within the ligand.
CIE color difference analysis indicates that the title complex exhibits red photoluminescence (chromaticity coordinates
0f 0.1256, 0.2418). In addition, solid-state UV-Vis diffuse reflectance experiments revealed that the titled complex has an

energy band gap of 1.578 eV.

Keywords: Copper, crystal structure, photoluminescence, band gap.

1. Introduction

Metal organic frameworks (MOFs), as a novel coor-
dination polymer, are formed through self-assembly of
multidentate organic ligands (such as aromatic polyacids
and polybasic bases) with transition metal ions. Their per-
formance regulation is influenced by multiple factors such
as the stability of the composite, ligand metal spacing, and
intrinsic properties of the metal.! Among ligands, organic
carboxylic acids stand out due to their strong coordination
ability, diverse coordination modes, and moderate balance
between rigidity and flexibility. The coordination between
the oxygen atom of carboxylic acid ligands and metal ions
not only stabilizes the metal center, but also forms hydro-
gen bonds through deprotonation, thereby enhancing the
structural integrity and stability of materials,? In addition,
the multidentate nature of carboxylic acid ligands enables
them to form chelating structures with multiple metal
ions, further enhancing the stability of the complex.® Ni-
trogen containing heterocyclic carboxylic acid ligands
(such as quinoline carboxylic acid) can coordinate with
metal ions through various ways such as monodentate, bi-

dentate, or bridging, forming coordination polymers with
different geometric configurations. For example, quinoline
carboxylic acids can form 1D, 2D, and 3D structures
through monodentate or bidentate coordination.*> The
rigid plane of the quinoline ring endows the complex with
excellent structural stability, and the introduction of nitro-
gen-containing heterocyclic carboxylic acid ligands can
significantly improve the thermal and mechanical stability
of the coordination polymer.%” The coordination between
transition metals (such as Cu?*, Fe**, etc.) and nitro-
gen-containing heterocyclic carboxylic acid ligands fur-
ther enhances the functionality of the material. The syner-
gistic effect of these metal ions with nitrogen atoms and
carboxylic acid groups can form stable multi-core supra-
molecular structures.3-10

Quinolinecarboxylic acid-based MOFs, due to their
high porosity and tunable chemical structure, can effi-
ciently adsorb pollutants in water, such as heavy metal ions
(such as mercury, lead, cadmium, etc.), and have high se-
lectivity and sensitivity. For example, certain MOFs can
efficiently capture heavy metal ions and exhibit excellent
selectivity through size exclusion, adsorption, and photo-
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catalytic mechanisms.!! In addition, fluorescence sensors
based on MOFs have shown significant advantages in de-
tecting heavy metal ions, such as sensitivity to mercury
ions reaching ppb levels.!? Quinolinecarboxylic acid-based
MOFs have shown transformative potential in cut-
ting-edge fields such as lithium battery energy storage, an-
ti-cancer drug carriers, and solar energy conversion, fully
demonstrating the core advantages of designability and
functional diversity of metal organic complexes.!*-!

Based on this, we are interested in the crystal engi-
neering of transition metal Cu?* compounds containing
3-hydroxy-2-methylquinoline-4-carboxylic acid (HMCA)
as ligand. '® We report the solvothermal synthesis, X-ray
crystal structure, photoluminescence and UV Vis diffuse
reflectance spectral properties of a novel structural copper
complex, and time-dependent density functional theory
(TDDFT) calculations.

2. Experiment

2. 1. Experimental Materials and Instruments

All reagents and consumables used in the experi-
ment are commercially available and can be used directly
without purification. Infrared spectroscopy was measured
using KBr tablets on a PE Spectrum One FT-IR instru-
ment. Solid state UV-visible diffuse reflectance spectros-
copy was performed using a computer-controlled TU1901
UV-visible spectrometer to measure diffuse reflectance.
Fine ground powder samples are coated on BaSO, to
achieve 100% reflectance. The photoluminescence perfor-
mance was measured on the F97XP photoluminescence
spectrometer.

2. 2. Synthesis of Title Complexes

Ligand HMCA (0.0304 g, 1.5 mmol), auxiliary ligand
Phen (0.0099 g, 0.5 mmol), and CuSO,-5H,0 (0.0125g,
0.5mmol) were added into a 25 mL stainless steel high-pres-
sure vessel lined with polytetrafluoroethylene. Then, 10 mL
of ethanol and 5 mL of water, and finally 0.15 mL of NaOH
aqueous solution (1 mol/L) were added. The high-pressure
reactor was heated to 120 °C in an oven and maintained for
four days, then slowly cooled down to room temperature to
obtain black block crystals, which are collected for single
crystal X-ray diffraction testing. IR (KBr, cm™): 3434(s),
2925(w), 1633(w), 1586(m), 1520(w), 1436(m), 1396(w),
1339(w), 1237(w), 1174(w), 1147(w), 1112(w), 876(w),
846(w), 815(w), 776(w), 747(w), 721(w), 618(w).

2. 3. Collection and Refinement of Crystal
Data for Title Complexes
A suitable single crystal (0.3 mm x 0.2 mm X 0.13

mm) was selected for measurement, and the structure of
the complex was determined by X-ray single crystal dif-

fractometer (SuperNova charge coupled device) at room
temperature of 293 K. The structure was analyzed using
the ShelXT plugin in Olex2 software, and the structure was
refined using the ShelXL plugin in Olex2 software.!¥-22 All
non-hydrogen atoms were refined anisotropically, while
hydrogen atoms were refined using riding model. The
crystallographic data of the title complex are presented in

Table 1.

Table 1. The main crystallographic data of the title complex

Empirical formula Cy3H,;CuN;0¢
Formula weight 498.97
Temperature/K 293

Crystal system triclinic
Space group P-1

alA 6.9583(5)
b/A 12.1607(8)
c/A 12.7196(9)
al® 77.027(6)

Br° 78.035(6)

y/° 88.947(6)
VIA3 1025.60(13)
Z 2

Pealc/g cm™ 1.616
wmm-! 1.114

F(000) 514.0
Reflections collected 8185
Independent reflections (R;y,) 3759 (0.0197)
Data/restraints/parameters 3759/4/311
GOOF on F? 1.036

Ry, wR, (I=20(D))
R,, wR; (all data)

0.0571, 0.1404
0.0711, 0.1519

APrma> Apmin / € A2 1.60/-0.38

3. Results and Discussion

3. 1. Crystal Structure

Single crystal X-ray diffraction measurements show
that the title complex belongs to the triclinic P-1 space
group with a Z value of 2. Its unconformity unit is mainly
composed of a neutral molecule composed of one Cu?*ion,
one MCA"™ ion, one Phen molecule, and three free water
molecules. Cu?* is four coordinated and the complex has a
square-planar structure. The coordination sphere is com-
posed of O1 and O2 of the HMCA and N2 and N3 of the
auxiliary ligand Phen, as shown in Figure 1. The bond dis-
tances of Cu-01, Cu-02, Cu-N2, and Cu-N3 are 1.863(3),
1.892(3), 1.991(3), and 2.004(3) A, respectively, as shown in
Table 2. The C-H-O hydrogen bonding interaction ena-
bles the construction of a three-dimensional supramolecu-
lar skeleton; intramolecular hydrogen bonding: C8-H8
03; C12-H12-+01; C23-H23-02, intermolecular hydro-
gen bonds: O4-H4A'-03; 04-H4B--0O5; O5-H5D-06;
O5-H5E02; O6-H6A-0O4; O6-H6B~N1; C20-H20-
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04; C21-H21--05), see Table 3 and Figure 2 for details. In
addition to a large number of hydrogen bonds, this struc-
ture also shows abundant -7t stacking interactions (Cgl-
Cg2; Cgl-Cg2; Cgl-Cg5; Cg2-Cg3; Cg3+Cg5), as
shown in Table 4 and Figure 3, forming a three-dimension-
al supramolecular structure, as shown in Figure 4.

Figure 3. The nt--mt interaction diagram of the title complex (pink
dotted line)

Figure 1. The molecular structure diagram of the title compound
with 50% thermal ellipsoids.

Figure 2. The hydrogen bonds diagram of the title compound (pink
dotted line)

Figure 4. Stacking diagram

Table 2. The main bond lengths (A) and bond angles (°) of the title

complex 3. 2. Hirshfeld Surface Analysis

Bond Distance [A] Bond Distance [A] Hirshfeld surface analysis is an important tool for
Cu-O1 1.869(3) Cu-N2 1.994(3) quantifying and visualizing weak intermolecular interac-
Cu-02 1.891(3) Cu-N3 2.004(3) tions in molecular crystals. By analyzing the size and shape
Angle Angle [°] Angle Angle [°] of Hirshfeld surface, it can reflect the interactions between
01-Cu-02 93.39(12) C3-01-Cu 126.7(3) different atoms and the contact of molecules in the crystal.
01-Cu-N2 92.12(13) Cl-02-Cu  128.8(3) This analytical method can systematically characterize the
O1-Cu-N3 17347(13)  C12-N2-Cu  127.4(3) weak interactions between molecules, reveal which parts
02-Cu-N2 173.44(12) Cl6-N2-Cu  112.5(3) of the molecules contribute mainly to the interactions, and
02-Cu-N3 92.65(13) Cl7-N3-Cu  111.9(3) the proportion of these interactions in the entire molecu-
N2-Cu-N3 81.81(13) C23-N3-Cu  130.0(3)

lar crystal.?*-2° The weak intermolecular interactions were
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Table 4. -7 stacking interactions of the title complex

Cg---Cg Symmetry Centroid-centroid Slippage Dihedral
codes distance (&) distance (A) angle (A)
Cgl--Cg2 % 1-y1-z 3.712 1.725 5.506
Cgl--Cg2 1-x1-y1-z 3.641 0.994 5.506
Cgl--Cg5 % 1-y1-z 3.568 1.056 2.131
Cg2--Cg3 1-x1-y1-z 3.800 1.485 5.989
Cg3--Cg5 % 1-y1-z 3.842 1.762 2.626
Table 3. The main hydrogen bond lengths (A) and bond angles (°) of the title complex
D-H---A Symmetry codes D-A (A) H--A (A) D---A (A) D-H---A(°)
04-H4A--03 1+x9,z 0.85 1.99 2.789(6) 157
04-H4B---O5 1+x 9,z 0.85 2.23 2.997(6) 151
05-H5D--06 1+x 9,z 0.86(5) 1.96(5) 2.819(6) 176(8)
O5-H5E--02 1+x, 9,z 0.86(4) 2.26(5) 3.057(5) 153(5)
C6-H6A--0O4 1+x, 9,z 0.85 2.38 2.882(7) 118
06-H6B--N1 %-1+yz 0.85 2.14 2.976(6) 169
C8-H8--03 %02 1.08 2.08 2.782(6) 120
Cl12-H12--01 %02 1.08 2.46 2.984(5) 109
C20-H20---O4 -l+xy,1+z 1.08 2.49 3.543(7) 163
C21-H21---0O5 %=y 1-z 1.08 2.58 3.330(6) 126
C23-H23--02 %02 1.08 2.57 3.075(6) 107

systematically characterized using the Crystal Explorer 3.1
program. The results showed that the d, ., shape index
and curvature range of the complex were -0.5727~1.3606,
-0.9872~0.9963, and -3.7005~0.3254, respectively, as
shown in Figure 5.

The two-dimensional fingerprint image supplements
the Hirshfeld surface and quantitatively summarizes the
properties and types of intermolecular contacts experi-
enced by molecules in the crystal.?® The five main modes
of action are HH, C-C, C-H, O-H, and N'-C, as shown
in Figure 6. Among them, the H~'H interaction shows a
symmetrical distribution in the central region of the fin-
gerprint spectrum, with a contribution rate of 46.3%, be-
coming the dominant mode of intermolecular interaction.
Next are CC, CH, O-H, and N-~C, with contribution
rates of 13.5%, 7.5%, 5.9%, and 2.8%, respectively. C-~H
and O-H are common intramolecular hydrogen bonds,

Drorm

Figure 5. The Hirshfeld surface picture of the title complex

distributed in a single wing shape in the two-dimensional
fingerprint region.

3. 3. Solid-state Photoluminescence

At room temperature, photoluminescence measure-
ments were conducted on the solid powder sample of the
title complex, and the results are shown in Figure 7. From
Figure 7, it can be clearly seen that the photoluminescence
spectrum of the title complex exhibits effective energy ab-
sorption in the wavelength range of 525-675 nm. When
excited at a wavelength of 397 nm, its emission spectrum
shows a sharp band at 620 nm in the blue region. From
this, it can be inferred that the title complex is a typical
blue luminescent material. The emission band is located in
the blue region, with CIE1931 chromaticity coordinates of
(0.1256, 0.2418), as shown in Figure 8.

Curvedness
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Figure 6. 2D fingerprint of the title complex (global 2D fingerprint and fingerprint of different molecular connections)

0.9

8000

397

620 (B ik

7000
6000
5000

4000 4

2000 4

1000 H

|

|

1

I

|

!

3000 1
1 I
|

|

|

I

|

i

0

T T T T T
300 350 400 450 500 550 600 650 700 750

Figure 7. Solid state photoluminescence spectra of the title complex

3. 4. Solid State Diffuse Reflectance
Spectroscopy (DRS)

00 01 02 03 04,05 06 07 08
In order to gain a deeper understanding of the con-

.. . . . T Figure 8. CIE chromaticity diagram and chromaticity coordinates
ductivity of composites, solid-state UV Vis diffuse reflec- 8 7 clag v '

of the emission spectrum of the title complex
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Figure 9. The UV-Vis spectra and the solid-state UV-Vis diffuse reflectance spectrum of the complex

tance technology has gradually become an important re-
search tool. Under ultraviolet excitation, electrons in the
complex absorb energy, transition from the ground state to
the excited state, and exhibit absorption phenomena in the
ultraviolet region. Through this process, relevant informa-
tion about the conductivity of the material can be obtained.?”
Solid state samples of the title complex were measured by
UV Vis DRS at room temperature using Ba,SO, as the 100%
reflective surface. The data processing is mainly based on
the formulas proposed by Tauc, Davis, and Mott, commonly
referred to as Tauc graphs.?® The formula is (ahv)'/* = C(hv
- Eg), where a represents the absorbance index, h is Planck's
constant, v is frequency, C is constant, and E, represents the
semiconductor band gap width.?*° The measurement re-
sults show that the title complex belongs to a narrow band
gap semiconductor with an energy band gap of 1.578 eV, as
shown in Figure 9.

3. 5. Theoretical Calculation
The HOMO and LUMO of the title complex (HO-

MO: highest occupied molecular orbital; LUMO: lowest
unoccupied molecular orbital) are shown in Figure 10.
HOMO is the highest energy level orbital occupied by
electrons in a molecule, with strong electron donating
ability, mainly related to the m bond structure of the li-
gand, and the electron density is highly concentrated on
the r orbital of the ligand,*! The energy is -0.189668 a.u.
In contrast, LUMO, as an electron acceptor, has lower en-
ergy and stronger electron acceptance ability, which is
related to the m orbital of the ligand, and the electron
density is concentrated on the aromatic ring or other n
orbitals of the ligand. The energy is -0.123450 a.u. The
energy difference between LUMO and HOMO is
0.066218 a.u., which is sufficient to allow charge transfer
from HOMO to LUMO. Based on this observation, it is
proposed that the photoluminescence of the title com-
plex can be attributed to the charge transfer between lig-
ands (LLCT: from the HOMO of the ligand HMCA =
orbital to the LUMO of the ligand Phen m orbital). The
calculation result is consistent with the experimental ob-
servation result.

HOMO

Figure 10. HOMO (left) and LUMO (right) of the complex
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4. Conclusion

In summary, a novel Cu(II) mononuclear complex
with excellent luminescent properties was successfully
prepared by hydrothermal method, and its crystal struc-
ture was determined by single crystal X-ray diffraction.
The structure is mainly constructed by hydrogen bonding
and 17 interactions to form a three-dimensional supra-
molecular complex. The solid-state photoluminescence
measurement results show that the complex exhibits a blue
emission band at 620 nm, with CIE chromaticity coordi-
nates of (0.1256, 0.2418). Solid state DRS measurements
indicate that the complex is a high-performance semicon-
ductor material with a band gap E, of 1.578 eV.

Supplementary Materials and Data Availability

Crystallographic data have been deposited with the
Cambridge Crystallographic Data Center, CCDC 2468160.
Copies of the data can be obtained free of charge from the
Director, CCDC, 12 Union Road, Cambridge, CBZ, 1 EZ,
UK; email: deposit@ccdc.cam.ac.uk or http://www.ccdc.
cam.ac.uk.
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Povzetek

Bakrov kompleks [Cu(MCA)(Phen)-3H,0)] (HMCA = 3-hidroksi-2-metilkinolin-4-karboksilna kislina, Phen =
1,10-fenantrolin) smo pripravili s hidrotermalno metodo. Struktura je bila dolo¢ena z monokristalno rentgensko di-
frakcijo. Meritve fluorescen¢ne fotoluminiscence v trdnem stanju kazejo moc¢an emisijski vrh pri 620 nm, ki se pripisuje
znadilnim elektronskim prehodom in molekularnim u¢inkom zlaganja znotraj liganda. Analiza barvne razlike CIE kaze,
da kompleks izkazuje rde¢o fotoluminiscenco (kromati¢ne koordinate 0,1256, 0,2418). Poleg tega so eksperimenti UV-
Vis difuzne reflektance v trdnem stanju pokazali, da ima kompleks energijsko vrzel 1,578 eV.
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Abstract

The drug discovery process, traditionally a lengthy and costly endeavor, is being revolutionized by integrating innovative
approaches. This review delves into how modern techniques accelerate drug discovery and development, significant-
ly reducing costs. We focus on the robust synergy of bioinformatics, artificial intelligence (AI), and high-throughput
screening (HTS). Bioinformatics aids in the identification and validation of drug targets by analyzing vast genomic
and proteomic datasets. Al enhances lead compound identification and optimization through predictive modeling and
machine learning (ML) algorithms, slashing the time required for these stages. HTS facilitates the rapid screening of
vast compound libraries to pinpoint potential drug candidates. Al-based approaches, such as HTS and predictive mod-
eling, enhance early-stage decision-making, minimize trial-and-error experimentation, and contribute to cost-efficiency
across the pipeline. Moreover, advancements in computational chemistry and molecular dynamics simulations provide
deeper insights into drug-target interactions, further accelerating the design of effective and selective drugs. In drug dis-
covery, drug candidates are tested in laboratory and live animal settings to assess their effectiveness, pharmacokinetics,
and safety. By integrating these preclinical methods, the efficiency and success of drug discovery can be significantly
improved, leading to more effective and safer drugs. This review underscores the important role of these technologies in
contemporary drug development and explores their promising implications for future research and clinical applications.

Keywords: Artificial Intelligence (AI), Drug Development Pipeline, Drug Discovery, Bioinformatics, AI-Driven Drug

Discovery

1. Introduction

Drug development is a complex process encompass-
ing several stages, each essential for ensuring the efficacy
and safety of new therapeutics. These phases, from dis-
ease-related genomic analysis to clinical testing, are the
backbone of the pharmaceutical industry, driving innova-
tion and improving patient outcomes.! The drug develop-
ment process is generally categorized into two primary
stages: discovery and development, which are crucial for
advancing medicine.? Artificial intelligence (AI) has trans-
formed the early phases of drug development, from dis-
ease understanding to compound optimization. Drug dis-

covery refers to the early stages of identifying potential
drug targets and compounds, whereas drug development
includes preclinical and clinical testing phases aimed at
bringing a drug to market. This manuscript adopts this
distinction consistently throughout. Figure 1 illustrates
the integration of Al across key stages of drug develop-
ment, from disease characterization and target identifica-
tion to lead compound optimization, preclinical evalua-
tion, and clinical trials.

Drug screening and target identification are not sim-
ple tasks but pivotal aspects of drug development. They are
aimed at resolving challenges such as insufficient efficacy
and substantial adverse effects, which are common hurdles
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Fig 1. Ilustration of the AI-driven drug development pipeline from disease identification to final product. The schematic outlines key stages, includ-
ing target selection via analysis of complex big data (Step 2), lead compound identification (Step 3), compound optimization (Step 4), preclinical
candidate selection (Step 5), and progression through clinical development phases (Step 6), culminating in an approved therapeutic product (Step
7). This framework highlights how artificial intelligence streamlines the entire pipeline by enhancing data interpretation and decision-making at

each stage.

in the process.’ The drug discovery and development pro-
cess has become increasingly lengthy and costly over the
past decades*, with current estimates suggesting an aver-
age duration of 10-15 years and capitalized R&D costs
ranging from $1 to $4.5 billion per approved drug.>® The
final stage in the drug development process is not a mere
formality but a critical step in product marketing.” To re-
duce the likelihood of failure during drug development,
new methodologies have been developed to evaluate ab-
sorption, distribution, metabolism, excretion, and toxicity
(ADMET) profiles at early stages of the pipeline.® Early
ADMET profiling helps identify pharmacokinetic and tox-
icity issues before clinical testing, thereby improving deci-
sion-making and reducing the risk of costly late-stage fail-
ures.>10

Despite the increasing urgency in minimizing drug
resistance, the drug development pipeline incurs signifi-
cant time and budget costs, with a high failure rate for
most drug candidates during the clinical stages.!! In this
regard, drug design and development aspire to acquire a
drug that effectively modulates the drug targets while
maintaining an optimal balance of physicochemical
properties and minimal toxicity.!? Clinically approved
medications, which have completed multiple phases of
the drug development process, generally contain exten-
sive information regarding dosage, interactions with oth-
er drugs, safety, adverse effects, potential harm, drug

movement within the body, and the effects of the drug on
the body’s functions. The drug discovery and develop-
ment process has become lengthier and costlier over
time, necessitating strategies to reduce attrition rates
during drug discovery and development.' In this con-
cept, efficient computational methods for the identifica-
tion of drug targets can help mitigate the high costs asso-
ciated with experiments, making them crucial for
successful drug development.'4

The swift advancement of computer technologies has
led to a notable increase in the screening of compounds
using high-throughput methods, the application of combi-
natorial chemistry, and the ability to synthesize com-
pounds. Additionally, there is an increasing need for AD-
MET data on lead compounds, and the methods for
assessing ADMET in vitro are steadily expanding. Numer-
ous effective in silico methods have been utilized for the in
vitro prediction of ADMET, and in silico models have been
devised to substitute in vivo models for forecasting phar-
macokinetics, toxicity, and other parameters.!>1°

Likewise, ADMET, various techniques such as QSAR
(Quantitative Structure-Activity Relationship), which
models the relationship between a compound’s chemical
structure and its biological activity using statistical or ma-
chine machine learning (ML), pharmacophore modeling,
which identifies the essential chemical features required
for a molecule to interact with a specific biological target,
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molecular docking, and molecular dynamics simulations
have proven effective at different stages of drug develop-
ment, resulting in significant cost and time savings com-
pared to traditional methods.!” Collaborations and merg-
ers in pharmaceutical research are strategic moves that
enhance research and development initiatives. Further-
more, they have been observed to enhance the availability
of pharmaceutical products in the market, particularly
when these partnerships are forged at the outset of the
drug development process.'®

Integrating innovative approaches is a well-estab-
lished strategy to enhance the efficiency of drug discov-
ery. The success of utilizing organic synthesis methods
compatible with biomacromolecules, machine-assisted
synthesis planning, and artificial intelligence (AI) in ex-
pediting drug discovery is a testament to their effective-
ness.

Computer-aided drug design (CADD) techniques
have been instrumental in expediting drug discovery, re-
ducing costs, minimizing failures, and laying a solid foun-
dation for future endeavors. Moreover, advancements in
computational methodologies, such as generative chemis-
try and deep learning models, are promising and showing
tangible results in hastening drug discovery. Strategies
like repurposing existing therapeutics, leveraging tradi-
tional medicines, and employing large-scale data analyt-
ics and AI can enrich and revolutionize contemporary

drug development. These multidimensional approaches,
encompassing target identification, structure-based virtu-
al screening, and in vitro assays, have proven to be the
drivers of drug discovery, leading to more effective and
successful outcomes. Figure 2 presents a conceptual
framework of drug design, depicting the interplay among
computational and experimental strategies, such as
CADD, bioassays, and AI/ML, in identifying and refining
drug candidates.

2. Identification of Drug Target:

How to Get from DNA to Drug?

The journey from DNA to drugs in the drug discov-
ery process is a complex and multi-stage process that be-
gins with genomic information and culminates in the de-
velopment of effective therapeutic molecules. The initial
and crucial step in this process is identifying the correct
target. In drug discovery, a ‘target’ refers to a specific bio-
molecule, often a protein, that is involved in a disease and
can be modified by a drug to treat the disease. The design
of drugs to target these specific molecules can lead to bet-
ter therapeutic outcomes by directly influencing the func-
tion of the target. This approach can be more effective and
less harmful to other cells or organ systems, potentially
increasing the success rate in clinical trials.!>-20
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Fig 2. Conceptual map illustrating the interconnected components of modern drug design. The diagram illustrates the integration of artificial intel-
ligence (AI), machine learning (ML), and computer-aided drug design (CADD) tools, including structure-based and ligand-based design, molecular
dynamics, and ADMET prediction, to generate drug candidates. Additional elements, such as pharmacophore modeling, QSAR analysis, and bio-
assay validation, are also shown to be essential parts of the iterative drug discovery process.
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In drug discovery, the pivotal role of data mining
through bioinformatics approaches using sources such as
genomic methods like Genome-Wide Association Studies
(GWAS) and gene expression profiling, proteomic analy-
ses, transgenic phenotyping, and compound profiling data
is of paramount importance. This process is integral to the
target identification process, providing crucial information
for further analysis. Conducting mutation and polymor-
phism analysis to examine disease-associated mutations
and genetic changes, as well as functional genomic analysis
to investigate the function of specific genes and their im-
pact on the disease, is a targeted approach in this process.?!

With the striking progress in computer systems, in-
tegrating AI/ML in genomics has become increasingly es-
sential. This is primarily due to the vast amount of data
generated by advanced technologies in biomedicine. In
clinical genomics, deep learning algorithms process large
and complex genomic datasets, enabling more efficient
analysis and interpretation of genetic information.?? Al/
ML algorithms, such as convolutional neural networks
(CNNs), have been widely employed to interpret complex
genomic data. Tools like DeepVariant utilize deep learning
to accurately call genetic variants,®* while AlphaFold lev-
erages Al to predict protein 3D structures with unprece-
dented accuracy,* significantly aiding in structure-based
target identification and validation. The systematic analy-
sis of genomic data using AI/ML technologies has led to
measurable advancements in precision medicine, particu-
larly in chronic airway diseases such as asthma and
COPD.? For instance, convolutional neural networks and
ensemble models have been successfully applied to predict
asthma exacerbations from electronic health records with
high accuracy (AUC = 0.85),% while Al-driven biomarker
discovery has facilitated the stratification of asthma endo-
types to support individualized treatment strategies.?’

The application of Al in genomics is still in its nascent
stages, but its potential impact is already significant. With
the rapid growth of biomedical data facilitated by advanced
experimental technologies, AI/ML have emerged as indis-
pensable tools for drawing meaningful insights and im-
proving decision-making processes in various areas, in-
cluding drug discovery.? In the context of cancer genomics,
the development of Al-based platforms capable of integrat-
ed analyses of large-scale multiomics data is pivotal for en-
hancing the diagnosis and therapy of cancer patients.?’
Furthermore, the use of AI/ML in cancer genomics is seen
as a key component in integrating genomic analysis for pre-
cision cancer care, underscoring the importance of these
technologies in advancing personalized medicine.*® Yet,
using AI/ML in genomics is not without challenges. Before
AI/ML applications can be widely adopted in clinical care,
rigorous studies are needed to test the safety and effective-
ness of these technologies in real-world settings.>! Efforts
must be made to overcome these challenges, harness the
potential benefits of AI/ML in genomics, and firmly ensure
their successful integration into clinical practice.

The application of AI-powered spatial analysis in mi-
croenvironments, particularly in the context of cancer
drug identification, represents a paradigm shift in re-
search. This innovative study area significantly uses ML
and AI techniques to enhance drug discovery processes.
The tumor microenvironment (TME) is a complex ecosys-
tem comprising various cell types, signaling molecules,
and extracellular matrix components that interact dynam-
ically to influence tumor growth, progression, and re-
sponse to therapy.*?> Understanding the intricate interac-
tions within the TME is crucial for developing effective
cancer treatments. Recent technological advancements,
such as AI-supported spatial analysis and multiplex assays,
have significantly enhanced our ability to dissect the tu-
mor microenvironment (TME) with high precision and
resolution.*® By integrating deep learning techniques with
spatial omics data modeling methods like SOTIP*, re-
searchers can gain insights into spatial heterogeneity and
differential microenvironments within tumors. This ap-
proach provides a comprehensive understanding of the
tumor microenvironment, identifying potential drug tar-
gets and responses to treatment.*®

The advent of multiplexed methodologies has
opened doors for the simultaneous examination of differ-
ent components of the TME, providing insights into the
biological cross-talk occurring at the tumor-host inter-
face.’® By harnessing digital analysis tools, researchers can
scrutinize paraffin tumor tissues at subcellular and cell
population levels, illuminating the complex interactions
within the TME.* These approaches enable identifying bi-
omarker-positive cells and their spatial colocalization
within tumor regions, offering valuable information for
predicting treatment outcomes.’” Furthermore, Al-pow-
ered spatial analysis tools, such as Lunit SCOPE IO, have
been developed to automate the segmentation and quanti-
fication of histologic components in hematoxylin and eo-
sin-stained whole-slide images (WSI).3* These tools en-
hance the characterization of tumor-infiltrating
lymphocytes (TILs) and serve as complementary biomark-
ers for immune checkpoint inhibition in non-small-cell
lung cancer.>*Additionally, ML and Al-driven spatial anal-
ysis techniques applied to pathology slides have facilitated
a deeper understanding of the tumor immune microenvi-
ronment.*

This collaborative effort underscores the importance
of our collective work in characterizing the molecular, cel-
lular, and spatial properties of tumor microenvironments
across different cancer types.’® By combining image analy-
sis algorithms with multiplex staining, researchers can
conduct in-depth quantitative and spatial analyses of the
broader TME, enhancing our comprehension of tu-
mor-immune interactions.*” These advancements under-
score the potential of automated methodologies in charac-
terizing tumor microenvironments’ molecular, cellular,
and spatial properties across different cancer types, ulti-
mately leading to improved patient outcomes.*! These in-
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Table 1: Pharmaceutical companies that are using Al-supported spatial analysis in their drug development processes

Pharmaceutical Al Provider/ Application Description
Company Tool
AstraZeneca DeepMind Drug discovery, Utilizing Al for spatial analysis of tissue samples to understand
tissue analysis disease mechanisms and identify new drug targets.
Pfizer IBM Watson Oncology research Applying Al-supported spatial analysis to study tumor
microenvironments and improve cancer treatment strategies.
Novartis PathAI Pathology, diagnostic Using Al to analyze spatial patterns in tissue samples for better
advancements diagnostics and treatment planning.
Sanofi Insilico Medicine Biomarker discovery Leveraging spatial analysis to identify biomarkers and
understand disease progression.
Roche Genentech Personalized medicine ~ Implementing Al for spatial analysis to tailor treatments based
on individual tissue profiles.
Merck NVIDIA Immunotherapy research Using spatial analysis to study immune cell interactions within
tissues to enhance immunotherapy approaches.
Johnson & Johnson = Atomwise Drug target identification Applying Al-supported spatial analysis to identify and validate
new drug targets.
GlaxoSmithKline BenevolentAI ~ Drug discovery Utilizing spatial analysis to understand disease mechanisms at
the cellular level and identify potential drug candidates.
Eli Lilly Flatiron Health  Clinical trials Using spatial analysis in clinical trial data to improve patient

Bristol-Myers Squibb GNS Healthcare Drug development

stratification and treatment efficacy.
Implementing AI-supported spatial analysis to enhance
understanding of tissue responses to treatments.

novative approaches highlight the importance of advanced
imaging and analysis techniques in unraveling the com-
plexities of the TME. In parallel with these developments,
some pharmaceutical companies (see Table 1) use Al-sup-
ported spatial techniques.

Several pharmaceutical companies listed in Table 1
are actively applying Al-supported spatial analysis to ad-
dress complex biomedical questions. For instance, Astra-
Zeneca collaborates with DeepMind to analyze tissue sam-
ples for elucidating disease mechanisms and identifying
targets. Pfizer uses IBM Watson’s Al to study tumor mi-
croenvironments in oncology research. Novartis, through
PathAl, advances diagnostic accuracy by identifying spa-
tial patterns in tissue. Companies like Roche (via Genen-
tech) and Sanofi (via Insilico Medicine) apply spatial tools
for personalized medicine and biomarker discovery, re-
spectively. These applications demonstrate how Al is ena-
bling a precise, spatially resolved understanding of tissue
pathology, thereby enhancing decision-making in both the
early discovery and clinical phases.

2. 1. Computer Aided Drug Discovery
(CADD)

CADD is a crucial approach that utilizes computer
models, data analyses, and artificial intelligence (AI) tech-
niques to improve the efficiency and effectiveness of drug
development processes. The integration of ML algorithms,
deep learning technologies, and Al-driven solutions has
transformed various stages of drug discovery and develop-
ment.*>* These technologies are essential for tasks such as
structure- and ligand-based virtual screening, de novo

drug design, physicochemical property prediction, and
drug repurposing.*> Pharmaceutical companies and re-
search groups increasingly rely on computer-aided drug
discovery techniques.**

CADD is recognised as a cutting-edge strategy with
numerous advantages, including cost and time savings,
high efficiency and success rates, better alignment and se-
lectivity to the target, rational drug design, ADMET pre-
diction, environmentally friendly approaches and ethical
benefits, such as reduced reliance on animal testing. Struc-
ture-based drug discovery (SBDD) and ligand-based drug
discovery (LBDD) are the two primary methods used in
CADD.»

2. 1. 1. Structure-based Drug Design (SBDD)

SBDD, a method that comes into play when the
three-dimensional structure of the target molecule is
known or can be predicted, is a testament to precision in
drug design and optimization. It strives to create and en-
hance drug candidates that will bind specifically to the tar-
get, thereby exhibiting biological activity. This is achieved
by leveraging the structural information of the target pro-
tein or nucleic acid.*®

SBDD is the method of choice when the crystal
structure of the target protein has been resolved, a feat ac-
complished through techniques like X-ray crystallography
or Cryo-EM (electron microscopy). These methods pro-
vide high-resolution structural data, offering a clear view
of the binding sites of ligands and the active regions of the
target. Similarly, it is employed when the three-dimen-
sional structure of the target protein in solution is deter-
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mined using NMR spectroscopy, a particularly valuable
tool for small proteins and protein complexes. If the struc-
ture of the target protein is unknown, homology modeling
steps in, creating a predicted structure based on a known
structure. This process involves using the structure of a
closely related protein as a reference.*’ In this regard, re-
searchers access approximately 1 million Computed Struc-
ture Models (CSMs) from AlphaFoldDB and RoseTTA-
Fold (from the Model Archive) and ~200,000 empirically
determined PDB structures at https://www.rcsb.org/.

Docking and virtual screening:

Finding and improving therapeutic compounds re-
quires understanding the binding mechanism between
proteins and small molecules.®® Molecular docking is a
widely used SBDD method. Molecular docking estimates
the optimal position, orientation, and conformation of a
drug candidate (small molecule) when binding to a pro-
tein. Most docking systems currently in use achieve suc-
cess rates between 70% and 80% in terms of accurately re-
producing known ligand binding poses, typically within a
root mean square deviation (RMSD) of 1.5 to 2 A when
compared to crystallographic reference structures.®’ A vir-
tual screening computational technique evaluates a vast
library of compounds to determine if they can bind to spe-
cific locations on target molecules, such as proteins and,
well-compounds examined.™ It focuses on rapidly search-
ing enormous chemical structure libraries using comput-
ers to find those structures most likely to bind to a thera-
peutic target, usually an enzyme or protein receptor.

Structure-based virtual screening (SBVS): SBVS is
a computer-aided drug discovery method that uses the
three-dimensional structure of a target molecule (usually a
protein) to identify potential drug candidates.’! SBVS
screens an extensive library of chemical compounds, pre-
dicting how these compounds might bind to the target
molecule and identifying the most promising candidates.*?
Docking techniques are frequently employed in SBVS on
extensive chemical libraries due to their rapidity in scan-
ning millions of molecules with a simplified scoring func-
tion. Scoring functions are utilized by docking tools like
DOCK, AutoDock, Glide, FRED, GOLD, and Surflex-Dock
to assess protein-ligand binding.*®

Ligand-based virtual screening (LBVS): LBVS is a
computer-aided drug discovery method that uses the
properties of known active ligands to predict the binding
potential of chemical compounds to specific biological tar-
gets. LBVS uses the molecular similarity concept to ana-
lyze the structural details and physicochemical character-
istics of the chemical scaffold of known active and inactive
compounds. Accordingly, similarity measurements utiliz-
ing appropriate chemical descriptors are used to investi-
gate the links between compounds in a particular library
and one or more known actives.”! These measurements

can be carried out using 3D descriptors related to molecu-
lar fields, shape, and volume as well as pharmacophores, as
well as 1D and 2D descriptors that often include informa-
tion on the chemical nature of compounds and their topo-
logical properties. The following circumstances make LB-
VS a better choice: (a) when little is known about the
molecular target’s structure. Additionally, it is used to en-
hance the database for SBVS experiments; (b) LBVS meth-
ods are generally superior to SBVS methods for targets
with a large amount of available experimental data or
where the drug-binding site is not well defined; (c) using
both approaches simultaneously can improve the accuracy
of the VS by removing some false-positive compounds that
the SBVS technique identified as promising, increasing the
likelihood of obtaining positive results.>> When informa-
tion on the structure of ligand-target complexes and simi-
larity relationships to active compounds are available,
combining the methods of SBVS and LBVS may be a viable
approach that can result in a comprehensive framework
that can improve the success of drug discovery efforts.>!

Despite their widespread use, both SBVS and LBVS
come with notable limitations. SBVS often suffers from
high false-positive rates due to inaccuracies in scoring
functions, may fail to rank active compounds over decoys
reliably. Additionally, the quality and resolution of protein
structures especially for flexible or disordered regions can
significantly affect docking results. LBVS, on the other
hand, is inherently limited by its dependence on the avail-
ability of well-characterized ligands with known activity.
This restricts its application to targets with rich ligand da-
tabases, making it unsuitable for novel or poorly studied
targets. Both approaches also entail substantial computa-
tional costs, especially in large-scale screenings, and are
sensitive to the quality of input data, which can impact the
robustness of the outcomes.

2. 1. 2. Ligand-based Drug Design (LBDD)

To anticipate the properties of a novel compound,
LBDD examines current activities using techniques such
as pharmacophore modeling, QSAR models, and 3D shape
matching.*

Pharmacophore modeling: An abstract representa-
tion of the structural characteristics needed by a biological
macromolecule to identify a ligand is called a pharma-
cophore. To develop a pharmacophore model, an initial set
of compounds is chosen with a variety of structural fea-
tures. Compatibility analysis is performed to make a list of
low-energy conformations for each chosen molecule, in-
cluding the likely bioactive conformation. The low-energy
conformations of molecules in every possible combination
are stacked. Functional groups (such as carboxylic acid
groups or phenyl rings) that are common to all the com-
pounds in the collection can be added. It is thought that
the collection of conformations that yields the best fit is
the active conformation. Molecules are stacked and repre-
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Fig 3. Schematic representation of ADMET evaluation in the drug development pipeline. The diagram outlines how absorption, distribution, me-
tabolism, excretion, and toxicity assessments are used to screen lead compounds before selecting viable drug candidates. These properties collective-
ly determine the pharmacokinetic and safety profile of a compound, significantly influencing its success in preclinical and clinical stages.

sented abstractly. The pharmacological effects of a collec-
tion of substances that bind to the same biological target
are evaluated.”

Quantitative  structure-activity  relationships
(QSAR): One of the traditional uses of ML techniques in
drug discovery is QSAR.> Building prediction models of
biological activities based on the structural and molecular
details of a compound library is known as quantitative
structure-activity relationship, or QSAR, modeling. The
idea of quantitative structure-property relationship, or
QSAR, was first applied in drug discovery and develop-
ment. Since then, it has found widespread use in the corre-
lation of molecular data with various physicochemical
properties as well as biological activities.’® In QSAR, the
selection of molecular descriptors and the evaluation of
molecular similarity are crucial. It is important to note
that, regardless of the field of study, comparing object rep-
resentations, similarity metrics, and the interactions be-
tween related attributes and relationships among objects
are generally relevant for data modeling.>> Important
pharmacological characteristics, like ADMET, have been
thoroughly modeled using QSAR techniques. To develop
novel and safe medications, it is imperative to minimize
toxicity and optimize pharmacokinetics; inaccurate as-
sessment of these factors may cause unfavorable side ef-
fects and impair in vivo efficacy, which could ultimately
lead to a drug candidate’s failure.>

Moreover, Al-driven virtual screening, particularly
through deep learning and ultra-large compound library
docking, has significantly accelerated early-stage drug dis-
covery. These approaches reduce the number of false posi-
tives and eliminate resource-intensive failures during hit-

to-lead stages.”>” For instance, deep docking strategies
can rapidly screen over a billion compounds, drastically
decreasing both time and experimental cost compared to
traditional in vitro methods. A landmark example is the
discovery of Halicin, a novel broad-spectrum antibiotic,
identified using a deep learning model trained on molecu-
lar structures an achievement that conventional screening
pipelines had missed.”® This case illustrates the practical
application of Al in streamlining discovery pipelines and
alleviating the economic burden of early-stage drug devel-
opment.

2.1.3. ADMET Prediction

Drugs that are both safe and effective have precisely
calibrated pharmacokinetics and pharmacodynamics,
which include sufficient absorption, distribution, metabo-
lism, excretion, and acceptable toxicity (ADMET), as well
as high potency, affinity, and selectivity against the molec-
ular target.>® It was observed that the inadequacies in AD-
MET characteristics cause a lot of clinical trials to fail. Al-
though it is ideal to profile ADMET early in the drug
discovery process, there is a lack of data and a high ex-
pense associated with experimentally evaluating ADMET
characteristics. Additionally, computational analyses of
ADMET during the clinical trial phase can be a useful de-
sign approach that enables researchers to focus more on
the most promising drugs.®® Today, there is a large range of
tools available for ADMET prediction, including AD-
METlab®, QikProp®?, MetaTox, SwissADME, pKCMS®?,
DataWarrior®, MetaSite and StarDrop®® to mention a few.
By easily excluding inappropriate compounds, ADMET
prediction tools can cut down on the amount of costly late-
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stage failures and synthesis-evaluation cycles.”® Figure 3
exhibits the ADMET evaluation process, highlighting how
absorption, distribution, metabolism, excretion, and tox-
icity profiling are employed to refine lead compounds into
viable drug candidates.

Furthermore, Al-powered predictive toxicology and
ADMET modeling enable early elimination of compounds
with poor safety profiles, thus lowering attrition rates in
later phases and saving substantial R&D resources. Ma-
chine learning techniques have been shown to outperform
conventional rule-based methods in predicting toxic ef-
fects.%® In addition, Kelleci Celik and Karaduman®” em-
ployed a one-vs-all QSTR (OvA-QSTR) approach to accu-
rately predict drug-induced hepatotoxicity using structur-

Table 2A: Al Applications in Drug Discovery Phase

al and molecular descriptors, reinforcing the utility of Al
in early-stage toxicological assessments.

2. 1. 4. Incorporated Artificial Intelligence and
Molecular Dynamics (AI-MD)

AT and MD methods have demonstrated significant
potential in various scientific fields, particularly drug de-
sign, chemistry, and materials science. The integration of
AT with MD simulations not only enables the development
of innovative computational workflows but also under-
scores the significance of combining AI with mechanistic
insights from MD, a crucial aspect of this integration.
Elend et al.®® present a computational drug design work-

Application Description Al Techniques Used Tools

Target Identification Identifying biological targets linked to diseases =~ ML, NLP IBM Watson,
DeepMind

Lead Compound Identification Screening large compound libraries VS, Deep Learning Atomwise,
Schrédinger,
DeepChem

Lead Optimization Improving efficacy and reducing toxicity QSAR, Generative Models ~ MOE, ChemDraw,
ADMET Predictor

ADMET Predictions Early profiling of pharmacokinetics and toxicity =~ ML, Predictive Modeling =~ ADMET
Predictor, pkCSM

Drug Repurposing New uses for existing drugs ML, Network Analysis IBM Watson

Protein Structure Prediction Predict 3D structures for interaction studies Deep Learning AlphaFold

Genomic Data Analysis Disease-related genetic profiling ML, Data Mining GATK,
DeepVariant

Biomarker Discovery Identifying biomarkers that predict response ML, Data Mining BenevolentAl,

to therapies GNS Healthcare
Virtual Screening and Docking  Simulating molecular docking to predict how VS, Molecular Docking AutoDock,
drugs bind to their targets Schrédinger Suite
Table 2B. AI Applications in Drug Development Phase
Application Description Al Techniques Used Tools
Preclinical Testing Evaluating efficacy & safety pre-clinically Image Analysis, ML Insilico Medicine,
PathAI
Clinical Trial Design Patient recruitment, protocol optimization AT Analytics, Medidata, REDCap
Predictive Modeling

Predictive Toxicology

Molecular Dynamics Simulations Atomistic simulations of drug-target interactions Molecular Dynamics
Chemical Synthesis Optimization Improving synthesis yield and routes

Forecasting toxicity and safety issues

ML, Neural Networks DeepTox, Tox21
Challenge
GROMACS, NAMD

Al-driven Planning ChemPlanner, Reaxys

Synthetic Biology Designing novel biological systems ML, Synthetic Biology =~ Benchling

Patient Stratification Subgrouping based on genetic/clinical data Clustering, ML Ilumina BaseSpace,
Synthego

Personalized Medicine Individualized therapy planning ML, Data Analytics 23andMe, Foundation
Medicine

Image Analysis Tissue/pathology image evaluation Al Diagnostic Systems ~ Image], PathAl

Data Mining Identifying patterns from large datasets ML, Data Mining RapidMiner, Weka

Abbreviations: ML: Machine Learning, NLP: Natural Language Processing, VS: Virtual Screening, QSAR: Quantitative Structure—Activity Relation-
ship, ADMET: Absorption, Distribution, Metabolism, Excretion, and Toxicity, Al: Artificial Intelligence.
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flow that merges AI methods and MD simulations to cre-
ate potential drug candidates, showcasing the effectiveness
of AI-MD integration in drug discovery. Baum et al.*® dis-
cuss the impact of Al implementations in chemistry, high-
lighting their role in reducing experimental effort and op-
timizing reaction conditions, underscoring the
transformative potential of Al in scientific research. Tran
etal.”? utilize MD simulations to gain insights into AI-gen-
erated cell-penetrating peptides, stressing the significance
of combining AI with mechanistic insights from MD. Ter-
ayama et al.”! underscore the importance of integrating
ML techniques with simulations and experiments in re-
search. Meuwly’? explores the application of ML tech-
niques in chemical reactions, illustrating the historical use
of Al in chemistry research. Zhang et al.”* focus on en-
hancing molecular simulations with Al, emphasizing the
computational intensity of such applications and the ne-
cessity for advanced methodologies. Xu et al.”* combine
chemical descriptors with AI/ML tools to predict synthesis
reactions, demonstrating the potential of Al in predicting
chemical outcomes. Elbaz et al.”® investigate the use of MD
simulations to study diffusion mechanisms, highlighting
the importance of detailed simulations in understanding
molecular processes. In conclusion, the amalgamation of
AT and MD methods provides a robust tool for expediting
scientific discovery, streamlining experimental processes,
and designing innovative materials and drugs. Researchers
can unlock new frontiers in various scientific disciplines
by leveraging AT’s strengths in data analysis and prediction
with detailed insights from MD simulations.

Table 2A summarizes Al-driven tools and methods
employed in the drug discovery phase, including target
identification, virtual screening, and biomarker discovery.
Table 2B, on the other hand, outlines applications in the
drug development phase, such as preclinical testing, clini-
cal trial design, and predictive toxicology. This separation
facilitates a clearer understanding of the sequential use of
AT technologies across the whole drug development pipe-
line.

2. 1. 5. Key Takeaways in AI-Aided Drug
Development in CADD

Al has significantly impacted drug development
processes by offering various benefits. Al plays a crucial
role in rational drug design, decision-making support,
personalized therapies, clinical data management, and ex-
pediting drug development.”® AI/ML platforms are instru-
mental in determining the correct dosage form, optimiz-
ing it, and facilitating quick decision-making for efficient
manufacturing of high-quality products.”” Advances in
Al-powered Language Models (LMs) have shown the po-
tential to enhance drug discovery and development pro-
cesses.”8 CADD techniques are essential for accelerating
drug discovery, reducing costs, and minimizing failures in
the final stages of development.**

Al is involved in every drug design and development
stage, from target identification to trial design and post-mar-
ket product monitoring.”® Pharmaceutical companies have
utilized AT to speed up drug discovery processes, automate
target identification, and enhance development speed.?® Al
assists in developing treatment regimens, prevention strate-
gies, and drug/vaccine development, particularly crucial
during health crises like the COVID-19 pandemic.

AT algorithms enable the design of advanced drug
development pipelines, reducing time and costs in the
drug discovery process.3! Al advancements in radiothera-
py show promise in improving treatment efficiency and
effectiveness.®? Al has been extensively used in comput-
er-aided drug design, including repurposing existing
drugs against specific targets like COVID-19 receptor pro-
teins.®® Open data sharing and model development are
crucial for the progress of drug discovery with AL.34

The application of AI/ML in synthetic drug sub-
stance process development presents significant untapped
opportunities.®> ATls role in drug discovery spans from
compound screening to clinical trial conduct and repur-
posing, enhancing various phases of drug development.®
AI/ML trends impact clinical pharmacology by aiding tar-
get identification, generative chemistry, and clinical trial
outcome evaluation.?” Effective multimodal approaches
integrating big data, chemistry, biology, and medicine with
Al capabilities optimize drug discovery.®”

2.1.6. AI/ML in Drug Development

Artificial intelligence (AI) and machine learning
(ML) have become indispensable tools in drug develop-
ment, offering advanced capabilities across both discovery
and development stages. Their unique contributions are
particularly pronounced in clinical trial optimization,
post-market surveillance, and biomarker-driven drug
repositioning areas less emphasized in earlier sections of
this review.

AT algorithms are now extensively used to enhance
clinical trial design by predicting patient enrollment dy-
namics, optimizing inclusion/exclusion criteria, and esti-
mating dropout risks, thus improving efficiency and re-
ducing costs.3® In the post-marketing phase, AI-powered
pharmacovigilance systems can detect adverse drug events
faster and more reliably than traditional methods by ana-
lyzing real-world data from electronic health records and
patient forums.

In preclinical development, AI models support com-
pound screening, molecular property prediction, and de
novo drug design through deep learning techniques that
handle complex datasets, expediting lead optimization
and safety profiling.”®*! These tools are especially valuable
in oncology and rare diseases, where patient stratification
and precision targeting are essential.

Table 3 summarizes real-world implementations of
AI/ML by leading pharmaceutical companies. For in-
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Table 3: Pharmaceutical Companies Using Al For Drug Development

Pharmaceutical Collaboration Focus Al Provider/Tool Year
Company Started
Pfizer Drug discovery and development using Al-driven data analysis IBM Watson, Atomwise 2016
Novartis Drug discovery, personalized medicine, drug discovery, Microsoft, PathAl 2017
and clinical trial design
Sanofi Drug discovery and design, biomarker development Exscientia, Insilico Medicine 2019
AstraZeneca Discovery of new drug targets and develop therapies BenevolentAl, DeepMind 2018
GlaxoSmithKline Drug discovery, clinical trials, and biomarker development Insilico Medicine, GNS Healthcare 2019
Johnson& Johnson  Pathology, diagnostic advancements Atomwise, PathAI 2016
Merck Drug discovery, predictive toxicology PathAlL DeepTox 2017
Roche Personalized medicine, drug development Genentech, Flatiron Health 2018
Bristol-Myers Squibb Drug discovery, immunotherapy research NVIDIA, Flatiron Health 2019
Eli Lilly Drug discovery, lead optimization Atomwise, BioSymetrics 2017
Takeda Drug discovery, clinical trials Atomwise, BioSymetrics 2018
AbbVie Drug discovery, target validation IBM Watson, BioSymetrics 2019
Amgen Drug discovery, biologics development GNS Healthcare, Atomwise 2017
Bayer Drug discovery, patient stratification GNS Healthcare, BenevolentAl 2018
Biogen Drug discovery, neurodegenerative diseases IBM Watson, Atomwise 2019

stance, AstraZeneca has collaborated with DeepMind to
enhance tissue analysis in oncology, while Novartis lever-
ages Microsoft Al for patient segmentation and trial effi-
ciency. Similarly, Pfizer, Sanofi, and GlaxoSmithKline em-
ploy AI platforms such as IBM Watson, Exscientia, and
Insilico Medicine to accelerate drug discovery, biomarker
development, and clinical trial design. These collabora-
tions reflect AT's expanding role from preclinical modeling
to post-marketing applications.

The table has been structured to clearly distinguish
AT use cases in discovery (e.g., target identification, virtual
screening) versus development (e.g., trial optimization,
toxicity prediction), thereby improving reader compre-
hension and aligning with the pharmaceutical R&D work-
flow.

3. Bioassay of Drug Candidate

The integration of in silico, in vitro, and in vivo stud-
ies is essential for effective and efficient drug discovery. In
silico studies provide a cost-effective and rapid initial
screening of potential drug candidates, which are then rig-
orously tested through in vitro and in vivo experiments to
ensure their safety and efficacy before proceeding to clini-
cal trials in humans. This multi-stage approach helps
streamline the drug discovery process, reducing time and
costs while increasing the likelihood of success in develop-
ing new treatments.”?

Recent advances in biomedical engineering and genet-
ic technologies have introduced innovative in vitro and in
vivo techniques that significantly enhance the predictive
power and translational relevance of preclinical drug testing.

CRISPR-based assays represent a transformative in
vitro approach, enabling precise genome editing to model

disease-specific mutations and assess gene-drug interac-
tions in human-derived cell lines. These systems would
allow researchers to dissect target-specific pathways and
identify synthetic lethal interactions, which are particular-
ly valuable in oncology and for rare genetic disorders.*?
CRISPR screening platforms have also been integrated in-
to drug repurposing pipelines, offering scalable tools for
high-throughput functional genomics.

In the realm of in vivo models, the development of
humanized animal models has bridged critical translation-
al gaps by introducing human genes, cells, or tissues into
immunodeficient animals. These models are beneficial for
studying immunotherapies, infectious diseases, and drug
responses related to metabolism.** Unlike conventional
rodent models, humanized systems enable the evaluation
of drug efficacy and toxicity in a context that closely mim-
ics human physiological conditions.

Additionally, organ-on-a-chip technologies, although
not strictly in vitro or in vivo, offer a hybrid system that
simulates the dynamic interactions of human tissues and
fluids. These microfluidic devices recreate the multicellular
architectures and mechanical forces of organs like the lung,
liver, and gut, providing valuable insights into drug absorp-
tion, distribution, and organ-specific toxicity.*>

Together, these cutting-edge approaches comple-
ment traditional bioassays by enhancing mechanistic un-
derstanding, improving predictive accuracy, and support-
ing the development of safer and more effective drugs.

3. 1. In vitro Studies

In vitro studies provide valuable information on the
efficacy and safety of drug candidates before in vivo animal
studies and clinical trials. In vitro studies evaluate the ef-
fects of potential drug candidates on specific biological
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targets in an in vitro setting. During this phase, cell culture
studies are conducted to assess the impact of the candidate
drug on cell viability, its apoptotic and necrotic effects, and
its genotoxicity as part of toxicity and safety tests to under-
stand the mechanism of action of the drug candidate, its
effects on cellular signaling pathways, receptor interac-
tions, and biomolecular processes are examined in de-
tail.”6-% Pharmacokinetic studies are conducted to investi-
gate how the drug candidate is absorbed, distributed,
metabolized, and excreted by the cells.!'® Additionally,
pharmacodynamic studies are performed to determine the
biological effects and efficacy of the drug on the cells. In
vitro studies utilizing three-dimensional (3D) cell cultures
and organoid models provide more complex and realistic
cellular environments, helping to achieve more reliable re-
sults. 101,102

3D cell cultures and organoid systems offer signifi-
cant advantages over traditional two-dimensional (2D)
cultures, as they more accurately mimic the structural and
functional complexity of human tissues. They replicate
cell-cell and cell-matrix interactions, nutrient and oxygen
gradients, and tissue-specific architecture more effectively,
enhancing their predictive value for in vivo outcomes.
However, these models are not without limitations. They
can be expensive to establish and maintain, often require
specialized scaffolds or materials, and exhibit variability in
reproducibility and scalability for high-throughput appli-
cations. Furthermore, while in vitro systems whether 2D
or 3D are invaluable for mechanistic insights, they lack bi-
okinetic context, which may lead to misinterpretation of
toxicity or efficacy profiles when extrapolating results to
human physiology.1%®

3. 2. In vivo Studies

In vivo studies involve testing drug candidates in an-
imal models to evaluate their efficacy, pharmacokinetics,
and safety within a living organism.!% These studies are a
critical step to verify the findings from in vitro experi-
ments and to evaluate the efficacy and safety of the drug in
more complex biological systems.!% At this stage, ADME
studies are conducted to determine the bioavailability and
half-life of the drug as part of pharmacokinetic studies.
Pharmacodynamic studies are performed to establish
dose-response relationships and the degree of efficacy.
Acute, subacute, and chronic toxicity tests are conducted
as part of toxicity and safety studies. Potential side effects,
organ damage, and mortality rates are examined.!%-198
vivo models are crucial for studying the progression of the
disease and the effects of the drug on this process. Addi-
tionally, they play an important role in observing the re-
sponse to treatment and in identifying and validating bio-
markers to monitor disease progression.!®> Compared to
in vitro experiments, animal models are more dependable,
despite certain limitations such as variations in biokinetics
parameters and the inability to extrapolate results to hu-

mans.'% Nonetheless, significant physiological and meta-
bolic differences between animal models and humans can
limit the translatability of preclinical findings, necessitat-
ing cautious interpretation and validation in human-rele-
vant systems.

4, Discussion

4. 1. What are the Gaps in Drug
Development?

The landscape of drug development is characterized
by challenges that impede the efficient translation of scien-
tific discoveries into safe and effective therapies. For in-
stance, one of the significant issues in the pharmaceutical
industry is the innovation gap, where drug development
costs are escalating. In contrast, the number of new drugs
approved remains relatively stable.!% This discrepancy un-
derscores a fundamental challenge in the field, where the
increasing financial burden of bringing a new drug to mar-
ket is not met with a proportional increase in successful
outcomes. The high attrition rate in clinical development
significantly contributes to the rising drug development
costs.!'® This attrition emphasizes the urgent need for
more efficient and reliable methods to identify viable drug
candidates early in development to alleviate the financial
strain on pharmaceutical companies.

The funding landscape is a critical aspect that exac-
erbates the gaps in drug development. While a significant
portion of foundational research for drug discovery re-
ceives public funding, there often needs to be more in
transitioning these discoveries into viable drug candidates
due to funding limitations.!!! This gap between early-stage
research and late-stage development highlights the neces-
sity for bridging mechanisms to ensure that promising
leads are not abandoned due to financial constraints.
Moreover, challenges in developing new drugs are further
compounded by the need for more effective therapies de-
spite significant advancements in preclinical research.!!?
This gap between preclinical data and clinical success is
attributed to suboptimal drug development strategies, par-
ticularly in addressing critical genetic alterations in diseas-
es like cancer.

Another crucial gap in drug development lies in
pediatric drug therapy, historically lacking a focus on de-
veloping medications specifically tailored for children.!!3
Pediatric drug development continues to lag behind adult
therapeutics due to several scientific, ethical, and regulato-
ry challenges. Children are often excluded from clinical
trials, leading to widespread oft-label drug use without ro-
bust evidence of safety or efficacy in pediatric populations.
Ethical concerns such as obtaining informed consent and
minimizing risk further complicate trial design. Regulato-
ry agencies have implemented specific frameworks to
bridge this gap. In the United States, the Pediatric Research
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Equity Act (PREA) mandates pediatric assessments for
certain new drugs, and the Best Pharmaceuticals for Chil-
dren Act (BPCA) provides incentives such as extended
market exclusivity for conducting pediatric studies.!!*!1°
The European Unions Paediatric Regulation (EC
No 1901/2006) requires Pediatric Investigation Plans
(PIPs) for new medicines. Despite these advances, barriers
persist, including limited pediatric patient numbers,
age-dependent pharmacokinetics, and formulation chal-
lenges. Addressing these obstacles is essential to ensure the
development of safe and effective therapeutics for chil-
dren.

Additionally, gaps in predicting drug metabolism
and toxicity—particularly in the liver—pose significant
challenges in drug development.!'® The underperformance
in this area is largely attributed to limited understanding of
the mechanisms driving hepatic injury, highlighting the
urgent need for more comprehensive and physiologically
relevant approaches to assess drug safety.

Another challenge is that the interval between bio-
marker discovery and clinical utility hinders drug devel-
opment progress.''”” While there is a focus on identifying
biomarkers for various conditions, there often needs to be
more clarity in translating these findings into clinically
meaningful applications. This highlights the importance of
streamlining the drug approval process and enhancing the
translational impact of biomarker research to bridge this
gap effectively. Furthermore, the gap in predicting drug-
drug interactions (DDIs) poses a substantial complexity in
drug development, emphasizing the need for robust pre-
dictive models to assess the potential interactions of new
drug entities.!'® Improving our ability to predict and man-
age DDIs is crucial for ensuring the safety and efficacy of
drug therapies.

The lack of proactive drug development is evident in
infectious diseases, particularly in addressing emerging
viral diseases such as COVID-19.!!° The reactive nature of
drug development in response to emerging infectious dis-
eases underscores the need for a more proactive approach
to shorten the gap between identifying new diseases and
developing effective treatments. Additionally, gaps in un-
derstanding the ontogeny of drug metabolism and trans-
port present challenges in predicting drug disposition, es-
pecially in vulnerable populations like children and the
elderly.!?° The reactive nature of drug development in re-
sponse to emerging infectious diseases underscores the
need for a more proactive approach to shorten the gap be-
tween identifying new diseases and developing effective
treatments. Additionally, gaps in understanding the ontog-
eny of drug metabolism and transport present challenges
in predicting drug disposition, especially in vulnerable
populations like children and the elderly.'?! This gap ac-
centuates the importance of addressing fundamental gaps
in disease pathophysiology to drive practical drug discov-
ery efforts. Moreover, gaps in drug design and discovery
for diseases like the Ebola virus showcase the potential of

computational tools in advancing target-based drug de-
sign.1??

In conclusion, the gaps in drug development are
multifaceted and span various stages of the drug discovery
and development process. They are not challenges that we
can afford to ignore. Addressing these gaps requires a con-
certed and immediate effort from researchers, industry
stakeholders, regulatory bodies, and funding agencies. By
implementing innovative strategies, leveraging emerging
technologies, and enhancing collaboration, we can drive
impactful and efficient drug development efforts, under-
lining the urgency and importance of the issue.

To bridge the innovation gap and overcome fund-
ing limitations in drug development, actionable strate-
gies are needed. Public-private partnerships (PPPs)
have proven effective. For example, the Innovative
Health Initiative (IHI) a €2.4 billion joint undertaking
by the European Union and pharmaceutical industry
brings together stakeholders from academia, industry,
regulators, and patient organizations to accelerate health
innovation.!?® In the United States, the Accelerating
Medicines Partnership (AMP) supports cross-sector
collaboration in fields such as Alzheimer’s disease, type
2 diabetes, ALS, and schizophrenia, facilitating the dis-
covery and validation of biomarkers.!?* These partner-
ships offer standardized frameworks, pooled resources,
and data-sharing mechanisms that enhance translation-
al efficiency. Additionally, open-access datasets like
AMP-PD democratize research participation and sup-
port reproducibility. Regulatory tools such as the FDA’s
Biomarker Qualification Program (BQP) provide struc-
tured processes for developing biomarkers as validated
drug development tools.

4. 2. Unlocking the Potential: How AI/ML are
Revolutionizing Drug Development

The 20th anniversary of the completion of the draft
human genome sequence was observed in 2021, exempli-
fying a significant milestone that has revolutionized
genomics research and generated a substantial amount of
genomic data. Genomics research is projected to produce
between 2 and 40 exabytes of data in the next decade.!?
With this giant data, AI/ML have emerged as powerful
tools in bridging the gaps in genomics by facilitating the
integration of complex data sets, enabling more accurate
predictions, and enhancing decision-making processes in
various fields such as clinical diagnostics, agriculture, on-
cology, and personalized medicine. The application of Al
in genomics has been highlighted in several studies, show-
casing its potential to revolutionize the way genetic infor-
mation is analyzed and utilized.?>'26-128 By leveraging Al
technologies, researchers can overcome challenges in un-
derstanding genome evolution, function, and disease
mechanisms, ultimately leading to groundbreaking dis-
coveries.!?’
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In clinical and genomic diagnostics, AI has been in-
strumental in linking image-derived phenotypes to their
genetic origins, offering insights into disease mechanisms
and potential treatments.?? This imaging and genomic da-
ta integration can potentially enhance diagnostic accuracy
and personalized treatment strategies. Moreover, in the
context of precision medicine, Al plays a crucial role in
analyzing genomic determinants along with patient symp-
toms and clinical history to enable personalized diagnosis
and prognostication.!** Moreover, Al applications to med-
ical images, such as MRI classification tasks for neurologi-
cal and psychiatric diseases!'®!, have demonstrated the po-
tential of Al-based algorithms in clinical diagnosis with
high quality and efficiency. These advancements spotlight
the transformative impact of AI/ML in enhancing diag-
nostic capabilities and treatment outcomes across various
medical disciplines. Regarding this, by combining genom-
ic data with AI/ML analyses, researchers can identify nov-
el biomarkers, optimize treatment approaches, and im-
prove patient outcomes.

Al is not just a theoretical concept in oncology, but a
practical tool that is already delivering tangible benefits. It
simplifies the analysis of imaging-genomics data in diseas-
es like glioblastoma!?®?, thanks to deep learning algorithms
that have made significant strides in image recognition
and genome analysis. The integration of molecular and
imaging signatures through AI technologies offers practi-
cal advantages for early cancer detection, diagnosis, and
treatment planning. In the cancer immunity, Al-driven
approaches have not only opened up new avenues for
comprehensive analyses of tumor immunity using genom-
ics, transcriptomics, proteomics, and cytomics, but also
led to the emergence of tumor immunomics as a novel dis-
cipline.!®® This is a clear example of how Al is shaping the
future of oncology. In addition, the application of Al in
bridging the gap between genomes and chromosomes, as
demonstrated through single-chromosome sequencing
(ChromSeq), has provided valuable insights into genome
organization and function.!?!** By overcoming challeng-
es related to genome and chromosome analysis, research-
ers can advance our understanding of genetic mechanisms
and their implications for various biological processes.

The integration of Al in genomics has extended to
fields such as cardiology'®® and kidney cancer!'3® manage-
ment, bringing with it a host of practical benefits. Al tech-
nologies, such as machine and deep learning algorithms,
can model complex interactions, identify new phenotype
clusters, and enhance prognostic capabilities, thereby sig-
nificantly improving patient care and outcomes. In kidney
cancer management, Al can analyze radiographic, histo-
pathologic, and genomic data to tailor personalized treat-
ment strategies.!3

AI/ML are not just reshaping the landscape of drug
development but also effectively addressing critical gaps
and challenges, providing a reassuring solution to complex
problems. Their impact is particularly evident in drug

repurposing, where these technologies enable researchers
to systematically identify potential leads, thereby acceler-
ating the drug development process and reducing associat-
ed risks through computational means.!*” In this manner,
AI/ML have been instrumental in rapidly identifying
drugs effective against the coronavirus, bridging the gap
between repurposed drugs, laboratory testing, and final
authorization.!* The rapid growth of biomedical data, fa-
cilitated by advanced experimental technologies, has made
AI/ML indispensable tools for drawing meaningful in-
sights and improving decision-making in drug discovery,
particularly in central nervous system diseases.?® Again,
during the COVID-19 pandemic, Al algorithms have
played a crucial role in surveillance, diagnosis, drug dis-
covery, and vaccine development, enabling the design of
sophisticated drug development pipelines that reduce the
time and costs associated with traditional methods.?!
However, it is essential to address biases in ML-based algo-
rithms to ensure their robustness and reproducibility for
integration into clinical practice.!® AT has also been in-
strumental in developing treatment regimens and preven-
tion strategies and advancing drug and vaccine develop-
ment for COVID-19 and other infectious diseases.!*” In
orthodontics and chronic airway diseases like asthma and
chronic obstructive pulmonary disease (COPD), AI/ML
have demonstrated effectiveness in mining and integrating
large-scale medical data for clinical practice, showcasing
their potential in improving patient care and treatment
outcomes.?>!4!

The application of Al, particularly deep learning, of-
fers opportunities to discover and develop innovative
drugs by analyzing vast datasets and predicting potential
drug candidates.*? Internationally renowned experts have
identified key challenges in small-molecule drug discovery
using Al and have put forward strategies to address them,
emphasizing the groundbreaking potential of Al in this
critical area.'*? Importantly, regulatory bodies like the
FDA have not only recognized, but also strongly endorsed
the importance of AI/ML in medical devices. They have
defined ML as a system capable of learning from specific
tasks through performance tracking!*?, providing a solid
framework for the integration of Al in healthcare. This ro-
bust endorsement from the FDA has led to an increase in
the approval of AI/ML-based medical devices in the USA
and Europe. The FDA, for instance, has actively participat-
ed in the approval process of over 60 Al-equipped medical
devices!*, indicating a growing trend toward incorporat-
ing AI technology into the future of medicine.

ML contributes to the automation of various stages
in the traditional drug development pipeline. This is evi-
dent in studies such as that of Li et al.1** and Vatansever et
al.2 As for antibiotic discovery, Al has emerged as a pow-
erful ally, accelerating the identification of novel antimi-
crobial agents, as highlighted in studies like that of Melo et
al.16 By applying Al to computer-aided drug design, we
can expedite the discovery of antibiotics and antimicrobial
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peptides, addressing the global challenge of antibiotic re-
sistance. This is a crucial task that our collective ML re-
search has significantly advanced. By integrating natural
language processing (NLP) in A, we can scan vastamounts
of literature to identify potential drug targets. At the same
time, AI-driven synthesis robots, a testament to our shared
vision, enable the exploration of new reaction spaces to
discover novel drug candidates. This automation, a result
of our combined expertise, accelerates the drug discovery
process and enhances the reproducibility of chemical reac-
tions, leading to the discovery of new compounds with
therapeutic potential.

Furthermore, the advancements in Al-driven drug
discovery, as discussed in studies like those of Zhavoronk-
ov et al.¥’, have not only paved the way for innovative ap-
proaches to target identification and generative chemistry
but also hold the promise of a brighter future for clinical
pharmacology. By leveraging AI/ML trends, researchers
can enhance target identification processes, optimize
small-molecule drug discovery, and evaluate clinical trial
outcomes with greater accuracy and efficiency. These de-
velopments can potentially transform the field of clinical
pharmacology, offering new avenues for enhancing drug
development and therapeutic interventions and instilling a
sense of optimism for the future.

Concisely, when harnessed collaboratively, AI/ML
can usher in a new era in the pharmaceutical industry.
They have the potential to address key gaps in the process,
such as expediting drug discovery, optimizing lead com-
pounds, and enhancing clinical outcomes, offering inno-
vative solutions to longstanding challenges. By utilizing
these technologies, researchers can significantly improve
the efficiency and effectiveness of drug development, ulti-
mately discovering novel treatments for various diseases.
However, further research and collaboration, in which
each stakeholder plays a crucial role, are imperative to ful-
ly realize this potential. As Al continues to evolve, its im-
pact on drug development is poised to revolutionize the
field and pave the way for more effective and personalized
therapeutic interventions.

4. 3. Overpowering Restraints in AI-Aided
Drug Development

The transformative potential of Al in revolutionizing
the discovery of new materials is not just tremendous but
also holds the promise of developing materials with tai-
lored properties for diverse applications, sparking opti-
mism for the future of pharmaceutical research. However,
it’s crucial to recognize and address the challenges and
limitations to ensure its practical application.!4’

One significant challenge is the necessity for
high-quality data, as Al algorithms heavily depend on data
for accurate predictions.!*8 The interpretability of AI-driv-
en drug discovery processes is another critical limitation,
as researchers often need help comprehending how AI al-

gorithms reach conclusions and recommendations.!*’

Moreover, the sustainability of resources is a growing con-
cern due to the significant computational resources and
data required for Al techniques.!>® Additionally, the cur-
rent methods and tools may only partially exploit the po-
tential of Al in drug discovery.!>! Overcoming challenges
related to data quality, interpretability, resource sustaina-
bility, and tool development is not just important, but es-
sential for maximizing the benefits of Al in revolutionizing
the drug discovery process. Moreover, one of the other is-
sues is Ethics. Regarding ethical issues in IA regulation, the
EU Council recently proclaimed that member states have
acknowledged the “Artificial Intelligence Law;” which will
establish the world’s first comprehensive rules for artificial
intelligence.!2

It is crucial to emphasize the importance of address-
ing challenges in Al-aided drug development. By imple-
menting strategies based on insights from reputable sourc-
es, we can overcome these challenges and maximize the
benefits of Al in revolutionizing the drug discovery pro-
cess. The use of specific AI models, such as deep learning
and natural language processing, has become crucial for
expediting the drug development process and reducing
failures.** These Al-powered language models have
demonstrated potential in assisting drug discovery and de-
velopment by summarizing advancements and providing
computational tools for efficiently identifying new com-
pounds.”® Additionally, AI/ML, including neural networks
and decision trees, have proven to be essential tools for
deriving meaningful insights and enhancing deci-
sion-making in drug discovery, particularly in diseases
such as central nervous system disorders.??

Moreover, Al in collaboration with human exper-
tise, plays a crucial role in facilitating rational drug design,
aiding decision-making processes, personalizing thera-
pies, and effectively managing clinical data for future drug
development.”® By incorporating advancements in com-
puter-aided drug design, automated synthetic chemistry,
and high-throughput biological screening, initiatives like
the NCATS ASPIRE program aim to explore novel chemi-
cal spaces more efficiently and cost-effectively. This under-
scores the importance of human-AlI collaboration in max-
imizing the potential of Al in drug development.'>® Figure
4 summarizes critical applications of Al in both genomics
and clinical domains, such as data integration, variant de-
tection, biomarker discovery, and drug repurposing, un-
derscoring its broad utility in precision medicine.

Overall, while AI offers significant potential in drug
development, it’s important to acknowledge and address
potential risks and limitations. These include the need for
large, diverse, and high-quality datasets, to avoid ancestral
bias, which can result in reduced predictive accuracy for
underrepresented populations.!®* Another challenge is
model interpretability: many deep-learning systems re-
main “black boxes,” limiting clinical adoption. For exam-
ple, recent explainable Al techniques such as concept-whit-
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Fig 4. Summary of artificial intelligence applications in drug development, highlighting key contributions in genomics (e.g., data integration, variant
analysis) and clinical contexts (e.g., biomarker discovery, disease diagnosis, and drug repurposing).

ening applied in graph neural networks reveal which
molecular features drive predictions, thereby enhancing
transparency.'®> Additionally, generalizability between
datasets remains imperfect: models validated on public
benchmarks often perform poorly when applied to propri-
etary or real-world datasets, underscoring the need for rig-
orous cross-platform validation.!>%157

By proactively addressing these challenges through
explainable frameworks, ancestry-aware model training,
and broad validation pharmaceutical researchers can fully
leverage AD’s promise while maintaining safety, fairness,
and confidence in the drug development process.

5. Conclusion

The integration of advanced Technologies particu-
larly AT and ML, computational modeling, and HTS has
significantly reshaped the landscape of modern drug de-
velopment. These tools have demonstrated concrete pro-
gress in Al-driven target identification, lead compound
optimization, and early-stage ADMET profiling. Together,
they contribute to reduced development timelines, im-
proved cost efficiency, and lower failure rates in clinical
phases.

Furthermore, emerging in vitro 3D models, orga-
noids, and improved in vivo models have enhanced trans-
lational relevance, thereby bridging the gap between pre-
clinical findings and clinical outcomes. Despite these

advancements, challenges remain particularly in areas
such as pediatric drug development, biomarker validation,
and the development of ethical and regulatory frameworks
for the integration of Al

Future research directions should focus on enhanc-
ing the interpretability of Al algorithms, integrating mul-
ti-omics datasets for comprehensive decision-making, and
developing standardized, reproducible workflows for ear-
ly-stage evaluation. These efforts will further solidify the
role of computational and Al-based systems in delivering
safe, effective, and patient-centered therapeutics.
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Povzetek

Postopek odkrivanja zdravil tradicionalno dolgotrajen in drag proces, vendar dozivlja revolucijo z vklju¢evanjem ino-
vativnih pristopov. V tem ¢lnaku smo povzeli, kako sodobne tehnike pospesujejo odkrivanje in razvoj zdravil ter hkrati
znatno zmanjsujejo stroske. Osredoto¢amo se na mocno sinergijo bioinformatike, umetne inteligence (UT) in visokoz-
mogljivega testiranja (HTS). Bioinformatika pomaga pri identifikaciji in potrjevanju tar¢ zdravil z analizo obseznih
genomskih in proteomskih podatkovnih zbirk. UI izboljsuje identifikacijo in optimizacijo spojin vodnic s pomocjo
napovednega modeliranja in algoritmov strojnega ucenja, kar moc¢no skrajsa cas, potreben za te faze. HTS omogoca
hitro pregledovanje obseznih knjiznic spojin za odkrivanje potencialnih kandidatov za zdravila. Pristopi, ki temeljijo
na UL kot sta HTS in napovedno modeliranje, izboljujejo odlo¢anje v zgodnjih fazah, zmanj$ujejo poskuse in napake
ter prispevajo k stroskovni u¢inkovitosti skozi celoten proces. Poleg tega napredek v ra¢unalniski kemiji in simulacijah
molekulske dinamike omogoca globlji vpogled v interakcije med zdravilom in tar¢o, kar dodatno pospesuje nacrtovanje
ucinkovitih in selektivnih spojin. Pri odkrivanju zdravil kandidate testirajo v laboratorijskih in Zivalskih modelih, da se
oceni njihova u¢inkovitost, farmakokinetika in varnost. Z vklju¢evanjem predklini¢nih metod se lahko u¢inkovitost in
uspesnost odkrivanja zdravil bistveno izbolj$ata, kar vodi do ucinkovitej$ih in varnejsih zdravil. Ta pregled poudarja
pomembno vlogo ra¢unalniskih tehnologij v sodobnem razvoju zdravil ter raziskuje njihove obetavne implikacije za
prihodnje raziskave in klini¢no uporabo.

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

Pistacia atlantica is commonly used in traditional medicine to treat various diseases in Algeria. This study was carried
out to investigate the antioxidant potential and antibacterial properties of fruit extracts. The results indicated various
amounts of polyphenols and flavonoids in different extracts. Quercetin, gallic acid, chlorogenic acid and methyl gallate
were the dominant constituents in the ethyl acetate extract (EAE) and crude extract (CrE) quantified by HPLC-DAD.
EAE was the most active in scavenging DPPH and hydroxyl (OH) radicals, hydrogen peroxide (H,0,), reducing power
and total antioxidant capacity. All extracts have the ability to inhibit lipid peroxidation. A broad spectrum of antibacte-
rial effects (10.66 to 29.33 mm) was obtained. In addition, the time-Kkill assay and the MBC/MIC ratio indicated that all
extracts were bactericidal against most of the test bacteria and their combination with antibiotics showed remarkable
synergistic effect. The findings of this study suggest that medicinal plant is a potential source of natural antioxidant and
antibacterial compounds, which could be used where these kinds of activities are warranted.

Keywords: Pistacia atlantica; HPLC-DAD; Antioxidant; Antibacterial activity.

1. Introduction

Oxidative stress is a common factor in the genesis
of several human diseases such as cancer, Alzheimer’s,
inflammation, arthritis, diabetes, atherosclerosis and
Parkinson’s disease.! This becomes a major area of re-
search, motivating the scientists to look for more thera-
peutic plants which provide health benefits for human
health. In recent decades, there is more interest in natural
antioxidants, which mainly have phenolic structure
known for their potential to trap frees radicals produced
as a result of diverse degradations and disease processes.?
These phytochemicals have been recognized as safer with
fewer side effects than synthetic oxidants, thus reducing
the risk of chronic diseases.> Furthermore, bacterial in-
fections represent a major public health, that impact mil-
lions of individuals every year. Antibiotics are commonly
employed to treat microbial infections; however, the high
significant genetic variation of harmful pathogens, ena-

ble them to acquire resistance to these drugs.* This led to
a decline in the effectiveness of current antibacterial
medications, rendering them less useful or entirely pow-
erless. The increase in multidrug-resistant (MDR) bacte-
ria highlights the necessity of exploring plant-derived
products for finding new treatment alternatives and in-
novative antimicrobial medications. Phenolic com-
pounds are well-known to effectively reduce the damage
caused by free radicals and fight off parasites and patho-
genic bacteria.’

Pistacia atlantica Desf. (Atlas pistachio) commonly
known as “Betoum” in Arabic, is one of the plants tradi-
tionally used in the treatment of human ailments since an-
cient times. Atlas pistachio is a tree belonging to the Anac-
ardiaceae family, a rare endemic and threatened with
extinction species found in the semi-aride, aride and even
saharan regions in Algeria.® This tree of 3-5 meters pro-
duces small unisexual flowers and spherical red drupe
fruits with 5 to 6 mm in size. Different parts of this plant
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(fruits and leaves) are widely used in traditional medicine
to treat respiratory and digestive systems, throat infec-
tions, heal wounds, heart, kidneys, dyspepsia and peptic
ulcer.’ Scientific research has also revealed many pharma-
cological activities such as antioxidant, antimicrobial, an-
tihyperglycemic, anti-inflammatory, analgesic, anti-car-
cinogenic and anti-cholinesterase.® Most of these activities
are linked to the content of the secondary metabolites of
this plant.” The main objectives of this study were to esti-
mate the phenolic and flavonoid content, and to evaluate
the antioxidant potential as well the antibacterial effect of
the hydro-methanolic extract and its fractions from P. at-
lantica.

2. Materials and Methods
2. 1. Plant Material

Fresh fruits of atlas pistachio (Pistacia atlantica Desf.
1977) were collected in September 2023, from Tamanras-
set situated in the far southern Algerian Sahara. The plant
was identified by Professor Chermat Sabah, Department
of Pharmacy, Faculty of Medicine, University SetiflFerhat
Abbas, Algeria. The Fruits were cleaned and allowed to dry
at room temperature in a shaded area. Then, dry seeds
were ground into a powder using electric mill.

2. 2. Extraction Procedure

The hydro-methanolic extract of P. atlantica was pre-
pared according to Saffidine et al.!?, with slight modifica-
tion. 500 g of fine powder were macerated with 5000 mL in
water-methanol (1: 9) under magnetic agitation for 15 min
at 80 °C. The mixture was left to macerate for 7 days. It was
then filtered on cotton and filter paper Whatman n° 3. This
process was repeated twice again. The filtrates were com-
bined and evaporated at 40 °C in a rotary evaporator under
decreased pressure. The residual extract was dried in an
oven and stored in refrigerator until use. The percentage
yield of this dried crude hydro methanolic extract (CrE)
was obtained using the following equation:

Yield of extract (%) = (wl/w2) x 100

where w1 is the weight of the extract residue after solvent
removal and w2 is the weight of dried plant powder.

The crude extract (CrE) of P atlantica fruits was
fractionated using solvents with increasing polarity, in-
cluding petroleum ether, ethyl acetate. 25 g of dry extract
was suspended in 200 mL of boiling distilled water and let
to decant in the refrigerator for 30 min, then filtered
through filter paper. First, the aqueous solution was frac-
tionated with petroleum ether to remove lipids, then with
ethyl acetate. Three fractions were obtained after this pro-
cess: petroleum ether (PEE) and ethyl acetate (EAE) and
residual aqueous fraction (AqE). These fractions were al-

lowed to dry at 37 °C in an oven after being evaporated at
40 °C under reduce pressure using a rotary evaporator.
After that, the dried fractions were stored in a refrigerator
until further tests.

2. 3. Determination of Total Phenolic Content
(TPC)

P, atlantica extracts were subjected to Folin-Ciocal-
teu (FC) method to measure the total phenolic content
(TPC).!! This process is based on the reaction of the phe-
nol compounds with the FC reagent (complex of phospho-
molybdic and phosphotungstic acids) and the blue color
that results is correlated with amount of polyphenols. 200
uL of extracts or Gallic acid as standard (0-200 pg/mL)
was mixed with 1 mL of FC reagent (1/10). After 4 min,
800 pL of sodium carbonate (7.5%) was added and the
mixture was incubated for 2 hours at room temperature.
Then, the absorbance was measured at 765 nm. TPC was
expressed in milligrams of Gallic Acid Equivalent per
gram of dry extract (mg GAE/g DE).

2. 4. Determination of Total Flavonoid
Content (TFC)

Total flavonoid content (TFC) of different extracts
was determined using the aluminum chloride (AICl;) as-
say.!? In the presence of aluminum chloride, free hydroxyl
groups of flavonoids gave a yellowish complex which is
proportional to the quantity of flavonoids presents in the
extract. 1 mL of samples or quercetin (0-40 pg/mL) as
standard was mixed with 1 mL of AICl; solution (2%). The
mixture was incubated at room temperature for 10 min
and the absorbance was measured at 430 nm. The result
was expressed as micrograms of quercetin equivalent per
milligrams of dry extract (ug EQ/mg of extract).

2. 5. HPLC-DAD Analysis

Characterization and quantification of phenolic
compounds in CrE and EAE extracts of P. atlantica was
carried out by High performance Liquid Chromatography
with Diode Array Detection (HPLC-DAD) method used
in this study and was adapted from the protocol estab-
lished by Gheraibia et al. (2020),'* using an Agilent 1260
series. The separation was carried out using Zorbax Eclipse
Plus C8 column (4.6 mm x 250 mm, 5 pm). The mobile
phase consisted of solvent A (water) and solvent B (0.05%
trifluoroacetic acid in acetonitrile) at a flow rate 0.9 mL/
min. The mobile phase was programmed consecutively in
a linear gradient as follows: 0 min (82% A); 0-1 min (82%
A); 1-11 min (75% A); 11-18 min (60% A); 18-22 min
(82% A); 22-24 min (82% A). The multi-wavelength de-
tector was monitored at 280 nm. The injection volume was
5 pL for samples and standards solutions and the column
temperature was maintained at 40 °C.
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2. 6. Antioxidant Activity
2. 6. 1. DPPH Scavenging Assay

DPPH is a stable free radical commonly used to as-
sess the radical scavenging activity of plant extract due to
its high sensitivity. This assay is based on the measurement
of the capacity of the extracts to scavenge this free radical.
In the presence of antioxidant, the stable radical 2,2-diphe-
nyl-1-picrylhydrazyl (DPPH) losses its characteristic dark
purple color and is reduced to yellow diphenylpicril hydra-
zine. The method consisted in mixing 50 pL of different
concentrations of extracts or butyl hydroxytoluene (BHT)
as standard with 1250 pl of DPPH solution (0.004% in
methanol).'# After incubation for 30 min in the dark at
room temperature, absorbance was measured at 517 nm.
The synthetic antioxidant butyl hydroxytoluene (BHT)
was used as positive control. Antiradical activity (AR) was
calculated using the following equation:

AR (%) = [(Ag- A}) /Ay x 100

were Ay is the absorbance of the solution containing only
DPPH radical solution. A is the absorbance of the DPPH
solution in the presence of the sample. The ICs, value is the
concentration of the sample required to scavenge 50% of
DPPH free radical.

2. 6. 2. Hydroxyl Radical (HO*) Scavenging Assay

This assay was performed based on the method de-
scribed by Mayouf'®, with few modifications. The reaction
mixture consists of 150 pL of extracts or standard (vitamin
C) at different concentrations, mixed with 300 uL of a
stock solution containing ferric sulfate (FeSO, 9 mM) and
hydrogen peroxide (0.3%). The reaction between FeSO,
and H,0, lead to the generation of hydroxyl radicals ac-
cording to the Fenton reaction. The mixture was incubated
for 15 min at 32 °C. Then 75 pL of salicylic acid (20 mM)
was added to the reaction mixture, which was incubated
again for 15 min at 32 °C. The absorbance was measured at
562 nm.

2. 6. 3. Hydrogen Peroxide (H,0,) Scavenging
Assay

The capacity of the extracts to scavenge H,0, is
based on the reaction of ferrous ion (Fe*2) with 1,10-phe-
nanthroline, which forms red-orange tri-phenanthroline
complex, indicating a potent radical scavenging of H,0, in
the media. This assay was performed by mixing 63 pL of
ferrous ammonium sulfate (1 mM) with 375 uL of differ-
ent concentrations of extracts or standard.'® Then, 16 pL of
hydrogen peroxide (5 mM) was added to the mixture and
incubated at room temperature in the dark for 5 min. After
that, 375 pL of 1,10- phenanthroline (1 mM) was added
and incubated again for 10 min. The absorbance of the

solution was read at 510 nm. Hydrogen peroxide scaveng-
ing activity (HPSA) was calculated according to the fol-
lowing equation:

HPSA (%) = (A sample/A control) x 100

A sample: absorbance of the sample.
A control: absorbance of the control.

2. 6. 4. Reducing Power Assay

This assay is based on the capacity of the extracts to
reduce the ferric iron of the ferricyanide complex-Fe3* to
ferrous iron-Fe?*of blue color. 100 pL of different dilutions
of extracts or standard were added to 100 pL phosphate
buffer (pH 6.6) and 100 pL potassium ferricyanide (1%).
The mixture was incubated at 50 °C for 20 min, followed
by addition of 250 uL of trichloroacetic acid TCA (10%)
and centrifuged for 10 min at 3000 rpm. Then, 250 pL of
the upper layer solution was mixed with 250 uL of distilled
water and 500 uL of 0.1% ferric chloride solution (FeCls).
The absorbance was determined at 700 nm against a blank.
Ascorbic acid (vitamin C) was used as the standard. The
effective concentration (ECs,) at which the absorbance
reaches 0.5, was used as reducing capacity potential of the
extract.!

2. 6. 5. Total Antioxidant Capacity (TAC)

Total antioxidant activity of plant extracts was esti-
mated by phosphomolybdenum assay.!” When antioxi-
dants in the sample reduce the molybdenum complex, a
green-colored complex is produced. 100 pL of plant extract
or Trolox as standard in different concentrations were add-
ed to 1 mL of reagent solution containing 0.6 M sulfuric
acid, 28 mM sodium phosphate and 4 mM ammonium
molybdate. The mixture was incubated for 90 min at 95 °C.
After the solutions had cooled to room temperature, the
absorbance was then measured at 695 nm.

2. 6. 6. Lipid Peroxidation Inhibition

The ferric thiocyanate (FTC) method was used to
determine the antioxidant property of extracts in lipid
like-system.!® The ferrous iron (Fe?*) is converted to ferric
iron (Fe**) by a hydroperoxides (LOOH) produced when
linoleic acid is oxidized. The resultant ions (Fe**) then
combine with thiocyanate to form a red complex that has
a maximum absorbance at 500 nm. The emulsion was pre-
pared by mixing 155 pL of linoleic acid and 0.2804 g of
Tween 20 in 50 mL of phosphate buffer (0.02 M at pH 7.0).
After that, 0.5 mL of extract solution or standard (BHT)
was mixed with 2.5 mL of linoleic acid emulsion and incu-
bated for 5 days at 37 °C. A volume (0.1 mL) of the reac-
tion mixture was mixed with 4.7 mL of ethanol (75%) and
0.1 mL of ammonium thiocyanate (30%). Then, 0.1 mL

Douffa et al: HPLC-DAD Analysis, Antioxidant and Antibacterial ...

603



604

Acta Chim. Slov. 2025, 72, 601-612

FeCl; (0.02 M in 3.5% HCI) was added. The absorbance at
500 nm was measured 3 min later after adding ferrous
chloride to the reaction mixture. This procedure was re-
peated each day. The inhibition of lipid peroxidation was
determined for each day using the following formula:

% inhibition = (Ac - As / Ac) x 100

where Ac is the absorbance of the control reaction and As
is the absorbance of the sample.

2. 6. 7. Thiobarbituric Acid (TBA) Method

This assay was conducted at the last day of the FTC
method to detect the formation of the malondialdehyde
(MDA), the final product formed during the oxidation of
linoleic acid MDA forms a pink complex with TBA.!Y A
volume of 1 mL from the incubated combination of lin-
oleic acid emulsion and extract was added to 2 mL of a
20% solution of trichloroacetic acid (TCA) and 2 mL thio-
barbituric acid solution TBA (0.67%). This resulting mix-
ture was subjected to a boiling water bath for 10 min, and
once it had cooled down, it was centrifuged at 3000 rpm
for 20 min. The supernatant’s absorbance was measured at
532 nm.

2. 7. Antibacterial Activity

2.7. 1. Bacterial Strains

The antibacterial activity was evaluated using refer-
enced strains ATCC (American Type Culture Collection):
Escherichia coli (ATCC 25922), Pseudomonas aeruginosa
(ATCC 27853), Staphylococcus aureus (ATCC 25923) and
clinical strains: Escherichia coli 982, Pseudomonas aerugi-
nosa 982, Klebsiella pneumoniae 982, Staphylococcus au-
reus 995, Streptococcus pneumonia 990 acquired from Lab-
oratory of Bacteriology at Setif hospital. Other referenced
strains: Bacillus cereus (ATCC 10876), Salmonella typhi-
murium (ATCC 13311), Enterococcus faecalis (ATCC
49452), Citrobacter freundii (ATCC 8090), Klebsiella pneu-
moniae (ATCC 700603), Listeria monocytogenes (ATCC
15313) and Proteus mirabilis (ATCC 35659) obtained from
Laboratory of Natural Substances at the University of Tle-
mcen, Algeria.

2.7.2. Agar Well Diffusion Assay

The antibacterial susceptibility of the tested bacteria
to different extracts of P. atlantica was evaluated using the
agar well diffusion method.?’ Mueller-Hinton agar medi-
um was autoclaved and poured into the Petri dishes. The
suspension of each strain from young colonies of 18 to 24
hours was made in nutrient broth and its concentration
was adjusted to 0.5 McFarland (108 CFU/mL). After that,
the inoculums of various bacteria were spread over the
surface of Mueller Hinton agar, and four wells of 6 mm in

diameter were punched off into the agar medium with
sterile cork borer. Three of these wells were filled with 50
uL of extract and the fourth well was poured with 50 uL of
sterile distilled water as negative control. The plates were
kept for 1 hour at room temperature to allow the diffusion
of extracts, and then incubated at 37 °C for 24 h. The re-
sults were obtained by measuring the diameter of inhibi-
tion zones around the wells. Standard antibiotic discs Ce-
fotaxime (CTX) was used as positive control against E.
coli, K. pneumoniae, L. monocytogenes, C. freundii. Imipe-
nem (IPM) was used for B. cereus, Amoclan (AMC) for E.
faecalis and P. mirabilis. Bactrim (SXT), Oxacillin (OXA),
Ceftazidime (CAZ) were tested respectively on S. typhimu-
rium, S. aureus and P. aeruginosa.

2.7. 3. Determination of Minimum Inhibitory
Concentration (MIC) and Minimum
Bactericidal Concentration (MBC).

The minimum inhibitory concentration (MIC) was
assessed for plant extracts exhibiting antibacterial activity,
by broth microdilution method using 96 wells mi-
croplates.?! A two-fold serial dilution of the extract was
prepared in the 10 wells of sterile microplate containing 25
uL Mueller Hinton nutrient broth. The inoculums of the
bacterial strains were preparing from fresh cultures of 18
to 24 hours. The turbidity was adjusted to 0.5 McFarland
(10 CFU/mL) and then these suspensions were diluted
(1/10). 5 pL of it were inoculated into all wells except the
11t well which is considered as negative control and the
12%h as growth positive control. Subsequently, 70 pL of
Mueller Hinton medium was added to 96 wells. The
microplates were incubated at 37 °C for 24 hours and MIC
was defined as the lowest concentration of the extract dis-
playing no visible growth of the tested microorganism. To
determine MBC, 2 pL from each well that did not exhibit
any growth was inoculated in parallel streaks of 3 cm on
Mueller-Hinton agar plates, and then we incubated at 37
°C for 24 hours. The number of bacterial colonies on the
streaks was compared with that on the control plate, which
contained the streaks of the diluted inoculums (1071, 1072,
10~3 and 107%) of the bacteria. MBC was defined as the
lowest concentration of the extract at which the bacterial
growth was totally inhibited. The ratio between MBC and
MIC was calculated. When this MBC/MIC is less than 4,
the extract is considered as bactericidal against the tested
strains; while a ratio above 4 means that the extract is bac-
teriostatic.

2.7.4. Time-dependent Antibacterial Activity

The impact of contact time on the antibacterial activ-
ity of P. atlantica extracts was determined using the spread
plate method.?? The bacterial strain suspensions were pre-
pared from a fresh culture incubated for 18 to 24 hours,
with a concentration of 10°~107 CFU/mL. 100 pL of each
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bacterial suspension were incubated with 10 mL of the ex-
tract dissolved in nutrient broth at 200 rpm in a shaker
incubator for 2 and 4 hours. After the period incubation,
series of 10-fold dilutions were carried out on the combi-
nation of the suspension and extract. Then, 100 uL of each
dilution was spread onto agar plates, which were incubated
for 24 hours at 37 °C. The results were expressed by count-
ing the colonies and comparing them with the control
plate to estimate the inhibition activity. The following for-
mula was used to calculate the percentage loss of bacterial
viability (LV):

LV (%) = (Nc - Nt) / Nc * 100

Nc: the number of colonies in the control plates.
Nt: the number of colonies in the treated plates.

2.7.5. Synergistic Antibacterial Assay

To assess the synergistic antibacterial activity, P. at-
lantica extracts were combined with standard antibiotics
using disc diffusion method. 20 pL of each extract was
dispensed on the antibiotic disk, and then placed on the
surface of Mueller-Hinton agar inoculated with the test-
ed bacteria. The plates were incubated at 37 °C for 24
hours and the zones of inhibition produced by the single
standard or by the plant extract in combination with
standard antibiotics were measured.?' Synergism is inter-
preted as when zone of combination > zone of standard
antibiotic; if zone of combination = zone of standard an-
tibiotic, it means indifference and if zone of combination
< zone of standard antibiotic, it is interpreted as antago-
nism.

2. 8. Statistical Analysis

All the tests were performed in triplicates. Results
are expressed as mean + standard deviation. Statistical
evaluation was conducted with Graph Pad 8. ANOVA
one way was employed to establish basic comparison.
The differences were statistically considered significant at
P <0.05

3. Results and Discussions

3. 1. Yield, Total Phenols and Flavonoids
Content of P. atlantica Extracts

In the present study, the yield percentage of the dif-
ferent extracts, total phenolic (TPC) and flavonoids (TFC)
content are presented in table 1. The result of extraction
yield of P. atlantica fruits showed that the maximum per-
cent of 67.32 and 22.04% was obtained by aqueous (AqE)
and petroleum ether (PEE) extracts, followed by crude
(CrE) and ethyl acetate (EAE) extracts.

Table 1. Yield (%), total phenolic and flavonoids content (TPC
and TFC) of fruit extracts from P. atlantica: crude extract
(CrE), petroleum ether (PEE), ethyl acetate (EAE) and aqueous
(AqE) fractions. Values are mean + SD (n = 3). Different super-
script letters indicate significant difference within column (P <
0.05).

Extract Yield % TPC TFC
(mg GAE/g) (ng QE/mg)
CrE 11.58¢ 145.45+3.49> 35.05+0.04°
PEE 22.04b 45.60+3.404¢ 11.6240.594
EAE 4.084 266.34+15.50° 62.7+0.422
AqE 67.3% 115.64+3.2444 12.77+0.07¢

Total phenolic (TPC) and flavonoid (TFC) contents
showed significant differences in plant fruit extracts. Thus,
the highest amount of TPC and TFC was recorded with
EAE (266.34 + 15.50 mg GAE/g and 62.7 + 0.42 ug QE/
mg), followed by CrE, AqE and PEE.

The differences in the yield of various extracts may
be due to the characteristics of the solvent or the nature of
phenolic compounds that have being extracted.?* Moreo-
ver, the synthesis of these compounds is influenced by sev-
eral factors including light, temperature, humidity and
nutrient availability.?* Our results are in agreement with
several other studies that demonstrate that P atlantica
fruit extracts contain a significant amount of these phenol-
ic compounds.?>26

3. 2. HPLC Analysis

The identification and quantification of P. atlantica
phenolic compounds were performed using HPLC-DAD
analysis. The amount and retention time of the identified
compounds are presented in table 2 and supplementary
information.

15 compounds were identified in each extract with
various concentrations. Quercetin (19818.42 ug/g),
gallic acid (12871.49 pg/g), chlorogenic acid (3960.28
pg/g) and methyl gallate (3619.76 pg/g) were the
dominant constituents in CrE. However, other com-
pounds including rutin, ellagic acid, coumaric acid, sy-
ringic acid, coffeic acid and kaempferol were present in
moderate concentration, while lowest concentration was
showed with vanillin, naringenin, rosmarinic acid,
daidzein and ferulic acid. EAE was characterized by high
amount of gallic acid (47539.53 pg/g), methyl gallate
(31376.82 ug/g), quercetin (28824.60 pg/g) and
chlorogenic acid (12184.13 pg/g); followed by ellagic
acid, coumaric acid, syringic acid, naringenin, vanillin
and daidzein with moderate concentration. Many stud-
ies have shown that these phenolic compounds have
beneficial effects on human health, owing to their bio-
logical activities including antioxidant, anti-inflamma-
tory and antibacterial activities.?”

Douffa et al: HPLC-DAD Analysis, Antioxidant and Antibacterial ...

605



606 Acta Chim. Slov. 2025, 72, 601-612

Table 2. HPLC analysis of phytoconstituents in crude (CrE) and ethyl acetate (EAE) extracts of
P, atlantica. RT: retention time, C: concentration.

CrE E-AE

Peak Compounds

RT (mn) C (ng/g) RT (mn) C (ng/g)
1 Gallic acid 3.535 12871.49 3.531 47539.53
2 Chlorogenic acid 4.267 3960.28 4.245 12184.13
3 Catechin - 0.00 - 0.00
4 Methyl gallate 5.386 3619.76 5.382 31376.82
5 Cofteic acid 5.715 314.12 - 0.00
6 Syringic acid 6.151 354.21 6.151 2858.16
7 Rutin 6.841 752.98 - 0.00
8 Ellagic acid 7.194 630.08 7.174 6875.11
9 Coumaric acid 8.314 457.08 8.309 3677.68
10 Vanillin 9.124 163.18 9.083 479.28
11 Ferulic acid 9.440 35.28 9.436 156.42
12 Naringenin 10.122 156.56 10.124 1549.28
13 Rosmarinic acid 10.035 62.71 11.699 80.19
14 Daidzein 15.659 42.51 16.176 225.04
15 Quercetin 17.437 19818.42 17.427 28824.60
16 Cinnamic acid - 0.00 19.041 6.32
17 Kaempferol 20.307 256.78 20.295 23.83
18 Hesperetin - 0.00 21.088 58.53

3. 3. Antioxidant Activities

3.3 .1. DPPH Scavenging Assay

The results of DPPH radial scavenging activity are
illustrated in table 3. Among the tested extracts, EAE ex-
hibited the strongest DPPH radical scavenging activity
with very low ICs (5.59 £ 0.27 pg/ml) more effective than
BHT as standard. CrE and AqE also showed a considerable
activity. In contrast, PEE displayed the lowest capacity.

Table 3. Radical scavenging activities of different extracts from P
atlantica fruits: crude extract (CrE), petroleum ether (PEE), ethyl
acetate (EAE) and aqueous (AqE) fractions; and standards (BHT
and Vitamin C). Results were expressed as the mean + SD (n = 3).
ns: no significant difference, ***: P < 0.001, ****: P < 0.0001.

Extracts DPPH OH- H,0,

IC 50 pg/ml IC 5omg/ml IC 50 ug/ml
CrE 22.35+0.12" 0.46 = 0.02™" 158.74+1.92""
PEE 439.04+5.79™" 3.91 £0.04™" 745.7+17.88""
EAE 5.59+0.27"" 0.50 + 0.02™" 20.56+5.8%%s
AqE 48.48+1.13™"  1.55+0.04"" 121.14+6.08"
BHT 20.00+ 0.11 - -
Vitamin C - 0.29 £ 0.01 36.17+5.49

Our results showed that P. atlantica from Algeria is
more active in scavenging action than the same plant from
different area in the world,?®?%2° and other species includ-
ing P. vera,®® P, lentiscus,®! and P. khinjuk.>?

3. 3. 2. Hydroxyl Radical (HO") Scavenging Assay

The Hydroxyl radicals (OH") are formed during the
metabolic process in cells, known for their extreme reac-

tivity and capability to interact various biomolecules such
as lipids, proteins and DNA, causing harm to the organ-
isms. Hence, human health relies on the removal of these
free radicals.®® According to the table 3, CrE and EAE
showed the highest scavenging of hydroxyl radical (OH")
with ICs; of 0.46 £ 0.02 and 0.50 + 0.02 mg/mL, respec-
tively. However, AqE and PEE exhibited the lowest activi-
ties. These results are in accordance with the findings ob-
tained for the different extract from the leaves of P
atlantica,’* and are more notable than those found in oth-

er species such as P, vera,3! and P. lentiscus,?? and P. khin-
juk.3®

3. 3. 3. Peroxide (H,0,) Scavenging Assay

Hydrogen peroxide itself exhibit a low reactivity, due
to its capacity to penetrate cell membrane, it can oxidize
various intracellular molecules. Furthermore, its reaction
with transition metals like iron produces more reactive
species such as hydroxyl radicals.*® This indicates the im-
portance of removing hydrogen peroxide by the antioxi-
dant defense systems. In hydrogen peroxide scavenging
assay, EAE showed a potent scavenging capacity with an
ICs = 20.56 * 5.84 pug/mL, exceeding both the standard
and the other extracts (table 3). These results represent the
first report on hydrogen peroxide scavenging activity of P
atlantica fruits extracts, based on our knowledge. Our
findings showed that P. atlantica extracts possessed a sig-
nificant antioxidant potential, which may be explained by
the presence of phyto-constituents, especially phenolic
acids and flavonoids. These phenolic compounds are well-
known for their biological properties,3”3® acting as radical
quenchers by donating a hydrogen atom or through elec-
tron transfer.®
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3. 2. 4. Reducing Power Assay

Reducing power assay results are illustrated in figure
1 and indicted that all the extracts possessed the ability to
reduce ferric iron. EAE had the strongest reducing activity
(ECs0="7.11 £ 0.10 pug/ml), which was similar to that of the
standard vitamin C (5.87 £ 0.06 pg/ml), followed by CrE
and AqQE. The reducing power of these extracts could be
related to the presence of the phenolic compounds which
act as electron donor in the reduction process.**4!

*khk
200 ——
150
g
2 1004
3
(8]
w ek
50- hkkk
ns
0‘_* T T T

Figure 1. EC, in reducing power of P. atlantica extracts: crude ex-
tract (CrE), petroleum ether (PEE), ethyl acetate (EAE) and aque-
ous (AqE) fractions; and the standard (vitamin C). values are ex-
pressed as mean + SD of triplicate. ns: No significant difference,
et P < 0.0001.

Our results are in agreement with those obtained by
Belyagoubi et al.*® and Benmohamed et al.?, but were
more effective than those of the study conducted on leaves
by Zerkani et al.?®

3. 2. 5. Total Antioxidant Capacity (TAC)

This assay is a quantitative method used to evaluate
the sample's ability to reduced phosphate- Mo (VI) to
phosphate-Mo (V) through electron or proton donation,
during a prolonged incubation at higher temperatures and
under acidic conditions.**** According to the results pre-
sented in figure 2, EAE showed the strongest antioxidant
capacity (ECs, = 18.23 £ 0.23 ug/mL) than the other frac-
tions and the standard Trolox. This can be related to the
high flavonoids content in this extract. A moderate TAC
was exhibited by CrE and AqE.

These results are comparable to that of the study con-
ducted on P, lentiscus leaves and seeds.** Previous studies
have indicated that this plant contain a considerable
amount of kaempferol, myricetin, quercetin and its deriv-
atives,*> which exist in our extracts and these compounds
are known for their great capacity as antioxidant.
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Figure 2. ECs in total antioxidant capacity (TAC) of fruit extracts
from P, atlantica: crude extract (CrE), petroleum ether (PEE), ethyl
acetate extract (EAE) and aqueous (AqE) fractions; and standard
(Trolox). Results are mean of 3 replicates values. ns: No significant
difference, ****: P < 0.0001.

3. 2. 6. Lipid Peroxidation Inhibition

Lipid peroxidation is a process in which free radicals
attack poly-unsaturated lipids in cell membranes, leading
to cell damage, which can be inhibited by antioxidants. In
this assay, peroxides are formed during the oxidation of
linoleic acid and have the ability to oxidize Fe?* to Fe*'.
This later forms a red complexe with thiocyanate.*® The ef-
fect of the P. atlantica extracts on lipid peroxidation inhibi-
tion obtained after five days is represented in figure 3 and
showed that EAE and PEE have the highest capacity to
inhibit lipid peroxidation with percentage inhibition of
82.86 + 0.31% and 80.11 * 2.54%, respectively, and was
comparable to that of the standard BHT (81.10 + 0.68%),
followed by CrE (74.83 £ 1.5%).
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Figure 3. Kinetic of lipid peroxidation inhibition of fruit extracts
from P. atlantica: crude extract (CrE), petroleum ether (PEE), ethyl
acetate extract (EAE) and aqueous (AqE) fractions; and the stand-
ard (BHT), at a concentration of 2 mg/mL.

The potent activities of these extracts may be due to
the quantity and the quality of extracts compounds, which
neutralize free radicals and convert them into more stable
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form. This stops the radical chain reactions,*” in case of

PEE, its antioxidant capacity may be linked to the presence
of lipophilic antioxidants such as fatty acid and terpe-
noids.*® These compounds are known for their ability to
scavenge free radicals, which can provide protection
against lipid peroxidation.*

3. 2. 7. Thiobarbituric Acid (TBA) Method

The end product of lipid peroxydation, MDA serves
as a biomarker in this experiment and its concentration
directly reflects the extent of lipide damage triggered by
oxidative stress. The data of this assay are shown in figure
4. EAE was the most effective extract in inhibiting MDA
formation (93 * 1.14%) than BHT (89.37 + 0.19%), fol-
lowed by PEE (88.29 + 0.32%), and CrE (87.59 + 0.25%).

100 -
ns ns -

80—
5
= 60+
o
- -
= p= =
S 40—
=

20—

0= T T T T

& [ he) =) ]
& K F S F

Figure 4. The percent inhibition of MDA formation by P. atlantica
extracts: crude extract (CrE), petroleum ether (PEE), ethyl acetate
extract (EAE) and aqueous (AqE) fractions; the standard (BHT).
Values are % means + SD (n = 3). ns: no significant difference. ****:
P <0.0001.

These obtained activities for P. atlantica fruits, were
more significant than those reported for leaves extracts of
the same plant,* and P. khinjuk extracts.?

3. 3. Antibacterial Activity

3. 3. 1. Well Diffusion Method

The results of the antibacterial activity of P. atlantica
extracts screened on 15 different bacterial strains using the
well diffusion method are indicated in the table 4. All ex-
tracts exhibited a broad spectrum of antibacterial activity
against both gram-positive and gram-negative pathogenic
bacteria with inhibition zones ranging from 10.66 to 29.33
mm. EAE demonstrated the strongest activity against S.

aureus, P. aeruginosa 982, S. typhimurium, S. aureus 995, B.
cereus, E. faecalis, C. freundii and P. mirabilis. These anti-
bacterial activities were comparable to that of the standard
antibiotics. Moreover, clinical stains: S. pneumoniae 990,
K. pneumoniae 982, and E. coli 982 were only sensitive to
EAE and their inhibition zones varied from 11 to 14 mm.
On the other hand, CrE and PEE showed the highest inhi-
bition zones against K. pneumoniae and S. aureus 995, re-
spectively; and moderate inhibition zones on S. aureus,
respectively. However, AqE exhibited the lowest activity.

Our results showed strongest activities against sever-
al bacteria species than that of obtained by Benmohamed
et al?®, and Benhamou ef al.*®, and were comparable to
those reported for P. chinensis,>® and P. khinjuk.>

Chemical investigations of various Pistacia species
have revealed their richness in phenolic compounds,?>3
which are active against a wide range of microorgan-
isms.>*>> This may be due to their interaction with bacteria
cell membrane®®*” or the inhibition of enzymes essential
for various metabolic processes.>®

3. 3. 2. Time-dependent Antibacterial Activity

The results of the effect of contact time on the bacte-
rial viability are illustrated by table 5 and showed potent
and various antibacterial activities against different bacte-
rial strains. The rates of growth inhibition were expressed
in percentage with values ranging from 79.39 to 99.98%
and from 22.58 to 100% after the 2 and the 4 hours of in-
cubation period, respectively. Thus, the most active extract
was EAE against 11 bacterial strains and the mortality
rates varied from 87.41 to 99.86% after 2 hours of contact
and remained stable against most of the strains, ranging
from 88.48 to 99.98% after 4 hours at a concentration of 10
mg/mL. This extract was bactericidal on almost species.

Significant and similar rates were also recorded for
CrE and PEE at a concentration of 20 mg/mL, after 2 and
4 hours of contact time. These extracts were bactericidal
against four bacterial strains. Conversely, AQE showed a
high mortality rate after 2 hours against S. typhimurium
and K. pneumoniae, which significantly decreased after 4
hours. The strong antibacterial activity of EAE is due to its
richness in bioactive compounds such as phenolic acids
and flavonoids whose potential antibacterial effect was
demonstrated.

3. 3. 4. Determination of Minimum Inhibitory
Concentration (MIC) and Minimum
Bactericidal Concentration (MBC).

After screening antibacterial activity using the agar-
well diffusion assay, the most active extracts were further
tested to evaluate their MIC and MBC. As shown in table
6, the MICs varied from 0.02 to 6.25 mg/mL and MBCs
ranged from 0.19 to 50 mg/mL. The EAE was the most ac-
tive with low MIC values on S. pneumoniae 990, B. cereus,
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Table 4. Antibacterial activity of fruit extracts from P. atlantica: crude extract (CrE), petroleum ether (PEE), ethyl acetate extract
(EAE) and aqueous (AqE) fractions; and the standard antibiotics. The results were expressed as mean + SD of triplicate determi-

nations.
Bacterial Inhibition zone (mm)
strains CrE PEE EAE AqE antibiotics
Ec - - 12.00 + 1.00 - 28.00 (CTX)
Pa - - 14.00+ 1.41 - 11.00 (CAZ)
Sa 16.00 £ 1.00 14.5 +0.70 29.33+1.15 - 27.00 (OXA)
Bc 12.66 + 2.08 17.5+£0.70 18.5+3.53 - 31.50 (IPM)
St - - 20.00 + 2.82 12.33 £ 0.57 25.00 (SXT)
Ef - - 17.66 + 0.57 - 22.50 (AMC)
Cf - - 17.66 + 2.08 - 35.00 (CTX)
Kp 23.00 +7.93 22.5+3.35 16.50 + 2.21 12.33 £2.51 22.00 (CTX)
Pm 13.33 £ 1.52 - 17.00 + 1.00 - 29.00 (AMC)
Ec 982 - - 11.00 + 1.41 - 32.00 (CTX)
Pa 982 - - 21.00 + 1.00 - 23.00 (CAZ)
Kp 982 - - 13.50 + 0.70 - (CTX)
Sa 995 16.33 £ 1.52 17.16 £ 2.02 19.33 £+ 1.15 - 22.00 (OXA)
Sp 990 - - 14.00 + 1.41 -

Ec: E. coli, Pa: P. aeruginosa, Sa: S. aureus, Bc: B. cereus, St: S. typhimurium, Ef: E. faecalis, Cf: C. freundii, Kp: K. pneumoniae, Pm:
P. mirabilis, Ec982: E. coli 982, Pa 982: P. aeruginosa 982, Kp982: K. pneumoniae 982, Sa 995: S. aureus 995, Sp990: S. pneumoniae
990.

Table 5. Loss of bacterial viability (%) with P. atlantica: crude extract (CrE), petroleum ether (PEE), ethyl acetate extract (EAE) and aqueous (AqE)

fractions, after 2 and 4 hours of incubation.

Bacterial CrE PEE EAE AqE

Strains 2 hours 4 hours 2 hours 4 hours 2 hours 4 hours 2 hours 4 hours
Ec - - - - 93.76+1.25 97.12+0.65 - -

Sa 99.98+0.08 99.99+0 92.65+0.24 89.82+1.27 99.65+0.04 99.88+0.02 - -

Bc - - 99.88+0.09 99.8740.03 97.18+0.65 94.69+0.68 - -

St - - - - 93.47+1.17 93.65+7.92 89.84+1.06 22.58+0.44
Ef - - - - 95.02+0.27 94.23+0.50 - -

Cf - - - - 99.58+0.04 99.67+0.04 - -

Kp 99.07+1.29 99.60+0.55 90.77+1.07 95.88%0.24 96.35+1.18 95.31+£0.82 79.39+6.46 28.78+3.50
Pm 99.11+0.16  100.00+00 - - 94.22+0.53 99.35+0.08 - -

Pa 982 - - - - 95.45+0.26 94.94+0.79 - -

Kp 982 - - - - 87.41£1.03 88.48+3.45 - -

Sa 995 99.69+0.41 99.98+0.08 99.84+0.01 99.48+0.04 99.86+0.05 99.98+0.01 - -

Sp 990 - - - - 95.53+1.15 95.60+1.93 - -

S. typhimurium, C. freundii, and P. aeruginosa 982, E. coli,
P aeruginosa, S. aureus, and S. aureus 995. Similarly, the
CrE displayed a significant MICs for K. pneumoniae and B.
cereus. However, PEE and AqE displayed moderate MIC
against the tested bacteria. Our results were better than
those reported by Rigane®$, and Hasheminya.>®

On the other side, the bacteriostatic and bactericidal
nature of P, atlantica extracts against the selected microor-
ganisms was appreciated through the MBC/MIC ration.
As shown in table 5, EAE was bactericidal against 7 strains:
E. coli, S. aureus, B. cereus, P. mirabilis, E. coli 982, K. pneu-
moniae 982 and S. aureus 995. Similarly, the CrE and PEE
demonstrated a bactericidal effect against four bacterial
strains. However, AQE displayed bactericidal activity only
on K. pneumoniae.

3. 3. 5. Synergistic Antibacterial Assay

In our study, the plant extracts combined with anti-
biotic exhibited a significant synergistic ability to inhibit
the growth of microorganisms and inhibition zones en-
hanced between 3 and 13 mm (table 7). EAE showed
strong synergistic effect against various bacterial strains,
followed by CrE and PEE. However, AqE, has a significant
synergistic only on K. pneumoniae.

The findings revealed a potent synergy of the plant
extracts with standard antibiotics, which could provide
new possibilities for treating infectious diseases and re-
ducing the drug resistance.®’ Further studies are needed to
explore the molecular basis of the synergistic interaction
for developing new natural antibacterial agents.
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Table 6. MIC and MBC (mg/mL) of extracts from P. atlantica: crude extract (CrE), petroleum ether (PEE), ethyl acetate extract (EAE) and aqueous
(AqE) fractions. R = MBC/MIC, bactericidal effect: MBC/MIC < 4, bacteriostatic effect: MBC/MIC > 4.

Bacterial CrE PEE EAE AqE
strains MIC MBC R MIC MBC R MIC MBC R MIC MBC R
Ec - - - - - - 0.39 0.39 1.00 - - -
Pa - - - - - - 0.39 12.50 32.05 - - -
Sa 1.56 0.78 0.50 3.12 3.12 1.00 0.39 0.78 2.00 - - -
Bc 0.19 0.39 2.00 1.56 6.25 4.00 0.19 0.39 2.00 - - -
St - - - - - - 0.19 12.50 64.10 6.25 25.00 4.00
Ef - - - - - - 3.12 12.50 4.00 - - -
Cf - - - - - - 0.19 1.56 8.01 - - -
Kp 0.02 0.19 0.81 3.12 0.19 0.06 3.12 12.50 4.00 1.56 1.56 1.00
Pm 6.25 50.00 8.00 - - - 0.78 1.56 2.00 - - -
Ec 982 - - - - - - 3.12 6.25 2.00 - - -
Pa 982 - - - - - - 0.19 3.12 16.02 - - -
Kp 982 - - - - - - 3.12 6.25 2.00 - - -
Sa 995 1.56 25.00 16.02 1.56 12.5 8.00 0.39 0.78 2.00 - - -
Sp 990 - - - - - - 0.04 3.12 65.10 - - -

Table 7. Antibacterial activity of P. atlantica extracts: crude extract (CrE), petroleum ether (PEE), ethyl acetate
extract (EAE) and aqueous (AqQE) fractions combined with standard antibiotics.

Bacterial Inhibition zone (mm)

strains CrE+AB PEE+AB EAE+AB AqE+AB AB

Ec - - 31.00 (S) - 28.00 (CTX)
Pa - - 17.00 (S) - 11.00 (CAZ)
Sa 40.00 (S) 40.00 (S) 39.00 (S) - 27.00 (OXA)
Be 43.00 (S) - - - 31.50 (IPM)
St - - 25.00 (I) 26.00 (I) 25.00 (SXT)
Ef - - 26.00 (S) - 22.50 (AMC)
cf - - 44.00 (S) - 35.00 (CTX)
Kp 30.00 (S) 28.00 (S) 25.00 (S) 25.00 (S) 20.00 (CTX)
Lm - - - - 15.00 (CTX)

Pm  33.00(S) - 30.00 (S) - 27.00 (AMC)

Ec 982 - - 39.00 (S) - 32.00 (CTX)

Pa 982 - - 23.00 (I) - 23.00 (CAZ)

Sa 995 - 26.00 (S) - - 22.00 (OXA)

S: synergy, I: indifference, AB: antibiotic

4. Conclusion

In this study, we evaluated the antioxidant and the
antibacterial activities of P. atlantica extracts. Our findings
indicated that the plant extracts possess strong antioxidant
properties against several antioxidant systems and demon-
strates potent antibacterial effects. The ethyl acetate extract
(EAE) showed a powerful capacity in scavenging radical,
reducing power and lipid peroxidation. Furthermore, this
extract has an interesting antimicrobial effect against a
broad spectrum of bacterial strains. These results describe
the biological properties of this plant and provide a scien-
tific foundation for its use in Algerian traditional medi-
cine. Further studies are necessary to study the activities of
the characterized phytochemicals by HPLC-DAD, which
can be useful for therapeutic applications.
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Abstract

The continuous rise in atmospheric CO, levels due to industrial emissions and fossil fuel combustion has intensified
the need for efficient carbon capture. Solid adsorbents are favoured for their reusability and low energy demand, yet
often face limitations in thermal stability and adsorption performance. This study examines the effect of co-loading
manganese (Mn) with potassium (K), copper (Cu), and calcium (Ca) on fibrous silica KCC-1 for CO, capture over a
wide temperature range. KCC-1 was synthesised via a microemulsion method, and metals were introduced using an ul-
trasonic-surfactant-assisted impregnation technique. Characterisation using XRD, FTIR, BET, FESEM-EDX, and CO,-
TPD confirmed structural integrity, surface functionality, and adsorption behaviour. CaO-MnO@KCC-1 shows the most
balanced textural properties and the highest CO, uptake due to its strong basicity and varied adsorption site strength.
This highlights its potential as a temperature-flexible CO, adsorbent.

Keywords: CO, capture; Manganese-based catalysts; Fibrous silica KCC-1; Ultrasonic-Surfactant-assisted impregnation;

metal dispersion; Basicity and redox properties

1. Introduction

The continuous rise in atmospheric CO, concentra-
tion due to industrial processes and the burning of fossil
fuels has intensified global warming and climate change.!
CO, capture and storage (CCS) technology have therefore
become essential for addressing these environmental is-
sues. Solid sorbents have drawn the most attention among
the several CCS techniques because of its efficiency, reusa-
bility, and potential for large-scale applications.?™

The search for "smart sorbents" that can effectively
absorb CO, at a variety of temperatures is still an intrigu-
ing area of materials science, nevertheless. Despite the
progress made in CCS development, challenges remain in
designing adsorbents capable of performing efficiently at
different operational temperatures. The adsorption perfor-

mance of a material is primarily influenced by the strength
and nature of the interaction between the CO, molecules
and the active sites on the adsorbent surface, while the de-
sorption profile reflects the thermal stability and binding
energy of the adsorbed species. Thus, instead of a single
material operating across all temperature regimes, materi-
als tailored with varied binding site strengths are required
to target low to high adsorption temperatures. Recent
studies have shifted toward developing “smart sorbents”
that can respond to temperature variations by adjusting
their adsorption behaviour accordingly.
Manganese-based materials are widely recognized
for their redox flexibility, thermal stability, and variable
surface characteristics, making them excellent candidates
for CO, capture.® The use of manganese oxides introduces
moderate basic sites that are favourable for the chemisorp-
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tion of acidic CO, molecules. However, the performance
of Mn-based adsorbents alone may be limited by their sur-
face area and pore accessibility. To improve their efficiency,
especially under varying thermal conditions, the incorpo-
ration of a second metal has been widely explored in the
literature.

The combination of manganese with a second metal
oxide - such as potassium (K), calcium (Ca), or copper
(Cu) - has been investigated to improve CO, capture per-
formance. Wang et al.” had reported that potassium is well
known for enhancing surface basicity, which facilitates
CO, chemisorption. Study confirmed the calcium can
form stable carbonates at elevated temperatures, contrib-
uting to long-term CO, retention and storage.® Mean-
while, copper provides redox-active sites and enhances
moderate binding interactions through catalytic surface
activation.® Bimetallic systems often display improved ad-
sorption profiles, broader active site distributions, and
stronger structural stability than their monometallic coun-
terparts.

A new star in adsorbent support of fibrous silica
KCC-1, is introduced to provide a playground for highly
dispersed of active site and improved gas-solid interac-
tions.!? Besides, it has large surface area, mesoporous ar-
chitecture, and distinctive fibrous shape. For example, Na-
sir et al.!! investigated the performance of amine-func-
tionalised KCC-1, where TEPA@KCC-1 exhibited a CO,
adsorption capacity of 4.31 mmol/g under 40 °C and 30
bar of maximum pressure. This study aims to open up new
options for creating "temperature-smart" sorbents that can
give targeted CO, capture performance throughout low,
medium, high and extremely high temperature ranges by
co-loading manganese onto KCC-1 with K, Cu, or Ca.

An  ultrasonic-surfactant-assisted ~impregnation
technique was used to create the adsorbents, which en-
sured uniform dispersion, preventing from agglomerate
and optimal interaction between the metals and the KCC-
1 support.!? In addition to showcasing the exceptional ad-
aptability of Mn-based bimetallic adsorbents, this work
offers a guide for customizing materials to satisfy the ev-
er-changing needs of sustainable CCS technology. This
work clears the path for creative answers to one of the most
important global issues of our day by connecting basic ma-
terial science with real-world application.

2. Methodology

2. 1. Synthesis of Metals-Mn@KCC-1
Adsorbents

All chemicals used in this study were of analytical
grade and applied without further purification. Tetraethyl
orthosilicate (TEOS, Merck) was used as the silica precur-
sor for the synthesis of KCC-1. Toluene (R&M Chemicals)
served as the oil phase, while 1-butanol (Merck) acted as

the co-surfactant. Urea (Merck, Germany) was added to
promote hydrolysis and condensation reactions. Cetyltri-
methylammonium bromide (CTAB, Sigma-Aldrich) was
used as the structure-directing agent during the synthesis
of KCC-1 and also in the metal impregnation step. Dis-
tilled water was used in all solution preparations.

The fibrous silica KCC-1 support was synthesized
using a microemulsion method as reported by Yusof et
al.’® with modifications involving ultrasonic and sur-
factant-assisted impregnation. In the metal loading step,
approximately 1 g of KCC-1 was dispersed in 10 mL of
distilled water and sonicated for 10 minutes. Metal precur-
sors manganese(II) nitrate tetrahydrate Mn(NO3),-4H,0
(Sigma-Aldrich), potassium nitrate KNO; (R&M Chemi-
cals), calcium nitrate tetrahydrate Ca(NO;),-4H,0
(Merck), and copper(II) nitrate trihydrate Cu(NO;),-3H,0
(Merck) were prepared separately in distilled water in a 1:1
molar ratio (Mn to co-metal) to achieve a 2.5 wt% loading
for each metal. CTAB was added to the metal solution at a
metal-to-surfactant ratio of 3:10 and sonicated for another
10 minutes.

The metal-containing solution was then mixed with
the KCC-1 suspension and further sonicated for 30 min-
utes to ensure uniform distribution of metals on the sup-
port. The resulting mixture was dried on a hotplate at 80
°C until water completely evaporated. The adsorbents were
thermally treated (calcined) at 600 °C for 4 hours under
nitrogen to remove the residual CTAB surfactant and sta-
bilize the metal oxides, this process is referred to as activa-
tion. The final adsorbents were designated as M-MnO@
KCC-1, where M refers to K,0, CaO, or CuO depending
on the co-metal used.

2. 2. Characterization

The structural, chemical, morphological, and textur-
al properties of the prepared adsorbents were evaluated
using several characterization techniques. X-ray diffrac-
tion (XRD) analysis was performed using a Bruker D8 Ad-
vance diffractometer with Cu-Ka radiation (A = 1.5406 A),
operated at 40 kV. The scans were recorded over a 20 range
of 10° to 80° with a step size of 0.02°. Fourier Transform
Infrared (FTIR) spectra were obtained using an Agilent
Cary 600 in the range of 4000-400 cm™! at a resolution of
4 cm™! with 32 scans per sample. Nitrogen adsorption-de-
sorption isotherms were recorded at 77 K using a Mi-
cromeritics Tristar IT Plus analyser after degassing the
samples at 150 °C for 4 hours under flow of nitrogen gas.
The BET method was used to determine surface area,
while the Barrett-Joyner-Halenda (BJH) method was ap-
plied to derive the pore size distribution from the desorp-
tion branch. The surface morphology and elemental distri-
bution were studied using field emission scanning electron
microscopy (FESEM) and energy dispersive X-ray spec-
troscopy (EDX), both conducted on a Zeiss Merlin Com-
pact operated at an accelerating voltage of 5-15 kV.
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2. 3. CO, Capture Study

The CO, capture performance of the adsorbents was
evaluated using temperature-programmed desorption of
CO, (TPD-CQ,). Prior to the desorption step, each sample
(approximately 20 mg) was pretreated under a flow of
high-purity nitrogen gas (99.999%) at 150 °C for 1 h to
remove any physisorbed species. After cooling to 50 °C,
the samples were exposed to a continuous flow of 15 %
CO, balanced with nitrogen at a total flow rate of 15 mL/
min for 1 hour to allow adsorption. The adsorption was
carried out under saturation mode to ensure complete
CO, coverage on all available active sites. Following ad-
sorption, the system was purged with nitrogen at the same
flow rate for 30 minutes to remove any weakly physisorbed
CO,. The desorption step was then carried out by heating
the sample from 50 °C to 900 °C at a rate of 10 °C/min
under a nitrogen flow of 15 mL/min. The CO, desorption
profile was monitored using a thermal conductivity detec-
tor (TCD). The desorption patterns obtained were used to
analyse the strength and distribution of the CO, adsorp-
tion sites across the tested temperature range.

3. Result And Discussion

3. 1. Physicochemical Properties of
Adsorbents

The structural and composition of Mn co-loaded
with potassium (K), calcium (Ca), and copper (Cu) on the

(a) KzO-Mn@KCC-l A KZO
Ca0-Mn@KCC-1 0
CuO-Mn@KCC-1 MnO

CuSiO,

Intensity (a.u.)

5.00 20.00 35.00 50.00 65.00 80.00

20

Figure 1: (a) XRD diffractogram and (b) FTIR spectra of the adsorbents.

fibrous silica KCC-1 support are revealed by the XRD pat-
terns (Figure la). All samples exhibit a broad diffraction
peak at 15-35°, which is consistent with the amorphous
silica structure framework of the KCC-1.141> The typical
broad peak associated to the fibrous silica structure's pres-
ervation, which is necessary to sustain the large surface
area and porosity required for CO, capture capacity and
the metal dispersion. The absence of noticeable MnO
peaks indicates that manganese oxide is well-distributed
throughout the KCC-1 surfaces, with particle sizes due to
falling below the XRD technique's detection limit.

None of the CaO peaks exist for CaO-MnO@KCC-1
due to the calcium and manganese substrates are widely
distributed throughout the KCC-1 surface, making crys-
tallinity invisible to XRD. The CuO-MnO@KCC-1 sample
exhibited a peak at 34°, which corresponds to MnO (111)
(ICDD 03-065-0638), indicating the existence of crystal-
line manganese oxide due to increased crystallinity and
larger MnO particle domains, which exceed the XRD de-
tection threshold. Strong interactions between copper and
the silica framework were also suggested by the identifica-
tion of a peak at 46° as copper silicate (431) (ICDD 03-
032-0346), resulting imbedded of copper mostly on the
dendrimer of KCC-1 (outer surface).

Significant peaks in the FTIR spectra of K,0-MnO@
KCC-1, CaO-MnO@KCC-1, and CuO-MnO@KCC-1 val-
idate the chemical and structural properties of the pro-
duced materials. The asymmetric stretching and bending
vibrations of the Si-O-Si framework are responsible for
the strong and broad absorption bands seen in the 800-

(b) ——
| I |
| I |
1ipl
] 1
]
1
[ I |
o
[ R |
y | i1
=
g Yl
o ! !
o 1
=) 1
s 1
=] '
2l
c 1
e [
H
3200 - 3600 i
952 -
K;O-MnO®@KCC-1 :
Ca0-MnO@KCC-1 :
CuO-MnO@KCC-1 10> |
4000 3340 2680 2020 1360 700

Wavenumber (cm™')

Yusof et al.: Fibrous Silica KCC-1 as a Platform for Mn-Based Dual Metal ...

615



616

Acta Chim. Slov. 2025, 72, 613-621

850 cm™' and 1100-1200 cm™! ranges for all adsor-
bents.'®!” These peaks validate the mesoporous properties
of the silica structure by showing that it has been preserved
inside the KCC-1 framework. All adsorbents exhibit a
wide band in the high-frequency range at around 3400
cm™!, which is ascribed to the stretching vibrations of hy-
droxyl (-OH) groups.'®!° The presence of surface hydrox-
yls, which are essential for adsorbent interactions, includ-
ing the adsorption of molecules like CO,, is shown by this
peak. Due to variations in surface chemistry brought about
by the added metals (K, Ca, and Cu), the hydroxyl peak's
strength may fluctuate somewhat between the samples due
to the hygroscopic of metal particles properties.

The spectra show clear peaks for CaO-MnO@KCC-1
at 1610 cm! and 1490 cm™!. The peak of H-O-H bending
vibration is shown at 1610 cm™! indicates molecularly ad-
sorbed water.?® This is attributed to the strong basicity of
CaO, which readily reacts with atmospheric CO,. The ex-
istence of calcium oxide species is suggested by the peak at
1490 cm™!, which is attributed to CaO.2! These results are
consistent with the XRD data, which demonstrate the
well-dispersed nature of calcium species on the KCC-1
framework but do not reveal any identifiable CaCO; peaks.
A carbonate peak also appears for CuO-MnO@KCC-1 at
1610 cm™!, which is consistent with the Cu silicate phases
shown by XRD. The presence of carbonate indicates that
copper and CO, may interact partially, possibly resulting
in the formation of weakly bonded carbonates. The idea
that copper species are evenly distributed or imbedded in
the silica network is supported by the lack of noticeable
CuO peaks in XRD. Copper preserves the mesoporous
structure of silica while improving redox characteristics
that are essential for mild CO, adsorption, according to
the FTIR data. When compared to XRD, the FTIR results
highlight how each metal affects the structural and chemi-
cal characteristics of the KCC-1 support. Copper interacts
with the silica framework to contribute to mild CO, ad-
sorption, but calcium promotes a high basicity with persis-
tent carbonate and oxide forms. The structural and func-
tional changes by the metal impregnation in KCC-1 are
better understood according to these combined findings
analysis.

The textural properties of the synthesized adsorbents
were investigated using nitrogen adsorption-desorption
isotherms, pore size distribution (PSD), and BET surface
area measurements. All samples exhibit Type IV isotherm
with an H1 hysteresis loop, as shown in Figure 2, which is
characteristic of mesoporous materials. The presence of

Table 1: Textural properties of the adsorbents

this loop indicates capillary condensation in mesopores
and confirms that the mesoporous structure of KCC-1 was
preserved after metal impregnation. The size of the hyster-
esis loop varied among the samples, with CuO-MnO@
KCC-1 showing a visibly wider loop compared to the other
two, indicating a higher pore volume and more developed
mesoporous structure as reported before by Maity and
Polshettiwar.??

Table 1 presents the BET surface area, total pore vol-
ume, and average pore size of all samples. The K,0-MnO@
KCC-1 sample provide the lowest surface area (71 m?/g)
and pore volume (0.17 cm?/g), with an average pore diam-
eter of 9.6 nm. Compared to pristine KCC-1 reported by
Hao et al.,”3 which has a BET surface area of approximate-
ly 600 m?/g, a pore volume of 0.91 cm?/g, and an average
pore size of 7.1 nm, this indicates a significant reduction in
textural properties, likely due to partial pore blockage by
potassium oxide. This is further supported by the broader
and less intense PSD peak of K,O0-MnO@KCC-1 in Figure
3, suggesting reduced pore uniformity and lower accessi-
bility, which is consistent with previous findings by Yusof
etal.’?

In contrast, CaO-MnO@KCC-1 exhibited a much
higher surface area (296 m?/g) and pore volume (0.52
cm?/g), with an average pore diameter of 6.6 nm. The PSD
shows a sharper and narrower peak compared to K,O-
MnO@KCC-1, indicating more uniform mesopores. The
smaller average pore size observed here is not necessarily
stabilizing the structure, but rather reflects the formation
of more compact pore networks due to calcium oxide dis-
tribution within the KCC-1 matrix. The shift in PSD to-
ward smaller pore diameters suggests a densification of the
pore network by CaO incorporation, as reported by Khine
et al.® without inducing pore collapse.

CuO-MnO@KCC-1 demonstrated the most favour-
able textural features, with the highest surface area (427
m?/g), largest pore volume (0.86 cm?®/g), and an average
pore size of 7.7 nm. Its isotherm shows a large and well-de-
fined hysteresis loop, wider than those of the other sam-
ples, which supports the presence of well-developed mes-
opores and enhanced gas accessibility. The PSD curve
shows moderately uniform pores, suggesting that copper
oxide is well integrated and enhances the pore structure
without severe blockage. This behaviour is consistent with
the formation of copper silicate phases at the dendritic
outer layers of KCC-1, as also supported by FESEM and
XRD findings. The comparison of PSD peaks clearly shows
a shift: Pristine KCC-1: ~7.1 nm,?* K,0-MnO@KCC-1:

Samples BET surface area (m?/g) Micropore area (m?/g) Total pore volume (cm?/g)  Average pore size (nm)
K,0-MnO@KCC-1 71 2.0 0.17 9.6
CaO-MnO@KCC-1 296 5.7 0.52 6.6
CuO-MnO@KCC-1 427 13.2 0.86 7.7
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9.6 nm (broader, less defined), CaO-MnO@KCC-1: 6.6
nm (narrow, sharp peak) and CuO-MnO@KCC-1: 7.7 nm
(moderately broad). These differences indicate that potas-
sium caused pore expansion but reduced uniformity, calci-
um led to narrower and denser pore channels, and copper
enhanced mesoporosity while maintaining good pore ac-
cessibility. Overall, the copper-containing sample exhibits

the best balance of surface area, pore volume, and meso-
structural quality.

All of the adsorbents' FESEM images (Figure 4) show
KCC-1's distinctive fibrous structure, demonstrating that
the spherical, dendritic mesoporous silica framework was
successfully synthesized.?> When metal oxides are added,
the fibrous and unique morphology further demonstrate
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the KCC-1 framework's structural stability. However,
K,O-MnO@KCC-1, CaO-MnO@KCC-1, and CuO-
MnO@KCC-1 all have somewhat different particle mor-
phologies and surface textures, which offer insight on how
metal impregnation affects the adsorbents structure. The
FESEM images of K,O-MnO@KCC-1 reveal that the fi-
brous network is mostly intact, but the surface seems
somewhat rougher than that of pure KCC-1.%
Comparing CaO-MnO@KCC-1 to K,0-MnO@
KCC-1, the FESEM pictures reveal more distinct fibrous
structure and extremely homogeneous spherical parti-
cles. The mesoporous structure's stability and integrity
are reflected in this morphology, which is in line with the
nitrogen adsorption data's narrow pore size distribution
and larger BET surface area. The FTIR spectra ascribed
to CaO and CaCOs3, indicate that the structural frame-
work is strengthened by calcium incorporation. These
results are in line with the XRD data, which show that
calcium has a synergistic impact on maintaining the
mesoporous architecture by confirming well-dispersed
calcium species without noticeable pore collapse. In con-

K20-MnO@KCC-1
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trast to CaO-MnO@KCC-1, CuO-MnO@KCC-1 exhibits
a somewhat finer surface and well-preserved spherical
shape, according to the FESEM images. The large BET
surface area and the somewhat uniform pore size distri-
bution, which is centred at 7.73 nm, are consistent with
this finding. The presence of carbonate peaks in the FTIR
spectrum indicates that there are not many interactions
between the silica framework and copper species. The
XRD data, which show evenly distributed copper species
devoid of notable crystalline CuO peaks, support the FE-
SEM findings that copper impregnation slightly decrease
porosity without seriously harming the KCC-1 frame-
work's structural integrity.

Important information on the elemental makeup of
the adsorbents K,O-MnO@KCC-1, CaO-MnO@KCC-1,
and CuO-MnO@KCC-1 and their effective integration in-
to the silica framework is provided by the Energy-Disper-
sive X-ray (EDX) study (Figure 4). The existence of silicon
(Si) and oxygen (O), the main constituents of the KCC-1
silica matrix, as well as manganese (Mn) and the corre-
sponding metal modifiers potassium (K), calcium (Ca),
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Figure 4: FESEM images and EDX of the adsorbents
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and copper (Cu) are confirmed by the EDX spectra of all
three materials. In conclusion, the FESEM and EDX study
offers an understanding of the structural changes of metal
impregnation when combined with XRD, FTIR and N, ad-
sorption-desorption data. CaO-MnO@KCC-1 exhibits
improved stability and porosity because to calcium stabi-
lizing impact, whereas K,0-MnO@KCC-1 displays partial
structural disruption. Conversely, CuO-MnO@KCC-1
preserves a balance between high porosity and structural
integrity, which is a result of copper efficient interaction
with the silica framework. These differences demonstrate
how important the added metals in modifying the KCC-1-
based adsorbents structural and textural characteristics.

3. 2. CO, Capture Study

Different CO, desorption peaks that correspond to
weakly (<250 °C), moderately (251-480 °C), strong (481-
700 °C) and very strong (>700 °C) adsorbed CO, species
are shown in Figure 5 with tabulate in Table 2 (TPD-CO,
profiles of each adsorbent).?® The peaks for K,O-MnO@
KCC-1 are mostly weakly bound CO, species, suggesting
low adsorption energy locations where potassium oxide
predominates and the adsorption at 14.74 cm3/g compared
to pristine KCC-1 at 11.65 cm®/g reported by Yusof et al.!?
Although potassium increases basicity and improves inter-
action with acidic CO, molecules, active sites are less acces-
sible due to partial pore blockage. As a result, especially at
higher temperatures, the adsorption capability is increase
slightly. Because of potassium prevailing effect, manganese
in K,O-MnO@KCC-1 appears to improve mild CO, bind-
ing but does not considerably enhance adsorption. On the
other hand, very strong, moderate, and weak desorption
peaks demonstrate the better adsorption capability of CaO-
MnO@KCC-1 at 22.35 cm®/g. CaO plays a major role in the
basicity of the material, which results in strong interactions
with CO, and the development of carbonates on the sur-
face. The desorption of tightly bonded CO, species is
shown by the steep peak at higher temperatures, which
suggests persistent carbonate production. Manganese func-
tion in this system is to balance the adsorption energies by
offering sites for moderate CO, binding, which enhances
the strong basic sites that calcium introduces. Among the
three adsorbents, CaO-MnO@KCC-1 is the most effective
due to its high affinity and dispersion,®?® which further im-
prove the accessibility of active sites.

Table 2: CO, Adsorption capacity of the adsorbents

The TPD-CO, profile for CutO-MnO@KCC-1 dis-
plays a wider range of desorption peaks, covering weak,
moderate, and high binding energies at 19.12 cm?/g. Man-
ganese promotes CO, interaction at higher binding ener-
gies, whereas copper's redox characteristics improve mod-
erate CO, adsorption through surface activation. The high
adsorption peak is less noticeable than in CaO-MnO@
KCC-1, however, suggesting that there are fewer stable
carbonate-forming sites. Given its high surface area and
moderate pore size distribution, which enable quick CO,
capture and release, it appears that CuO-MnO@KCC-1
depends more on dynamic adsorption-desorption pro-
cesses than on strong chemical binding.?” When compar-
ing the adsorbents, manganese presence in all systems is
crucial for improving moderate adsorption sites and
bridging the gap between the co-loaded metals capacities.
Manganese partially mitigates the poor adsorption of po-
tassium in K,O-MnO@KCC-1, whereas it enhances the
strong binding of calcium in CaO-MnO@KCC-1, result-
ing in a wider variety of adsorption sites. For CuO-MnO@
KCC-1, manganese strengthens the material ability to bind
CO, moderately and ensures stable performance across
varying conditions. To sum up, the TPD-CO, data demon-
strate how manganese and the co-loaded metals interact to
influence adsorption efficiency. Copper encourages mod-
erate adsorption, calcium strengthens strong carbonate
production, while potassium favours weak binding. All the
adsorbents demonstrate a beneficial synergistic interac-
tion with manganese, contributing to a balanced distribu-
tion of CO, adsorption sites across weak, moderate, and
strong binding regions. As illustrated in Figure 5, CaO-
MnO@KCC-1 exhibits the most comprehensive and in-
tense desorption profile, indicating a high density of active
basic sites. Its significant CO, uptake over a broad temper-
ature range confirms its superior adsorption performance.
This can be attributed to the presence of strong basicity,
thermally stable carbonate formation, and a well-pre-
served mesoporous structure, making CaO-MnO@KCC-1
the most promising candidate for efficient CO, capture
under varying operational conditions.

4. Conclusion

In order to improving their CO, adsorption capabil-
ities, manganese was co-loaded onto dendritic fibre silica

Samples CO, adsorption capacity (cm3/g)
Weak Medium Strong Very Strong Total
(<250°C) (251-480°C)  (481-700°C)  (>700°C)
K;O-MnO@KCC-1 3.38 9.89 - 1.48 14.74
CaO-MnO@KCC-1 6.13 7.46 - 8.72 22.35
CuO-MnO@KCC-1 3.23 8.91 - 6.98 19.12
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Figure 5: TPD-CO, profile of the adsorbents.

KCC-1 together with potassium, calcium, and copper. The
characterization results demonstrated that metals were
successfully incorporated into the KCC-1 framework, with
distinct effects of each metal on the chemical, structural,
and textural characteristics. According to TPD-CO, anal-
ysis, K,O0-MnO@KCC-1 mainly prefers weakly bound
CO, species, CaO-MnO@KCC-1 has a higher adsorption
capacity because of its strong basicity and stable carbonate
formation, and CuO-MnO@KCC-1 has redox characteris-
tics allow it to efficiently balance moderate and strong ad-
sorption sites. The results illustrate how manganese plays a
crucial role in enhancing each metals adsorption behav-
iour. CaO-MnO@KCC-1 was found to be the most effi-
cient adsorbent, indicating its potential for tailored CO,
capture throughout a range of temperatures.
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Nenehno nara$canje ravni CO, v ozradju zaradi industrijskih emisij in izgorevanja fosilnih goriv je povecalo potrebo
po ucinkovitem zajemanju ogljika. Trdni adsorbenti so priljubljeni zaradi moznosti ve¢kratne uporabe in nizke pora-
be energije, vendar pogosto naletijo na omejitve v toplotni stabilnosti in adsorpcijski zmogljivosti. Ta $tudija preucuje
ucinek socasnega nalaganja mangana (Mn) s kalijem (K), bakrom (Cu) in kalcijem (Ca) na vlaknasto siliko KCC-1 za
zajemanje CO, v Sirokem temperaturnem obmo¢ju. KCC-1 je bil sintetiziran z metodo mikroemulzije, kovine pa so bile
dodane z ultrazvo¢no impregnacijo s pomo¢jo povr$insko aktivnih snovi. Karakterizacija z uporabo XRD, FTIR, BET,
FESEM-EDX in CO,-TPD je potrdila strukturno celovitost, funkcionalnost povrsine in adsorpcijsko obnasanje. CaO-
MnO@KCC-1 kaze najbolj uravnotezene teksturne lastnosti in najvisjo absorpcijo CO, zaradi svoje moéne bazi¢nosti in
raznolike moc¢i adsorpcijskih mest. To poudarja njegov potencial kot temperaturno prilagodljiv adsorbent CO,.
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KOLEDAR VAZNEJSIH ZNANSTVENIH SRECAN]

S PODROCJA KEMIJE IN KEMIJSKE TEHNOLOGIJE

2025

September 2025
25-27
Information:
29-1
Information:

30

Information:

October 2025
1
Information:

6-10

Information:
10-11
Information:

18-19

Information:

November 2025

1-6

Information:
23-25

Information:

SCIENTIFIC MEETINGS -
CHEMISTRY AND CHEMICAL ENGINEERING

29T INTERNATIONAL SYMPOSIUM ON SEPARATION SCIENCES (ISSS2025BELGRADE)
Belgrade, Serbia
https://isss2025belgrade.rs/

GDCh SCIENCE FORUM CHEMISTRY 2025 (SFC 2025 )
Karlsruhe, Germany
https://www.gdch.science/

5th VIRTUAL CHEMBIOTALKS
Online
https://www.universiteitleiden.nl/en/science/led3/chembiotalks

UNESCO/IUPAC POSTGRADUATE COURSE IN POLYMER SCIENCE
Prague, Czech Republic
https://www.imc.cas.cz/events/unescoiupac/current-course

INTERNATIONAL CHEMICAL BIOLOGY SOCIETY/EUROPEAN CHEMICAL BIOLOGY
SYMPOSIUM JOINT MEETING (ICBS/ECBS JOINT MEETING)

Paris, France

https://www.eu-openscreen.eu/newsroom/ecbs.html

10™ SYMPOSIUM OF CHEMISTRY STUDENTS (SiSK)
Zagreb, Croatia
https://sisk.hkd.hr/

16™ STUDENS CONGRESS OF SOCIETY OF CHEMISIST AND TECHNOLOGIST OF
MACEDONIA

Skopje, Republic of N. Macedonia

https://congress.sctm.mk/event/5/

45™ INTERNATIONAL SYMPOSIUM ON HALOGENATED PERSISTENT ORGANIC
POLLUTANTS (POPs)- (Dioxin 2025)

Antalya, Tirkiye

https://www.dioxin2025.org/

25™ EUROPEAN MEETING ON ENVIRONMENTAL CHEMISTRY (EMEC 25)
Chania, Crete
https://www.emec25.tuc.gr/en/home
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December 2025
1

Information:
10-11
Information:

11-12

Information:

ORGANIC CHEMISTRY POSTER SYMPOSIUM 2025
London, United Kingdom
https://www.rsc.org/events/detail/81676/organic-chemistry-poster-symposium-2025

WORKSHOP ON Lc-Ms Method Validation and Performance
Rome, Italy
https://www.spettrometriadimassa.org/conference-2025-Methods_Validation_2025

ReSource 2025: INTERNATIONAL CONFERENCE ON BIOWASTE TRANSFORMATION TO
ENERGY & CHEMICALS

La Rochelle, France

https://www.resource-conference.com/
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Acta Chimica Slovenica

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
e Citing spectral and analytical data
e 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.

e 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).

e 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 List of suggested reviewers with at least five re-
viewers with two recent references from the field of
submitted manuscript must be uploaded as a Word
file. At the same time, authors should declare (i)
that they have no conflict of interest with suggest-
ed reviewers and (ii) that suggested reviewers are
experts in the field of the submitted manuscript.

e 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 concise
summaries of the author’s most recent work written
with the broad scope of ACSi in mind. They are intend-
ed to be general overviews of the authors’ subfield of
research but should be written in a way that engages
and informs scientists in other areas. They should con-
tain the following (see also general guidelines for arti-
cle structure below): (1) an introduction that acquaints
readers with the authors’ research field and outlines
the important questions for which answers are being
sought; (2) interesting, novel, and recent contributions
of the author(s) to the field; and (3) a summary that
presents possible future directions. Manuscripts should
normally not exceed 40 pages of one column format
(font size 12, 33 lines per page). Generally, experts who
have made an important contribution to a specific field
in recent years will be invited by the Editor to contrib-
ute a Feature Article. Individuals may, however, send
a proposal (of no more than one page) for a Feature
Article to the Editor-in-Chief for consideration.
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Scientific articles should report significant and inno-
vative achievements in chemistry and related scienc-
es and should exhibit a high level of originality. They
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.

VRN hWNE

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 ISO
80000 standard [1], and IUPAC Green Book [2] rules
on the names and symbols of quantities and units. The
Systeme 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 IUBMB and
the International Union of Pure and Applied
Chemistry (IUPAC) should be used for abbreviation
of chemical names, nomenclature of chemical com-
pounds, enzyme nomenclature, isotopic compounds,
optically active isomers, and spectroscopic data.

o A conflict of interest occurs when an individual
(author, reviewer, editor) or its organization is in-
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volved in multiple interests, one of which could pos-
sibly corrupt the motivation for an act in the other.
Financial relationships are the most easily identifi-
able conflicts of interest, while conflicts can occur
also as personal relationships, academic competi-
tion, etc. The Editors will make effort to ensure
that conflicts of interest will not compromise the
evaluation process; potential editors and reviewers
will be asked to exempt themselves from review
process when such conflict of interest 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 fund-
ing support should be mentioned. The statement of
disclosure must be provided as Comments to Editor
during the submission process.

e 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.

e 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 in-
formation for publication, which is supplementary ma-
terial (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 information is particular-
ly appropriate for presenting additional graphs, spectra,
tables and discussion and is more likely to be of interest
to specialists than to general readers. When preparing
supporting information, authors should keep in mind
that the supporting information 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 without 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 pro-
cess. Authors should propose the names, full affiliation
(department, institution, city and country) and e-mail
addresses of five potential referees. Field of expertise
and at least two references relevant to the scientif-
ic field of the submitted manuscript must be provid-
ed 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 addi-
tion, referees should be from institutions other than
(and countries other than) those of any of the authors.
Authors declare no conflict of interest with suggested
reviewers. Authors declare that suggested reviewers
are experts in the field of submitted manuscript.

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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Preprints Policy

Acta Chimica Slovenica allows also a submission of
manuscripts which have already been made available
as a preprint prior to submission to the journal. Authors
are encouraged to update any pre-publication versions
with a link to the final published article. It is advised
that authors don’t assign copyright during the preprint
process, instead authors should retain copyright on
their work when posting to a preprint server. If a DOI
is assigned to a preprint, Acta Chimica Slovenica will
assign a new DOI to the accepted article.

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 au-
thor(s) denoted as the corresponding author(s), to-
gether with their e-mail address, full postal address
and telephone/fax numbers are given. Provision of
an ORCID ID is optional but highly encouraged.

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 referenc-
es of five potential referees from institutions other
than (and countries other than) those of any of the
authors are prepared in the word file. At least two
relevant references (important recent papers with
high impact factor, head positions of departments,
labs, research groups, etc.) for each suggested re-
viewer must be provided. Authors declare no con-
flict of interest with suggested reviewers. Authors
declare that suggested reviewers are experts in
the field of submitted manuscript.

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
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