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The electrode configuration can strongly influence the electrocoagulation removal performance. This study aimed to
introduce a new aluminum-based curved plate (AICP) electrode to improve the electrocoagulation process as a treatment
method for Eriochrome black T-contaminated water. Different factors influencing the electrocoagulation process, such as
coagulation time, applied voltage, initial dye concentration, electrode distance, and operating temperature, were
investigated. The superior removal efficiency of 97% was acquired at 105 min removal time, 30 V applied voltage, 1 cm
electrode distance, 80 mg/L initial EBT concentration, and 318 K operating temperature. The findings emphasize that the
removal efficiency of EBT dye increased with increasing coagulation time, applied voltage, initial dye concentration, and
operating temperature, and it decreased with increasing the distance between electrodes. The kinetic investigation
revealed that the pseudo-second order adsorption model properly described the removal process. In addition, the
comparison between the new curved plate electrodes and the conventional flat plate electrodes under the same operating
conditions revealed that the maximum removal efficiency of 97% was obtained for the new aluminum-based curved plate
(AICP) electrodes compared to 90% for the conventional flat plate electrodes. This higher removal efficiency is due to
the curved structure of the electrodes, which helps to improve flow hydrodynamics and mass transfer, thus reducing the

removal time.
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INTRODUCTION

Aquatic systems are exposed to numerous
activities, caused by human beings, that alter their
intrinsic nature. One of these primary activities is the
disposal of colored materials, resulting from
industrial processes, into water bodies [1]. Dyes are
organic compounds that have a negative influence on
aquatic organisms due to their durability, toxicity,
and low biodegradability [2, 3]. Eriochrome black T
(EBT) is an anionic azo dye that is exceedingly
utilized in the textile industry [4]. It was recently
reported that prolonged exposure to EBT can cause
carcinogenic and toxic effects to the aquatic
environment [5]. Therefore, eliminating EBT from
contaminated water before discharging to water
bodies is substantial.

Among the major methods used for dye treatment
in wastewater, electrocoagulation (EC) can be
considered a promising technique for water
treatment due to its unique properties, such as
operation simplicity, process efficiency, and various
contaminants removal ability [6, 7]. However, some
limitations hinder its wide spread, such as sludge
production, energy consumption, and electrode
corrosion [8, 9].

Electrocoagulation merges the advantages of
coagulation, flotation, sedimentation, and
electrochemical oxidation processes [10]. Its
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working principle is based on the formation of a
coagulant as a result of the current flows through the
metal electrodes flooded in the sample solution [11].
The metal cations produced from the surface of the
anode electrode (Eq. 1) associate with the hydroxyl
ions released from the water reduction at the cathode
electrode (Eq. 2), to form metal hydroxides (Eq. 3)
[12]. The reactions occurring on the aluminum

electrodes are as follows [10—12]:
Aly — AL +3e” (at the anode) (D

— 3
3H20(l)+3€ — §H2(9)+

3 OH(yq (at the cathode) 2)
The hydroxyl formation through the EC process
is:
AL% s + 3 OHG gy — AL(OH)5 s 3)

AI(OH)3 has a large surface area, which is of
great benefit in the rapid adsorption of dissolved
compounds and trapping of colloidal particles [16].
It works as a coagulant to destabilize the polluting
particles and leads to the formation of larger
particles that are easier to separate and remove from
the water through sedimentation or by flotation to
the surface with hydrogen gas bubbles liberated at
the cathode [17].

Recent studies by Mohan et al. concluded that the
maximum removal efficiency about 98% of Congo
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red [18], and 99% of EBT [19] was achieved using
copper electrodes in an electrocoagulation process.
The investigation of Kalivel et al. [20] disclosed that
aluminum electrodes are preferable to copper
electrodes in removing Red BFL dye. Bendaia et al.
[21] showed 95% removal efficiency of Acid red 14
using planar aluminum electrodes. Yazdandoust et
al. [22] applied planar aluminum electrodes for the
elimination of Direct red 80 from polluted water, and
only 89.3% of the dye removal was achieved with
the assistance of Moringa oleifera seed extract.

The hydrodynamics and the mass transport in
major electrocoagulation cells that use normal planar
plate electrodes are not very efficient [23]. The
planar plate electrodes can act as a barrier disturbing
the flow dynamics that can reduce the degree of
homogenization in the solution [24]. Also, the
generated gas bubbles can act as an electrical shield
of the electrode nucleation sites that significantly
affect the current distribution and the electrolyte
conductivity [25]. Therefore, to overcome these
obstacles, some literature reported the use of an
alternative strategy based on improving the electrode
design, such as a perforated plate electrode [26],
rotating electrode [27], rotating cylindrical electrode
[28], folded plate electrode [29], cubic electrodes
[30], spiral electrode [31], which can enhance
mixing efficiency and mass transport rates and thus
promote uniform current distribution [32, 33].

The novelty of this paper consists of using two
Al-based parallel curved plate (AICP) electrodes in
the electrocoagulation technique to remove EBT
from a synthetic aqueous solution. The influence of
electrode shape, treatment time, electrode distance,
applied voltage, process temperature, and initial dye
concentration was examined in terms of EBT
removal from aqueous media.

EXPERIMENTAL

Eriochrome black T (EBT) of analytical grade
was obtained from Fluka and used as received
without any treatment. Its chemical formula is
C20Hi12N3NaO7S, m. wt. 463.381 g/mol, and its Amax
is about 530 nm [34].

The electrocoagulation experiments were
performed in a 250-mL cylindrical cell. The
experimental setup of the electrocoagulation process
is illustrated in Fig. 1. The experiments were carried
out using a DC power supply (Dazheng, 0-30 V,
China), 8-tube centrifuge (Gallenkamp, England),
and ultraviolet-visible spectroscopy (UV-1800,
Shimadzu, Japan). The experiments were conducted
using 200 mL of a dye solution prepared by
dissolving EBT in distilled water to obtain the
desired EBT concentration.
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Fig. 1. Schematic experimental setup of the

electrocoagulation system.

A pair of aluminum-based parallel curved plate
(AICP) electrodes (Fig. 2a) with dimensions of 4 cm
length, 5 cm width, and 0.6 cm thickness, with an
effective surface area of 20 cm?, was immersed in
the dye solution in the cylindrical cell. The
electrodes were connected through a copper wire to
a DC power supply. For comparison, a pair of
aluminum-based flat plate (AIFP) electrodes (Fig.
2b) with the same dimensions was also utilized. The
electrocoagulation cell before and after the removal
process is presented in Figs. 2¢ and 2d, respectively.

O

Fig. 2. AICP electrode (a), AIFP electrode (b), the
cylindrical cell before (c) and after (d) electrocoagulation.

The effect of different factors on the EBT
removal efficiency by the electrocoagulation process
was tested. Each experiment was performed by
varying one factor and keeping the others constant to
obtain the optimal removal circumstances. These
factors are removal time (15, 30, 45, 60, 75, 90, 105,
and 120 min), applied voltage (10, 20, 30 V),
electrode distance (1, 2, 3 cm), temperature (298,
308, 318 K), and initial EBT concentration (20, 40,
60, 60, and 80 mg/L). The solutions were separated
at 3000 rpm in an 8-tube centrifuge to obtain a clear
residual EBT dye supernatant whose absorbance was
measured by ultraviolet-visible spectroscopy at 530
nm.

The values of the removal efficiency (%
Removal) and adsorption capacity (qc) were
estimated using Eqs. 4 and 5, respectively [18].
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Ay — 4,

% Removal = X 100 (4)

0
(CO - Ce)V

ge = ——— )

where Ao is the solution absorbance before
electrocoagulation and Ais the solution absorbance
after electrocoagulation, Co and C. represent the
initial  concentration and the equilibrium
concentration (mg/L), respectively, V is the volume
of the dye solution (L), and m is the amount of
electrode consumption (g).

The energy consumption (Cenergy) and electrode
consumption (Ceieetrode) depending on Faraday's law,
were calculated using Egs. 6 and 7, respectively [17,
19].

Cenergy =Ult (6)
c _ MIt 7
electrode — nF ( )

where U is the applied voltage (V), I is the
electric current (A), t is the electrolysis time (s), M
is the aluminum molar mass (26.98 g/mol), n is the
number of transferred electrons, and F is Faraday
constant (96487 C/mol).

The kinetic study of the AICP electrodes was
performed by applying two kinetic models, the
pseudo-first order (Eq. 8) and the pseudo-second
order (Eq. 9) [18],

In(qe — q¢) =Ing, — kqt ®

t 1 t
— = — ©)
A k2q7 Qe
where q. and q; represent the adsorption capacity
at equilibrium and at time (t), respectively, k; and k»
are the pseudo-first and the pseudo-second order rate
constants.

RESULTS AND DISCUSSION

The influence of electrocoagulation time on the
removal of EBT dye from aqueous media using
AICP electrodes was investigated using removal
time intervals (15, 30, 45, 60, 75, 90, 105, and 120
min), applied voltage 30 V, electrode distance 1 cm,
temperature 298 K, and initial EBT concentration 20
mg/L. Fig. 3 shows that a lower removal efficiency
of about 68% occurs at the beginning of the
electrocoagulation process. Increasing the process
time increases the removal efficiency to achieve its
maximum value of about 97% in about 105 min. In
addition, as the electrolysis time increases from 15
to 105 min, the energy consumption rises from 0.225
kWh to 1.575 kWh, along with electrode
consumption from 0.0025 g to 0.0176 g. This can be

explained by considering that increasing the removal
time will increase the release of AI’" ions at the
anode (Eq. 1) and of hydroxyl ions at the cathode
(Eq. 2), which can lead to the production of an
additional amount of aluminum hydroxide that
promotes the adsorption of more dye molecules.
Moreover, the improved mixing and hydrodynamic
flow provided by the AICP electrodes can create
more opportunities for interaction to occur between
the produced coagulant and the dye particles,
thereby improving the contaminant removal
efficiency during the electrocoagulation process.
Hashim et al. [26] explained that the treatment time
exerts an important effect on the removal efficiency
and reported that increasing the electrolysis time
from 5 to 30 min using aluminum baffle-plate
electrodes can enhance the removal efficiency of
Escherichia coli by 60%. Hawari et al. [35] reported
that about 19.6% of the total organic carbon removal
was achieved in 5 min using symmetrical aluminum
electrodes compared to 67.7% in 60 min, and they
claimed that changing the electrode configuration by
introducing asymmetrical aluminum electrodes can
enhance the removal efficiency to 87.7%.

100 1
80 /A/Q—‘Q—_.
60 -

40

% Removal

20 4

0

0 20 40 60 80 100 120
Time (min.)

Fig. 3. EBT removal with time using AICP electrodes

The operation potential is a crucial factor that has
an essential impact on the -electrocoagulation
process. Fig. 4 displays the EBT dye removal using
AICP electrodes at various applied voltages (10, 20,
and 30 V), electrode distance 1 cm, temperature 298
K, and initial EBT concentration of 20 mg/L. It
shows that increasing the applied voltages from 10
V to 30 V increases the removal efficiency from 72%
to 97%. This proves that the higher the potential, the
greater is the electrocoagulation efficiency. Gasmi et
al. [17] reported that better removal efficiency can
be achieved at a higher voltage. Increasing the
potential leads to an increase in the electric current
flowing through the cell. According to Faraday's law
(Eq. 7), the amount of dissolved material from the
electrodes is proportional to the amount of current
flowing through them. Therefore, increasing the
electric voltage contributes to the dissolution of the
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aluminum electrodes, which leads to the release of
larger quantities of AI’*" ions that react with water to
form aluminum hydroxide flocs which have a high
capacity to absorb and clump dye molecules [14]. In
addition, increasing the electrical voltage also
contributes to the generation of larger quantities of
hydrogen gas bubbles at the cathode, resulting from
the decomposition of water, which in turn
contributes to raising pollutant particles to the
surface via electroflotation [36].

100 -
80 -
g
g 60 -
&) 30V
° 40 A 20V
——10V
20 A
0 T T T T T T

0 20 40 60 80 100 120
Time (min.)

Fig. 4. EBT removal with time at different voltages
using AICP electrodes.

The effect of the distance between the electrodes
was also studied using three electrode distances (1,
2, and 3 cm), applied voltage 30 V, temperature 298
K, and initial EBT concentration of 20 mg/L. It can
be seen from Fig. 5 that the highest removal
efficiency of 97% is achieved using 1 cm distance.
Increasing the distance between the electrodes to 3
cm lowers the removal efficiency to about 84%.
Also, a decrease in the electrode consumption from
0.0176 g to 0.0058 g occurs as the electrode distance
increases from 1 cm to 3 cm. This is due to the
increase in the solution resistance and thus decrease
of electrical conductivity that reduces the generation
of coagulant particles and hydrogen bubbles
necessary for dye removal. Mohan et al [18]
reported that inter-electrode distance plays a critical
role in the removal process, and the removal
efficiency was enhanced by about 9% on decreasing
the electrode distance from 3 cm to 0.5 cm.

The operating temperature has a key role in the
electrocoagulation  performance. This study
examined different temperatures (298, 308, 318 K),
using 30 V applied voltage, electrode distance 1 cm,
and initial EBT concentration of 20 mg/L.
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Fig. 5. EBT removal with time at different electrode
distances using AICP electrodes.

At the early stages of the electrocoagulation
process, the removal efficiency is affected by the
changes in the temperature, significantly increasing
with increasing temperature, as shown in Figure 6.
However, there is no considerable effect after 100
min since the electrocoagulation process has reached
the final stage. It is well-known that raising the
operating temperature usually increases the
electrocoagulation efficiency [37]. Increasing the
temperature  would enhance the  solution
conductivity and ionic mobility as a result of the
reduction in the solution resistance and viscosity
[24], allowing a higher current flow that would
accelerate the electrochemical reactions at the
electrodes and thus facilitate coagulant generation.
Mohan et al. [19] explained that raising the
temperature can enhance the ionic mobility as a
result of the increase in the kinetic energy of each
molecule, and removal efficiency can be enhanced
by 29% through raising the temperature from 313 K
to 348 K. Al-Raad et al. [27] reported that about 4%
of the removal efficiency was obtained by increasing
the temperature from 298 K to 318 K.

100
80 -

S

Z 60 4

§ -+ 318K
40 1

> 308K

=298 K

20 1
0 . ; ; . ; ;

0 20 40 60 80 100 120
Time (min.)

Fig. 6. EBT removal with time at different
temperatures using AICP electrodes.
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The influence of initial EBT concentration on the
removal efficiency of the electrocoagulation process
utilizing AICP electrodes was also investigated
using initial EBT concentrations of 20, 40, 60, 60,
and 80 mg/L, applied voltage 30 V, electrode
distance 1 cm, and temperature of 298 K. A clear
difference in the removal efficiency can be noticed
at the beginning of the removal process, as illustrated
in Fig. 7. As the initial EBT concentration rises from
20 mg/L to 80 mg/L, the removal efficiency
increases from 68% to 96%. At higher dye
concentration, there will be more dye molecules in
the solution. This increases the probability of
collision and interaction with the generated
aluminum hydroxide coagulants. As a result, it
enhances the aggregation and floc formation.
Moreover, many dyes are charged, and a higher
concentration increases the ionic strength of the
solution, which helps neutralize charges more
effectively and promotes coagulation/flocculation,
thereby enhancing the efficient removal of the dye.
On the other hand, the removal efficiencies are
almost identical after 100 min at all concentrations
used, which can be attributed to the
electrocoagulation process being close to reaching
the final stage. Bazrafshan et al. [38] attributed the
significant reduction in removal efficiency at lower
initial concentration to the dilute solution theory.
The diffusion layer formed around the electrode in a
dilute solution causes a slower reaction rate, while
the diffusion layer in the concentrated solution has
no impact on the rate of migration of metal ions to
the surface of the electrode. Kausleya et al. [39]
reported that only 70% reduction was achieved at a
lower initial TOC concentration, while 91% drop
was obtained for a higher initial TOC concentration.
They explained that a higher initial concentration
can increase the collision rate between the pollutant
molecules and with the produced coagulants that
reduces the pollutant content in the solution.

100 -

80 1

<

é 60 1 ——80 mg/L
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X 40 mg/L
20 20 mg/L

0

0 200 40 60 80 100 120

Time (min.)

Fig. 7. EBT removal with time at different initial EBT
concentrations using AICP electrodes.

The kinetic study of the AICP electrodes was
carried out by applying the pseudo-first order (Eq. 8)
and the pseudo-second order (Eq. 9) adsorption
models to the data obtained from the removal time
experiment under the optimized conditions. Fig. 8
shows the plots of these two models, and their
calculated parameters are presented in Table 1. It can
be clearly seen that the highest correlation
coefficient of 0.99 was achieved by the pseudo-
second order adsorption model compared to 0.88 for
the pseudo-first order adsorption model. Also, the
theoretical adsorption capacity of the pseudo-second
order adsorption model is the closest value to the
experimental adsorption capacity. These findings
prove that the kinetic study results are more
consistent with the pseudo-second order adsorption
model, which confirms a chemical adsorption of
EBT dye molecules on the aluminum surface.

2.5 4

(a)
2 -

1.5 1 T

0 T T T —— !
0 20 40 60 80 100 120

Time (min.)

0.6 1
b —*
05 ®) -

04 e
So3
<03 .

02 -

014 &7

0 T T T T T T
0 20 40 60 80 100 120

Time (min.)

Fig. 8. Kinetic plots of (a) pseudo-first order, (b)
pseudo-second order adsorption models.

Table 1. Kinetic parameters calculated for the
removal process.

Kinetic model Kinetic parameter | Value
ge exp. (mg. g!) 219.1
Pseudo-first ge calc. (mg. g1) | 250.8
order k; (min™") 0.051
R? 0.88
Pseudo-second ge calc. (mg. g™h) 243.9
order k; (g. mg' min!) | 0.0003
R? 0.99

A comparison between the traditional aluminum-
based flat plate (AIFP) electrodes and the new
shaped aluminum-based curved plate (AICP)
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electrodes was made using removal time intervals of
15, 30, 45, 60, 75, 90, 105, and 120 min, under
optimal conditions of applied voltage 30 V,
electrode distance 1 cm, temperature 298 K, and
initial EBT concentration of 20 mg/L. Figure 9
shows that both AIFP and AICP electrodes attained
a reasonable removal efficiency of approximately
68% at the start of the elimination process. As the
treatment time increases, the removal efficiency
gradually increases for both electrodes. However,
the AICP electrodes perform better and provide more
effective removal, attaining 97% at 105 min
compared to 86% of conventional AIFP electrodes.
This finding can be explained by the fact that
conventional AIFP electrodes can act as a barrier,
disturbing the flow circulation and hindering the
hydrodynamics of the flow, which reduces their
performance [24, 40]. Zafar et al. [41] reported that
using planar aluminum electrodes can eliminate
about 81% and 82% of methylene blue and methyl
orange, respectively. Soliman et al. [42] made a
modification to the electrocoagulation reactor to
treat ammonia-contaminated wastewater, and only
76.3% of the removal efficiency was due to the
stacked aluminum disc electrode. Jafari et al. [31]
stated that mixing is the major drawback that affects
the removal efficiency in a conventional
electrocoagulation reactor and the electrode
configuration can play a substantial role in the
electrocoagulation process. They reported that the
mass transfer between the electrodes using spiral
electrode configuration is anticipated to increase the
removal efficiency.

100
N 'M
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Fig. 9. EBT removal with time using AIFP and AICP
electrodes.

The new AICP electrode can better promote the
hydrodynamic flow. Its curved configuration,
expected to enhance mixing and mass transfer,
allows for rapid homogeneity of the solution and
provides more opportunities for interaction to occur
between coagulant flocs and EBT particles, thereby
decreasing treatment time. This leads to improved
contaminant  removal  efficiency  of  the
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electrocoagulation process compared to
conventional aluminum-based flat plate electrodes
(AIFP).

CONCLUSIONS

This research aims to introduce aluminum-based
curved plate electrodes in the electrocoagulation
technique for enhancing the removal of EBT from
aqueous media. The main factors influencing the
electrocoagulation  process were examined,
including treatment time, applied voltage, initial
EBT concentration, electrode distance, and
operating temperature. The optimal removal
efficiency of 97% was obtained at optimized
parameters: 105 min removal time, 30 V applied
voltage, 1 cm electrode distance, 80 mg/L initial
EBT concentration, and 318 K operating
temperature. The results confirm that the EBT dye
removal efficiency increases with increasing
coagulation time, applied voltage, initial dye
concentration, and operating temperature, and it
decreases with increasing the inter-electrode
distance. The pseudo-second order adsorption model
provides a better fit to the experimental data of the
removal process. A comparison was made between
the new curved plate electrodes and the traditional
flat plate electrodes under the optimized operating
conditions. Efficient removal of EBT from aqueous
solution was accomplished by the new aluminum-
based curved plate (AICP) electrodes, which can be
attributed to their curved shape that promotes mixing
and mass transfer, allowing for rapid homogeneity
of the solution to take place, which increases the
removal efficiency of the -electrocoagulation
process. These findings emphasize that the new
aluminum-based curved plate (AICP) electrodes can
be adopted in the electrocoagulation technology.

Acknowledgement: The author thanks the
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research.
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The aim of this work is to synthesize photocatalysts usable in the decomposition processes of organic pollutants
under visible irradiation. In this context, pure and zinc-doped SrBi>Os spinel oxide powders were synthesized by sol-gel
process. Physical and chemical properties of the calcination nanoproducts were characterized by XRD, FTIR
spectroscopy, BET surface area and SEM. Congo red was selected as a model dye to evaluate the photocatalytic activity
of the materials. The formation of spinel structure was confirmed by XRD and infrared spectroscopy. The nanometric
size of the crystallites undergoes a decrease following the incorporation of zinc ions. On the other hand, all powders
display very low specific surfaces between 0.1429 and 0.3549 m?/g. Low zinc doping in this case (1-3%) was favorable
to boost the activity of SrBi,O4 which gave an 84% degradation of the dye after 3 hours of irradiation.

Keywords: SrBi,04, doping, sol-gel, photocatalysis, Congo red

INTRODUCTION

Water, a precious natural resource, is without
competition the essence of life, so meeting human
needs for drinking water has become one of the
main concerns around the world. However, many
countries are now facing an imminent drinking
water supply crisis due to excessive consumption
and high contamination of surface water [1].
Wastewater loaded with toxic molecules such as
dyes constitutes one of the main sources of water
pollution [2]. Due to the diversity and complexity
of dye structures, most physical, biological and
chemical treatments used for water purification
remain ineffective and are limited only to the
transfer of contamination from one phase to another
[3]. Oxidation reactions of organic pollutants by
heterogeneous photocatalysis carried out in aqueous
media with dispersions of inorganic photocatalysts
under light irradiation have widely become an
effective approach for water treatment [4].
However, the application of photocatalytic
processes is primarily conditioned by the choice of
the material used as a photocatalyst. While some
semiconductors such as titanium dioxide, zinc
oxide and others have been widely studied, their
use has been limited only to ultraviolet radiation,
which further reduces the profitability of such

* To whom all correspondence should be sent:
Email: benhebal@univ-tiaret.dz
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treatment. Following the efforts deployed in the
field of nanotechnology, new photocatalysts
sensitive to visible light have emerged. Among
these materials there are spinel oxides of structure
AB>O4 of which A and B are metal cations of
valences +2 and +3, respectively [5, 6]. Bismuth-
based spinels MBi,O4 have recently received great
attention as promising candidates for the removal of
organic pollutants by visible light photocatalysis
due to their low band gap energies [7, §]. Only a
few reports have been published on the use of
SrBi,04 as a photocatalyst under visible light for
the photodegradation of dyes. According to Shtarev
and Serpone’s review [9], only three works have
been devoted to the study of the SrBiOs system
[10-12]. The objective of the present study is to
develop pure and zinc-doped SrBi,O4 nanoparticles
and to evaluate their photocatalytic activity for the
degradation of dyes in aqueous solution. The sol-
gel method was used for the synthesis of pure and
Zn-doped SrBi>Os photocatalysts. Physical and
chemical properties of the calcined nanoproducts
were characterized by X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR),
specific surface area measurement (BET), and
scanning electron microscopy (SEM). Congo red
(CR) was chosen as a model dye to evaluate the
photocatalytic activity of the materials.

© 2026 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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EXPERIMENTAL
Materials

Strontium nitrate [Sr(NOs),], bismuth nitrate
pentahydrate  [Bi(NO3);.5H>O], zinc nitrate
tetrahydrate [Zn(NOs),.4H>O] and citric acid
CsHgO7 were used as starting materials without
prior treatment.

o Synthesis of Zn-doped SrBi>Oy
photocatalysts. Zn-doped SrBi,O4 photocatalysts
were synthesized by a facile sol-gel citrate method
(Fig. 1). Distilled water was used as solvent
throughout all synthesis steps. The stoichiometric
amounts of strontium nitrate and bismuth nitrate
pentahydrate at a molar ratio of 1:2 were dissolved
in distilled water. To this mixture, citric acid
solution was added. The pH was adjusted by
ammonium hydroxide solution. The solution was
stirred and then the appropriate amount of zinc
nitrate (1, 3 and 5 wt %) was added to the mixture,
followed by vigorous stirring at 80 °C. The
obtained dry gels were further ground and calcined
at 600 °C for 4 h. The as-synthesized products with
various Zn contents (0, 1, 3 and 5 wt%) were
labelled as SB, ZSB(1%), ZSB(3%) and ZSB(5%),
respectively.

Sr(NO3): H>0 Bi(N 03)2 H>0
~ ™\ | Gitricacia | =
\ Magnetic d + \ Magnetic ’

stirring H:0 stirring
| v 1
Magnetic .
Solution (1) e Solution (2)
- s )
- Mixing solutions -
Zn(NO3): | H20 L

Magnetic N Magnetic stirring

stirring

l < dropwise until
Drop by pH7
drop Magnetic stirring

L
Heating /80°C

Formation of a gel

[
Drying at 200°C for 24 h

Calcination at 600°C/4 h > Powder

- + NH4OH

Figure 1. Diagram of the synthesis protocol of pure
and Zn-doped SrBi,Os by sol-gel process.

e Materials characterization. X-ray
diffraction (XRD) was used for the structural
studies of the undoped and zinc-doped SrBi>Os
nanoparticles using Rigaku  Miniflex 600
diffractometer through CuKa radiation
(0.154056 nm). The data were collected within the
range of 0°-80° with a step size of 0.02°. The

surface morphology of the nano-particles was
studied by scanning electron microscopy (SEM)
images using a Tescan Bruker model. Fourier
transform infrared spectroscopy analysis has been
performed on a Shimadzu FTIR-8400 spectrometer
using KBr pellet technique in the range of 4000—
400 cm™'. ASAP 2420 multi-sampler volumetric
device was used to determine nitrogen adsorption—
desorption isotherms of the powder samples.

e Photocatalytic experiments. The tests of
materials’ photocatalytic activities were performed
by the degradation of Congo red (300 < A <
550 nm) under visible light irradiation in a
laboratory-mounted device (Fig. 2). The visible
light source used was a white lamp LED of 12 Watt
(1.4 10° Im/m*) positioned perpendicularly above
the suspension at a distance of 8 cm. Briefly, 0.5 g
of the as-synthesized photocatalysts was dispersed
in 500 mL of aqueous CR solution (7 mg/L) with
pH of the suspension (~6.0) at room temperature.
Before lighting the lamp, the mixture was stirred in
the dark for 30 min to properly disperse the
photocatalyst nanoparticles and ensure adsorption-
dissociation equilibrium. During the reaction,
volumes were withdrawn from the solution at
regular time intervals, filtered and then analyzed by
UV-Vis spectrophotometry.

Visible light LED lamp
LREa ey 4 -
Cooling water inlet
Cooling water outlet

CR solution

............ Photocatalyst

£ . ]
Magnetic
[ stirrers U <@ l

Figure 2. Schematic diagram of the photocatalytic
device.

RESULTS AND DISCUSSION
Characterization

X-ray diffraction is a non-destructive
characterization technique that does not damage the
crystal structure of the solid sample. It allows
understanding  of atomic and  molecular
arrangements and identification of crystalline
phases in the sample. X-ray diffraction spectra of
the prepared samples were collected using a Rigaku
miniflex 600 X-ray diffractometer with a Cu-Ka
line (A=1.5406 A). The measurement was started
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after the analysis conditions such as scanning speed
(2°/min) and 26 interval (0°-80°) were set on the
instrument. The diffractograms presented in Figure
3 clearly show the presence of reflections (211),
(220), (002), (310), (112), (202), (411), (420), (213)
and (332) belonging to SrBi,O4 [13]. Some peaks
indexed to the monoclinic phase of Bi,O; were
identified. Additionally, low-intensity reflections
related to the crystalline phase of zinc oxide were
observed in the doped samples.

The crystallographic properties of the phase
formed in the prepared samples were estimated
from the most intense peak at 20 = 27.50°. The
Debye-Scherrer equation was used to estimate
crystallite size as follows [14]:

0,91
~ BCos(0) (1)
where A is the wavelength of the radiation used
in Cu Ka (0.15406 nm), B is the full width at half
maximum (in rad) of the peak and 6 is the angle at
the position of the maximum peak (in rad).
Microstrain was calculated by the Williamson-

Hall method [15]:
__B
€= 4tan6 (2)

The dislocation density is affected by the change
in the average crystallite size and consequently by
the doping rate. The relationship between the
average crystallite size and the dislocation density
is expressed by the equation:

1
5= 3)

The results of the calculations of the average
crystallite size (D), microstress (¢) and dislocation
density (d) are grouped in Table 1. The values thus
obtained indicate that the particle size of SrBi»O4
decreases with increasing Zn concentration. This
shows that the nanoparticles of the doped samples
are less agglomerated than those of the undoped

(211)
2oy (10

Intensity (a.u.)

sample. The microstrain values increase with
increasing Zn content due to the effect of the
nanoparticle size on the overall stress of the
materials. The number of dislocation lines per unit
area inside the materials increases with decreasing
crystallite size [16].

Table 1. Average grain size (D), mean microstrain
(¢) and dislocation density (8) of the photocatalysts.

SB SBZ SBZ SBZ

(1%) (3%) (5%)

D (nm) | 4324 | 2852 | 2743 | 27.44
e 0.00337 | 0.00514 | 0.00533 | 0.00531
5 0.000534 | 0.00122 | 0.00132 | 0.00132

The FTIR spectra of the prepared samples (Fig.
4) show that (i) these samples have a spinel
structure through the appearance of two main
characteristic absorption bands around 507 cm™
and 435 cm™! according to the Waldron hypothesis
[17]. The vibrations of the tetrahedral stretching
were recorded at a higher wavenumber than those
of the octahedral stretching, because the A-O bond
in the tetrahedral site is shorter than the B-O bond
in the octahedral site [18]. (i) Zinc substitution
caused an increase in the intensity of the absorption
peak at 507 cm™' which can be attributed to an
incorporation of zinc ions into the tetrahedral site
(preferred site of Zn®" ions). The FTIR spectra of
all doped samples exhibit the same characteristic
peaks as that of the undoped oxide, illustrating the
similar nature of the chemical bonds. The
interaction between the incorporated zinc ions and
the native strontium ions can be inferred from the
change in intensity of the FTIR spectra and the
slight shift of the peaks to either side, depending on
the doping level corresponding to the M-O bond
[19]. Finally, the band at about 1435 cm™ in the
undoped spectrum corresponds to the absorption
characteristics of carbonate ions (COs*) on the
sample surface [20].

Al A TO02 (g2 (202) @A120) (21333 ——5BZ(5%)
R W WL L T o Y . W L
SBZ(3%)
Il -SBZ(1%)
|
. sB
20 25 30 3s a0 45 50 55 60 65 70

2 Theta (degree)

Figure 3. XRD patterns of pure and Zn-doped SrBi,O4 nanoparticles.
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Figure 4. FTIR spectra of the photocatalysts.

The SEM study, whose micrographs are shown
in Figure 5, was carried out on pure and Zn-doped
SrBi;04. The microstructures show an irregular
distribution of agglomerated grains throughout the
samples. Apparently, the particle size gradually
decreases with increasing dopant concentration.

Figure 5.
SI‘Bi204.

SEM micrographs of pure and doped

The Brunauer-Emmet-Teller (BET) adsorption-
desorption isotherms for pure SrBi,Os and Zn-
doped SrBi,O4 samples synthesized through the
sol-gel method are displayed in Figure 6. The
textural properties of the synthesized samples are
depicted in Table 2. The isotherms shown in Figure
6 are almost of the same shape and can be classified
as type III according to the Brunauer-Deming-
Deming-Teller (BDDT) classification, typical of
macroporous materials [21, 22]. All powders
display very low specific surfaces between 0.1429
and 0.3549 m? g'. These results are in excellent
agreement with the value cited by Shtarev et al.
(0.13 m? g) [9]. According to calculations using
the Barrett-Joyner-Halenda (BJH) method (Table
2), the synthesized photocatalysts have pore volume
ranging from 8.2 127 cc/g to 12.8 10™ cc/g and size
ranging from 12.58 nm to 22.70 nm.

Table 2. Textural properties of pure and Zn-doped
SrBi204.

SB SBZ SBZ SBZ
(1%) (3%) (5%)
Surface area 0.3549 0.1429 0.2508 0.3173
(m*/g)
Pore size 12.58 17.68 16.28 22.70
(nm)
Pore volume | 0.00121 | 0.00082 | 0.00097 | 0.00128
(cm?/g)
08
o~ 07 -SB ~-SBZ(1%) ~-SBZ(3%) —~SBZ(5%)
"":‘ 06
'_:; 05
E 0,4
% 03
E 02
§ 01
[

[ 0,1 02 03 04 05 06 07 08 0,9 1

Relative pressure (PIPU)

Figure 6. BET fabricated

photocatalysts.

analysis of the

e  Photocatalytic activity. Both undoped and
zinc-doped materials showed promising
photocatalytic degradation of Congo red dye. This
degradation was found to be a function of the
reaction time as shown in Figure 7, where the initial
strong absorption peak visible around 498 nm
gradually decreased with time. However, in the
case of 3% doped SrBi»O4, the CR degradation was
84% within 180 min of irradiation, which was
comparatively better. The effect of Zn doping on
the photocatalytic activity of the SrBi,Os system
can be explained by the ability of the Zn*" ion to
combine with hydroxyl ions to form the
coordination ion [Zn(OH)4]*, which further
increases the hydroxyl content on the surface of the
photocatalyst and consequently increases the
amount of adsorbed dye [23]. Furthermore, at a
doping concentration of 3%, impurity energy levels
form within the band gap of SrBi,04, leading to its
narrowing and consequently increased light
absorption. Simultaneously, the zinc dopant ions
create shallow potential wells that trap electrons,
thus promoting the separation of photogenerated
electron-hole  pairs and minimizing their
recombination [24]. When the Zn®*" doping
concentration increases (5%), the Fermi level shifts
into the conduction band, resulting in a significant
increase in the band gap due to the Burstein-Moss
effect and, consequently, a decrease in visible light
absorption [25]. In addition, excess zinc acts as a
recombination center and covers the active sites on
the surface of SrBi,Os, thus reducing the efficiency
of charge separation [26].
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Figure 7. Degradation of CR dye: intensity change with irradiation time, C/Cy vs. time plot.

Table 3. Comparison of the photocatalytic performance of Zn-doped SrBi»O4 under visible light (this work) with

some photocatalysts reported in the literature.

S. no Catalyst material Pollutant Time (min) Degradation (%) Ref.
1 Zn-doped NiO Congo red 120 57 [30]
2 Zn-dopedTiO: Methylene blue 120 92.6 [31]
4 Zn-doped Nb2Os Rhodamine B 180 90 [32]
5 Zn/Al-TiO2 Congo red 120 81.24 [33]
6 ZnxCdo.s-xMno2Alo.1Fe1.904 Congo red 80 93.12 [34]
7 Ti02.[ZnFe204]o.1 Congo red 300 90 [35]
8 Ag-CuBi204 Rhodamine B 60 91.7 [36]
9 NaNbO3/CuBi204 Rhodamine B 90 75 [37]

10 ZnO/NiBi204 Malachite green 120 92.30 [38]
11 Zn/SrBi204 Congo red 210 84 This work

Few studies have examined the photocatalytic
activity of SrBi,Os under visible irradiation;
however, spinel bismuth-based photocatalysts such
as ZnB1,0O4, CuBi;04 and NiB1,O4 have been the
subject of several studies. Telmani et al. (2019)
reported that the total degradation of methylene
blue (30 mg/L) at neutral pH was achieved in less
than 2 h on a NiBi,04/ZnO heterojunction [27].
Nafees et al. (2022) obtained an ammonia removal
rate of 96% using a CuBi,04/PANI composite [28].
Nguyen et al. (2020) proposed the use of a hybrid
photocatalyst (rGO/ZnBi,O4). Applied to the
photodegradation of 2,4-dichlorophenoxyacetic
acid, the catalyst showed better catalytic
performance with more than 90% degradation [29].
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The photocatalytic activity of the present
photocatalysts under visible light was compared
with that of some photocatalytic systems reported,
and the results are presented in Table 3.

e  Kinetic analysis. A simplified Langmuir—
Hinshelwood (L—H) kinetic model (equation 4) was
used to describe the photocatalytic degradation rate
of CR by plotting the graph of —In(C/Co) versus
time, t, (Figure 8(a)) [39].

C
—In 7= kappt “4)

where Cy and C are the concentrations of Congo
red in solution at time 0 and t, respectively, and Kapp
is the apparent first-order reaction rate constant.
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Figure 8. Pseudo-first-order kinetic curves (a) and reaction rate constant (kapp) (b) of the degradation of CR at

diferent Zn contents.

The slopes of the curves, obtained by plotting -
In(C/Cy) as a function of time, were used to
determine the rate constants (Kapp) of the different
photocatalysts. The graphical representation of the
rate constants as a function of the Zn doping level
(Fig. 8(b)) clearly confirms the effect of zinc
doping on the photocatalytic activity of SrBiOa.
The highest degradation rate of Congo red was
achieved at 3% Zn. The energy diagram and the
suggested mechanism of the photocatalytic
degradation of Congo red under visible light
illumination are illustrated in Figure 9 and Egs. (5)
to (9):

Figure 9. Schematic illustration of the photocatalytic
degradation process of Congo red dye onto SBZ
photocatalyst.

SrBi; 04 + hv — SrBi;04(ecz + eyp) (5)

{EEB + ZIn** - InY ©)

Zn'* + 0, - ZIn**+ 07"

e+ 02 - 037

™

hj; + OH~ - HO’
b ‘4 HO" ®
55+ H,0 > H* + HO

0; + CR — degradation products (CO; + Hy0 + sees)

e O

CONCLUSIONS

In this study, the photocatalytic degradation
reaction of Congo red, one of the water pollutants,

was carried out in the presence of pure and doped
spinel photocatalysts. For this purpose, pure and
zinc-doped SrBi,O4 catalysts at 1, 3 and 5% were
prepared by sol-gel method. In the photocatalytic
degradation reactions of Congo red under visible
radiation, half-hour dark time, initial CR
concentration of 7 mg/L, and catalyst amount of 1
g/L were considered as optimal reaction conditions,
and all prepared catalysts were tested under these
conditions.

A kinetic study of the reaction was carried out.
The formation of spinel crystalline phases was
confirmed by X-ray diffraction and infrared
spectroscopy. Crystallographic calculations
revealed a reduction in the average crystallite size
and an increase in microstress and dislocation
density with the increase in doping rate. All
materials displayed a relatively good photocatalytic
activity towards the Congo red dye with a clear
superiority of the photocatalysts doped at 1 and 3%
which gave degradation rates of 83.7 and 84%,
respectively. These results showed the possibility to
further improve the photocatalytic activity of the
spinel SrBi>Os (i) by optimizing the preparation
conditions and the photocatalytic process (pH in
particular) and (ii) by considering other dopants.
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Unveiling mechanisms of action of isoquinoline alkaloids from Hylomecon japonica
as promising inhibitors of breast cancer through computational modelling
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Breast cancer remains the leading cancer diagnosis and cause of cancer-related mortality in women, accounting for
approximately 25% of new female cases and around 670,000 deaths globally in 2022. Isoquinoline alkaloids from
Hylomecon japonica exhibit cytotoxicity against MCF-7 cells. However, their precise molecular mechanisms, particularly
with respect to apoptosis regulators, remain unclear. The present study evaluated selected isoquinoline alkaloids from H.
Jjaponica as potential breast cancer therapeutics through multi-computational approaches targeting Bcl-2. CPD3 displayed
superior docking affinity (-7.30 kcal/mol) compared to Tamoxifen (-7.13 kcal/mol), forming one hydrogen bond and
seven van der Waals interactions. Molecular dynamics simulations spanning 100 ns confirmed the complex’s stability,
with an average RMSD of 0.20 nm, Rg of 1.45 nm, and 1.8 hydrogen bonds for CPD3-6GLS, compared to 0.19 nm
RMSD and 1.2 bonds for Tamoxifen. MMGBSA calculations revealed a binding free energy of -20.31 & 3.12 kcal/mol
for CPD3, supported by strong van der Waals contributions. ADMET prediction suggested that CPD3 has favorable
pharmacokinetic properties and lower predicted toxicity than Tamoxifen, despite remaining CYP inhibition and hERG II
concerns. DFT computations revealed that CPD3 possessed EHOMO of -9.2815 eV, energy gap of 9.4325 eV, and
electrophilicity index of 2.2095 eV. These findings establish CPD3 as a promising Bcl-2 inhibitor, warranting further
experimental validation for the management of breast cancer.

Keywords: Anti-apoptosis; Bcl-2; Breast cancer; DFT; Hylomecon japonica; Isoquinoline alkaloids.

INTRODUCTION with characteristics of less aggressive tumors, such
as positive estrogen receptor and progesterone
receptor status, low tumor grade, and a low
proliferation rate [8]. Thus, blocking anti-apoptotic
Bcl-2 proteins can restore the natural cell death
process and overcome resistance to traditional
chemotherapy and radiation in many malignancies.

Isoquinoline alkaloids comprise a large family of
natural products derived from the isoquinoline
chemical structure, which is found in many plants
and is used for various medicinal purposes [9]. These
compounds can induce apoptosis in various cancer
cells through mechanisms such as mitochondrial
dysfunction, leading to the release of cytochrome c
and the activation of caspases. They also induce
other cell death mechanisms, such as autophagy and
cell cycle arrest, making them a focus of cancer
research [10]. Previous phytochemical studies on
Hylomecon japonica have reported the isolation of
numerous isoquinoline alkaloids, some of which
exhibit cytotoxic activity against the MCF-7 breast
cancer cell line [11]. Nevertheless, their underlying
mechanisms, especially those involving major
apoptosis regulators, remain poorly understood. This
study employed multiple computational techniques
to investigate the anti-breast cancer potential of
selected isoquinoline alkaloids from H. japonica and
clarify their mechanism of action.

Cancer challenges in 21% century include
treatment resistance, managing long-term side
effects of treatments. It becomes a growing global
burden due to factors like environmental influences
and aging of populations. Other significant
challenges involve socioeconomic and cultural
factors, maintaining a humanistic approach to patient
care amidst technological advancement [1, 2].
Globally, breast cancer ranks as the most common
cancer diagnosis and the top cause of cancer-related
deaths among women. It represents roughly 25% of
new female cancer cases worldwide and led to
approximately 670,000 fatalities in 2022 [3]. Breast
cancer originates from the uncontrolled growth and
division of breast cells, leading to the formation of
tumors that can spread to other parts of the body, a
process known as metastasis [4]. Numerous
chemotherapeutic agents have been discovered for
breast cancer treatment, and they are generally used
in combination to enhance effectiveness [5]. The B-
cell lymphoma 2 (Bcl-2) protein is a promising
research target because it is a key regulator of the
intrinsic apoptotic pathway, allowing cancer cells to
evade cell death [6, 7]. In breast cancer, the
overexpression of Bcl-2 is paradoxically associated
with a favorable prognosis. It is strongly correlated
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MATERIALS AND METHODS
Structural preparation of selected ligands

The ligands evaluated in the present study were
selected from the isoquinoline alkaloids previously
isolated from Hylomecon japonica [11]. Among the
26 alkaloids reported in that study, 6-
methoxydihydrosanguinarine (CPD1),
dihydrosanguinaline (CPD2), and 10-
methoxyboconoline (CPD3) were prioritized for
computational analysis because of their reported
cytotoxic relevance and their representativeness
within the identified isoquinoline scaffold class.
These alkaloids have molecular formulas of
C21H17NO:s, C20H15NOy, and  Cy3H2NOe,
respectively, with corresponding molecular weights
of 363.1107, 333.1001, and 409.1525 g/mol.
Tamoxifen, possessing a molecular formula of
C2H2oNO and a molecular weight of 371.2249
g/mol, was chosen as the positive control (Figure 1).

Figure 1. 3D Structures of selected ligands. (A)
CPD1, (B) CPD2, (C) CPD3, (D) Tamoxifen

Molecular docking

Construction  of  the  three-dimensional
configurations for the selected ligands was
performed in PDB format using Biovia Discovery
Studio Visualizer, incorporating polar hydrogens,
computing Gasteiger charges, and accounting for
torsional bond flexibility. Acquisition of the Bcl-2
protein structure (PDB ID: 6GL8) occurred in PDB
format from the RCSB Protein Data Bank [12].
Execution of ligand-protein docking utilized
AutoDock Tools, employing a grid box comprising
60 points across each x, y, and z dimension at a
spacing of 0.375 A. Establishment of binding site
coordinates for 6GLS involved x = 9.866 A, y =
0.590 A, and z = 16.717 A. Utilization of the
Lamarckian genetic algorithm enabled the
identification of conformations with minimal
energy, thereby enhancing interaction stability.
After docking, the highest-affinity conformation was
assessed using Discovery Studio Client 2024,
followed by comparison with Tamoxifen docking
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outcomes on the same protein to evaluate similar
binding features [13].

Molecular dynamics simulation

Molecular dynamics simulations were executed
to target the highest-affinity docked conformation in
complex with the Bcl-2 protein (PDB ID: 6GLS) for
a duration of 100 ns, using GROMACS version
2024.4 [14]. Optimization of the protein structure
involved the addition of missing atoms and residues
using Swiss-PdbViewer [15]. Generation of ligand
force-field parameters relied on SwissParam [16].
Solvation of the protein-ligand complex occurred
within a triclinic simulation box using the SPC water
model supplemented with 0.15 M NaCl. Energy
minimization, comprising 50,000 steps, achieved
structural refinement and charge neutralization.
Equilibration phases consisted of a 200 ps NVT
ensemble, followed by a 200 ps NPT ensemble, both
maintained at 300 K and 1 bar. Three independent
production simulations, each spanning 100 ns, were
performed with a 2 fs integration step, and
coordinate trajectories were recorded every 10 ns.
Analysis of simulation trajectories utilized Grace
software to derive critical dynamical metrics,
namely root mean square deviation (RMSD), root
mean square fluctuation (RMSF), radius of gyration
(Rg), number of hydrogen bonds (Hbonds), and
solvent-accessible surface area (SASA). Evaluation
of conformational stability across the simulated
complexes was performed using UCSF Chimera
version 1.13.3 via structural superposition [17].

Molecular mechanics generalized Born surface
area (MMGBSA) analysis

Calculation of binding free energies for the
CPD3-6GL8 and Tamoxifen-6GL8 complexes
employed the gmx MMPBSA package in
conjunction with the charmm36 force field. Polar
solvation energy components were derived from the
generalized Born implicit solvent model, whereas
non-polar terms originated from solvent-accessible
surface area estimations. The extraction of data
relied on molecular dynamics trajectories
comprising 125 equally spaced frames, collected
every 80 ps, across an 80 ns window (spanning 20 ns
to 100 ns). Application of this ensemble-averaging
protocol effectively delineated differences in ligand-
protein interaction energetics, thereby elucidating
relative binding affinities and complex stability
throughout the simulation period [18].

Assay protocol for ADMET prediction

A concise evaluation of ADMET characteristics,
encompassing absorption, distribution, metabolism,
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excretion, and toxicity, constitutes a fundamental
step in early drug discovery because
pharmacokinetic liabilities and potential safety risks
can be recognized before advanced development
stages. Such analysis contributes to lower attrition in
subsequent phases and supports prioritization of
molecules with favorable therapeutic prospects. For
the present analysis, ADMET profiles of CPD3 and
Tamoxifen were estimated with the pkCSM
platform, a computational framework based on
graph-derived molecular descriptors. Use of this
platform enabled the prediction of major
pharmacokinetic and toxicological parameters and
allowed a systematic comparison of developability-
related properties for the compounds examined.

Quantum chemistry computation using the Density
Functional Theory (DFT) method

Optimization of molecular geometries for CPD3
and Tamoxifen utilized the ORCA quantum
chemistry package version 6.1.0. Generation of
initial coordinates occurred in Avogadro, whereas
subsequent visualization of molecular orbitals and
associated analyses employed IboView version
20211019 [19-21]. All density functional theory
calculations employed the B3LYP functional in
conjunction with the 6-31G(d,p) basis set to generate
accurate electronic wave functions. From the fully
optimized structures, extraction of key quantum-
chemical descriptors proceeded, comprising
energies of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular
orbital (LUMO), the HOMO-LUMO energy gap
(AE), chemical potential (u), electronegativity (y),
global hardness (1)), softness (o), and electrophilicity
index (®). Determination of these reactivity
parameters was approximately based on Kohn-Sham
HOMO/LUMO energies within conceptual DFT to
characterize the electronic properties and chemical
behavior of the investigated compounds [22, 23].

RESULTS AND DISCUSSION
Molecular docking analysis

Molecular docking is a computational technique
in natural product research that predicts how a
natural compound binds to a protein target, aiding in
the screening of potential drugs and in understanding
their mechanisms. This process allows researchers to
virtually screen vast libraries of natural compounds
to identify promising candidates for experimental
validation, saving time and resources compared to
traditional laboratory methods [24, 25]. Examination
of docking affinities and intermolecular interactions
was conducted for three selected ligands bound to
the Bcl-2 protein (PDB ID: 6GLS), using Tamoxifen
as a reference. Table 1 presents the residues that
constitute the binding pocket and their contributions
to the interaction profile between these ligands and
6GL38, focusing on non-covalent forces, including
hydrogen bonds, van der Waals forces, and
hydrophobic interactions between the protein and
the ligands. Ligands CPDI1-CPD3 demonstrated
diverse engagement patterns with Bcl-2, a pivotal
modulator of apoptotic pathways in oncogenic
processes. CPD1 established 10 interactions in total,
incorporating 2 hydrogen bonds (Gly145, Argl46),
4 van der Waals forces (Phel04, Aspl11, Phell2,
Leul37), and 4 hydrophobic interactions (Tyr108,
Metl15, Argl46, Alal49) (Figure 2A). Participating
binding site residues comprised Phel04, Tyr108,
Aspll1, Phell2, Leul37, Glyl45, Argld46, and
Alal49, resulting in a binding energy of -6.65
kcal/mol for the CPDI1-6GL8 complex. CPD2
registered 9 interactions: no hydrogen bonds, 6 van
der Waals forces (Phe104, Tyr108, Asp111, Phel12,
GIn118, Phel53), and 3 hydrophobic interactions
(Metl115, Leull9, Vall33). Pocket residues
involved Phe104, Tyr108, Asp111, Phel12, GIn118,
and Phel53, achieving a binding energy of -6.38
kcal/mol, indicative of moderate stabilization.

Table 1. Interactions between docked ligands and protein 6GLS.

Docked Binding energy Hydrogen bond Van der Waals Hydrophobic
ligands (kcal/mol) interaction interaction interaction
CPD1 -6.65 Gly145, Argl46  Phel04, Aspll11, Phell2, Tyr108, Metl 15,

Leul37 Argl46, Alal49
CPD2 -6.38 - Phel04, Tyr108, Aspll1, Metl15, Leul 19,
Phel12, GIn118, Phel53 Vall33
CPD3 -7.30 Alal49 Phel04, Aspl11, Phell2, Tyr108, Metl 15,
GIn118, Leul37, Glul52, Leull9, Vall33
Phel53
Tamoxifen -7.13 Glul36 Phel04, Tyr108, Glul14, Asplll, Phell2,

GIn118, Thr132, Val133,
Leul37, Glul52, Phel53

Metl15, Alal49
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Figure 2. Molecular docking model and 2D diagram of CPD3 (A) and Tamoxifen (B) interaction with 6GL8 protein

CPD3 distinguished itself with 12 interactions: 1
hydrogen bond (Alal49), 7 van der Waals forces
(Phel04, Asplll, Phell2, GInll8, Leul37,
Glul52, Phel53), and 4 hydrophobic interactions
(Tyr108, Metl15, Leull9, Vall33) (Figure 2A).
Residues at the site included Phel04, Tyr108,
Asplll, Phell2, GInl18, Leul37, Alal49, and
Phel53, achieving the highest binding energy of -
7.30 kcal/mol, indicating a robust attachment. For
comparison, Tamoxifen generated 14 interactions,
featuring 1 hydrogen bond (Glul36), 9 van der
Waals forces (Phel04, Tyr108, Glull4, GInl18,
Thr132, Vall33, Leul37, Glul52, Phel53), and 4
hydrophobic interactions (Asp111, Phel12, Met115,
Alal49) (Figure 2B). Binding site residues
encompassed Phel04, Tyrl08, Asplll, Phell2,
GInl118, Leul37, Alal49, and Phel53, with an
energy value of -7.13 kcal/mol. Although Tamoxifen
displayed a reliable association, its comparatively
less negative energy and interaction composition
implied a diminished overall affinity relative to
CPD3, which surpassed it in binding strength. These
docking findings underscore an array of non-
covalent modalities that underpin complex integrity,
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ranging from hydrogen bonds that enable precise
atomic alignment with electronegative atoms to
hydrophobic interactions that reduce aqueous
exposure, thereby promoting condensed structures
[26]. Van der Waals contributions provided nuanced
enhancement  via  short-range  interactions,
augmenting the ensemble to optimize association
kinetics [27]. Greater negativity in binding energy,
meaning a more negative value, typically correlates
with enhanced complex durability and stronger
ligand sequestration at the receptor site [28].

Owing to its exceptional docking characteristics
against 6GL8, characterized by an energy of -7.30
kcal/mol and 12 interactions, CPD3 surfaced as the
prime contender for further molecular dynamics
explorations.  This  superiority relative to
counterparts, including CPD2 (-6.38 kcal/mol) and
Tamoxifen (-7.13 kcal/mol), designates CPD3 for
comprehensive evaluation of structural dynamics,
energetic profiles, and amino acid involvements
across temporal scales, employing Tamoxifen as a
comparative reference in probing apoptosis
regulation for therapeutic interventions in breast
cancer.
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Molecular dynamics simulation

Molecular dynamics simulation and docking are
computational techniques used together in natural
product research to identify and validate potential
new drug candidates from natural sources. The
combination of molecular docking and molecular
dynamics simulation improves the accuracy and
efficiency of drug discovery by helping to rank
potential compounds before experimental testing
[29]. Therefore, the evaluation systematically
investigated RMSD, RMSF, Rg, Hbonds, and SASA
metrics to determine the stability, flexibility, and
solvent exposure of the CPD3-6GL8 and
Tamoxifen-6GL8  complexes throughout the
simulation. Consequently, the total energy and
potential energy values for the CPD3-6GL8 complex
were found to be -227,476 klJ/mol and -282,483
kJ/mol, respectively. For the Tamoxifen-6GL8
complex, the total energy and potential energy
values were measured at -227,598 kJ/mol and
-282,593 klJ/mol, respectively. The simulation
system maintained equilibrium at a temperature of
300 K.

Elevated RMSD values signify substantial
deviations from the baseline conformation, whereas
diminished values denote preserved structural
fidelity. Throughout the 100 ns trajectory, RMSD
profiles for the CPD3-6GL8 and Tamoxifen-6GL8
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assemblies exhibited discernible variations (Figure
3A). The CPD3-6GL8 assembly exhibited RMSD
magnitudes predominantly ranging from 0.15 to 0.28
nm, with an approximate mean of 0.20 nm,
indicating substantial structural stability and firm
ligand anchorage within the 6GL8 pocket.
Conversely, the Tamoxifen-6GL8 assembly
exhibited oscillations between 0.15 and 0.25 nm,
averaging approximately 0.19 nm, indicating
moderate flexibility despite overall conformational
resilience. Such disparities underscore a marginally
enhanced equilibrium for the CPD3-6GLS assembly
compared to the Tamoxifen-6GL8 assembly,
potentially attributable to optimized intermolecular
interactions at the binding interface. In aggregate,
the RMSD metrics indicate superior retention of the
native architecture in the CPD3-6GL8 assembly
compared with the Tamoxifen-6GL8 assembly over
the simulation duration. Figure 3B displays RMSF
profiles for the CPD3-6GL8 and Tamoxifen-6GLS
complexes over residues from approximately 1 to
2000, with magnitudes generally confined to the
0.05 to 0.25 nm interval. In the CPD3-6GL8
complex, deviations hover steadily around 0.1 nm
throughout most of the polypeptide chain, indicating
constrained flexibility and enhanced structural
rigidity, likely due to stabilizing interactions at loci
such as Phel04, Leul37, and Phel53.
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Figure 3. Results of MD simulation for the bindings of CPD3 (blue) and Tamoxifen (red) with 6GL8 protein. (A)

RMSD, (B) RMSF, (C) Rg, (D) Hbonds, (E) SASA
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The Tamoxifen-6GL8 complex exhibits an
analogous pattern characterized by an average
deviation of approximately 0.1 nm, accompanied by
modest oscillations and correspondences, and
indicating equivalent levels of conformational
restraint. This congruence across both assemblies
highlights the capacity of ligands to stabilize protein
structure, thereby facilitating sustained interactions
in functional domains. Figure 3C illustrates Rg
trajectories for CPD3-6GL8 and Tamoxifen-6GL8
complexes throughout 100 ns, with both profiles
exhibiting consistent fluctuations between 1.42 and
1.48 nm and an estimated average of 1.45 nm,
signifying preservation of a tightly organized and
compact configuration in the 6GL8 protein under
ligand-bound conditions during the entire simulation
period. Throughout the 100 ns duration, counts of
hydrogen bonds within the CPD3-6GL8 complex
varied between 1 and 3, in contrast to 0 and 2 bonds
observed in the Tamoxifen-6GL8 complex (Figure
3D). These consistent associations indicate firm
integration into the 6GL8 pocket for both
configurations, although the CPD3-6GL8 complex
generally maintained an average close to 1.8,
surpassing the approximate 1.2 observed for
Tamoxifen-6GL8. Such variation underscores
CPD3’s enhanced capacity to establish persistent
connections with the protein. Evaluation of SASA
profiles was performed for the CPD3-6GLS and
Tamoxifen-6GL8 complexes to assess changes in
solvent exposure. Across the 100 ns timeframe, both
demonstrated persistent variations, ranging roughly
from 80 to 92 nm? with an estimated mean of 86 nm?.
These behaviors suggest minor adjustments in
protein-solvent interactions in the presence of
ligands, which may influence binding longevity.
Equivalent extents and central values across the
complexes denote equilibrated solvent interaction,
signifying robust persistence at the 6GL8 binding
domain despite differences in ligand attributes. A
comprehensive appraisal of dynamical parameters
elucidates the conformational equilibrium and
associative characteristics in the CPD3-6GL8 and
Tamoxifen-6GL8 complexes, highlighting the role
of the 6GLS8 protein in ligand coordination. Results
indicate that the CPD3-6GL8 complex configuration
exhibits slightly greater resilience compared to the
Tamoxifen-6GL8 equivalent within the 6GLS
framework, positioning CPD3 as a promising
candidate for further investigation. These
observations validate CPD3’s ability to maintain
strong, lasting interactions with the 6GLS8 protein.
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Free binding energy (MMGBSA) analysis

Molecular mechanics with generalized Born
surface area (MMGBSA) is a computational method
used in natural product research to estimate the
binding free energy of molecules and identify
potential drug candidates. It combines molecular
mechanics force fields with continuum solvation
models, including generalized Born for polar
solvents and surface area for non-polar solvation, to
provide a fast and accurate method for predicting the
binding affinity of a natural product or its derivative
to a biological target. This approach can be
complemented by techniques such as virtual
screening and molecular dynamics simulations. This
technique is widely used to understand the
thermodynamics of a protein-ligand complex and
identify key interactions that contribute to stable
binding [38]. Estimation of binding free energies for
the complexes employed the MMGBSA
methodology with gmx MMPBSA and the
CHARMM36 force field. Selection of frames from
molecular dynamics trajectories spanning 80 ns
facilitated this computation. For both instances,
calculation of binding free energy (AG_bind)
adhered to AG_bind = G_complex - (G_receptor +
G ligand), where G_receptor denotes the energy of
the free receptor, and G_ligand represents the energy
of the unbound ligand. Alternatively, expression as
AG bind = AH - TAS was observed, with AH
encompassing enthalpic contributions and -TAS
capturing entropic penalties during association.
Exclusion of entropy contributions provided a
relative energy indicator suitable for affinity
comparisons across similar systems. The focus of
this evaluation was the 80 ns segment, with 125
frames extracted at 80 ps intervals (ranging from 20
ns to 100 ns). The implementation of this protocol
yielded averaged energies that captured the temporal
progression of associations, providing insights into
compound potency and resilience in modeled
physiological settings. The results of MMGBSA
computations for the complexes are shown in Table
2. Alignment of these derived binding energies with
simulation data manifests, displaying Tamoxifen-
6GLS8’s marginally advantageous value (-22.34 +
2.87 kcal/mol) relative to CPD3-6GL8 (-20.31 +
3.12 kcal/mol), consistent with its somewhat
enhanced overall adherence. Nevertheless, CPD3-
6GL8 exhibits slightly diminished structural
variability, as evidenced by its slightly higher
average RMSD (approximately 0.20 nm versus 0.19
nm), indicating comparable positioning but a higher
prevalence of hydrogen bonds, suggesting more
extensive interfacial connectivity.
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Table 2. Free energy of binding obtained using MMGBSA calculations.

Average (kcal/mol) Standard deviation

Energy component = 53 518 Tamoxifen-6GL8  CPD3-6GL8 Tamoxifen-6GL8
AVDWAAALS -32.15 -36.85 3.57 3.16
AEEL -11.4 0.77 4.34 2.85
AEGB 27.53 18.82 4.75 2.77
AESURF -4.29 -5.08 0.47 0.45
AGGAS -43.55 -36.08 6.68 3.64
AGSOLV 23.24 13.73 4.43 2.75
ATOTAL -20.31 22.34 3.12 2.87

Concurrently, equivalent RMSF (around 0.1 nm),
Rg (approximately 1.45 nm average), and SASA
(near 86 nm? mean) distributions across both
underscore Tamoxifen’s edge in affinity likely arise
from specific enthalpic factors, including van der
Waals (-36.85 kcal/mol) and solvation terms
(AGSOLV 13.73 kcal/mol), surpassing CPD3’s (-
32.15 and 23.24 kcal/mol, respectively). In
summary, these indicators reveal Tamoxifen’s
modestly elevated potential for forming a stable
complex with the 6GLS8 protein under the assessed
circumstances.

ADMET prediction analysis

ADMET profiling suggested that CPD3
combines favorable oral absorption with a
distribution pattern less indicative of central nervous
system exposure than tamoxifen, and it shows fewer
mutagenicity and cardiotoxicity alerts in the current
prediction panel. Early ADMET evaluation is
valuable  because  permeability, transport,
metabolism, and toxicity often influence
developability as strongly as target affinity [30]. The
ADMET prediction results are shown in Table 3.
Regarding absorption, CPD3 showed slightly better
predicted aqueous solubility than Tamoxifen (log S
-5.136  vs. -5.929), while both compounds
maintained high intestinal absorption (98.629% and
96.885%, respectively). Caco-2 permeability was
favorable for both ligands, with values above the
usual high-permeability threshold (1.242 for CPD3;
1.065 for Tamoxifen). Skin permeability was nearly
identical, suggesting similarly limited transdermal
passage. A notable difference was that CPD3 was

predicted not to be a P-glycoprotein substrate,
whereas Tamoxifen was, although both were
predicted to inhibit P-glycoprotein I and II. This may
indicate reduced efflux susceptibility for CPD3, but
possible transporter-related interaction risks still
require experimental confirmation [31]. Distribution
parameters differentiated the compounds more
clearly. CPD3 showed a low predicted steady-state
volume of distribution (log VDss = -0.493), whereas
Tamoxifen had a much higher value (0.830),
suggesting broader tissue distribution for the
reference drug [32]. Both compounds had low and
similar unbound fractions in plasma (Fu 0.097 for
CPD3; 0.093 for Tamoxifen), consistent with
extensive plasma protein binding. Brain exposure
descriptors also favored CPD3 as a more peripheral
compound: log BB/log PS values were -0.342/-3.100
for CPD3 versus 1.329/-1.473 for Tamoxifen,
indicating substantially lower BBB penetration and
CNS access for CPD3.

The Boiled-egg model supported this trend.
CPD3 fell in the white region but outside the yellow
yolk, consistent with high gastrointestinal absorption
and limited passive BBB permeation, whereas
Tamoxifen was located in the yolk region, indicating
greater passive brain entry (Figure 4). However,
because the plot showed both compounds as P-
glycoprotein substrates despite the tabulated output
identifying only Tamoxifen as such, transporter
interpretation should rely on the table, while the
Boiled-egg plot is best used here to assess GI
absorption and BBB region placement [33].
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Table 3. Predicted ADMET properties of CPD3 and Tamoxifen

ADMET properties Unit CPD3 Tamoxifen
Water solubility (Log mol/L) -5.136 -5.929
CaCo2 permeability (Log Papp in 10-6 cm/s) 1.242 1.065
Intestinal absorption (human) (% Absorbed) 98.629 96.885
Skin permeability (Log Kp) -2.736 -2.737
P-glycoprotein substrate Yes/No No Yes
P-glycoprotein I inhibitor Yes/No Yes Yes
P-glycoprotein II inhibitor Yes/No Yes Yes
VDss (Log L/kg) -0.493 0.830
Fraction unbound (human) (Fu) 0.097 0.093
BBB permeability (Log BB) -0.342 1.329
CNS permeability (Log PS) -3.100 -1.473
CYP2D6 substrate Yes/No No No
CYP3A4 substrate Yes/No Yes Yes
CYPI1A2 inhibitor Yes/No No Yes
CYP2C19 inhibitor Yes/No Yes No
CYP2C9 inhibitor Yes/No Yes No
CYP2D6 inhibitor Yes/No No Yes
CYP3A4 inhibitor Yes/No Yes No
Total clearance (Log ml/min/kg) 0.456 0.556
Renal OCT?2 substrate Yes/No No No
AMES toxicity Yes/No No Yes
Max. tolerated dose (human) (Log mg/kg/day) 0.257 0.313
hERG I inhibitor Yes/No No Yes
hERG II inhibitor Yes/No Yes Yes
Oral rat acute toxicity (LD50) (mol/kg) 2.622 2.285
Oral rat chronic toxicity (LOAEL) (Log mg/kg bw/day) 1.035 0.41
Hepatotoxicity Yes/No No No
Skin sensation Yes/No No No
Tetrahymena pyriformis toxicity (Log ng/L) 0.288 0.316
Minnow toxicity (Log mM) -0.892 0.600
[____Actions |
Show Molecules Name
G
BBB
HIA
© PGP+
© PGP-
Hi

None

Figure 4. Boiled-egg plot of the selected compounds, generated from Swiss ADME
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Metabolically, both compounds were predicted to
be CYP3A4 substrates rather than CYP2D6
substrates, suggesting a role for CYP3A4 in
clearance. Their inhibition profiles differed. CPD3
was predicted to inhibit CYP2C19, CYP2C9, and
CYP3A4, but not CYP1A2 or CYP2D6 [34].
Tamoxifen showed the opposite pattern across
several isoforms, inhibiting CYP1A2 and CYP2D6
but not CYP2C19, CYP2C9, or CYP3A4. These
results suggest distinct drug-drug interaction risks
rather than a clearly safer metabolic profile for either
compound.

Excretion differences were modest. Total
clearance was slightly lower for CPD3 than for
Tamoxifen (0.456 vs. 0.556 log ml/min/kg),
suggesting somewhat slower elimination. Neither
compound was predicted to be a renal OCT2
substrate [35]. Together with the low unbound
fraction, this suggests CPD3 may maintain systemic
exposure while distributing less extensively into
tissues than Tamoxifen.

The toxicity panel favored CPD3 in several
important endpoints. CPD3 was predicted to be
Ames-negative, whereas Tamoxifen was Ames-
positive, indicating lower mutagenic concern. CPD3
was also negative for hERG I inhibition, while
tamoxifen carried a positive hERG I alert; both
compounds remained positive for hERG 1II
inhibition. Both were predicted to be non-
hepatotoxic and non-sensitizing to skin. Thus, CPD3
appears to have a more favorable early safety profile,
although electrophysiological follow-up remains
necessary due to the retained hERG II signal [36].
Quantitative toxicity endpoints provided additional
detail. Both compounds showed low predicted
maximum tolerated doses in humans, below the
common threshold. CPD3 also showed slightly
better acute and chronic oral toxicity profiles in rats,
with a higher LD50 and LOAEL than Tamoxifen
[37]. Tetrahymena pyriformis toxicity values were
comparable for both compounds, whereas Minnow
toxicity was less favorable for CPD3, indicating a
stronger predicted aquatic toxicity signal.

Overall, CPD3 demonstrated a pharmacokinetic
and safety profile supportive of further development
as a breast cancer lead. It combined excellent oral
absorption, high Caco-2 permeability, strong
predicted intestinal uptake, limited BBB penetration,
lack of Ames toxicity, and absence of an hERG I
alert. However, low solubility, strong plasma
binding, CYP inhibition liabilities, persistent hERG
IT risk, and unfavorable Minnow toxicity remain
relevant concerns. Taken together, the ADMET and
BOILED-Egg results support CPD3 as a promising

compound with improved early safety features over
Tamoxifen, while still requiring experimental
validation of transporter, metabolic, cardiac, and
ecological liabilities.

Quantum chemistry computation using the DFT
method

DFT is a powerful quantum-mechanical method
used in natural product research to computationally
model and predict the electronic structure and
properties of molecules. It offers a balance between
accuracy and computational cost, making it ideal for
studying complex natural products, and is used to
investigate properties like chemical reactivity, host-
guest interactions, and solubilization mechanisms
[39]. Quantum chemistry computations are
frequently performed after molecular docking and
dynamics simulations to achieve high accuracy in
validating and refining the results of classical
mechanics methods. In this study, DFT calculations
were employed to examine the electronic properties
and potential reactivity of CPD3 and Tamoxifen,
drawing from the specified descriptors. The derived
values encompass energies of the highest occupied
molecular orbitals (EHOMO), lowest unoccupied
molecular orbitals (ELUMO), energy gap (AE),
chemical potential (u), -electronegativity (y),
hardness (1), softness (c), and electrophilicity index
(®). These EHOMO and ELUMO energies offer key
insights into electron arrangements, molecular
stability, and interaction tendencies within the
compounds. EHOMO gauges the ease of electron
release, while ELUMO assesses the ability to accept
electrons. For CPD3, EHOMO stands at -9.2815 eV,
which is lower than Tamoxifen’s -8.2093 eV,
suggesting that CPD3 is less prone to electron
donation and exhibits greater stability against
oxidation (Figure 5). Conversely, CPD3’s ELUMO
of 0.1510 eV is notably below Tamoxifen’s 3.2074
eV, indicating CPD3’s enhanced aptitude for
electron capture. The energy gap (AE), calculated as
ELUMO less EHOMO, reflects overall durability
and chemical responsiveness; smaller gaps correlate
with elevated activity and adaptability, whereas
larger ones suggest enhanced resilience (Table 4).
CPD3’s AE of 9.4325 eV is smaller compared to
Tamoxifen’s AE of 11.4167 eV, implying that CPD3
has comparatively lower endurance but increased
potential for reactions. The ionization potential (IP),
defined as -EHOMO, is the energy required to
detach an electron; higher values indicate greater
oxidation resistance.

151



H. D. Nguyen: Computational modelling of isoquinoline alkaloids from H. japonica as inhibitors of breast cancer ...

Table 4. Quantum descriptors of CPD3 and Tamoxifen.

Molecule EHOMO ELUMO AE " X n c ®
(eV) (eV) (eV) (eV) (eV) (V) (eV?h (eV)
CPD3 -9.2815 0.1510 9.4325 -4.5653 4.5653 4.7163 0.2120 2.2095
Tamoxifen -8.2093 3.2074 11.4167 -2.5010 2.5010 5.7084 0.1752 0.5479

EHOMO (eV): highest occupied molecular orbitals; ELUMO (eV): lowest unoccupied molecular orbitals; AE (eV):
energy gap; 1 (eV): chemical potential; ¥ (eV): electronegativity; n (eV): hardness; ¢ (eV™'): softness; @ (eV):

electrophilicity index.

LUMO &

Y o ,‘P’: P
x>

0.1510 ¢V

-LUMO

=
8
L
& 9,4325 eV
B
=

Energy (V)

HOMO

=9.2815 eV

HOMO

HOMO - LLMO

HOMO

Figure 5. HOMO and LUMO surface diagrams of CPD3 (A) and Tamoxifen (B)

Electron affinity (EA), as measured by -ELUMO,
quantifies the ease of electron incorporation; higher
values indicate greater electron affinity. Thus, CPD3
shows an IP of 9.2815 eV and EA of -0.1510 €V,
versus Tamoxifen’s IP of 8.2093 eV and EA of
-3.2074 eV, highlighting CPD3’s superior resistance
to electron loss alongside modestly improved
electron attraction. Tamoxifen, in contrast, is more
amenable to electron release but exhibits weaker
electron affinity. Hardness (1)), obtained from AE/2,
evaluates resistance to shifts in electron density, and
softness (6), as 1/, indicates flexibility in chemical
engagements. CPD3 registers hardness of 4.7163 eV
and softness of 0.2120 eV, compared to
Tamoxifen’s hardness of 5.7084 eV and softness of
0.1752 eV, indicating that CPD3 is more
accommodating to electronic adjustments (Figure 4).
Electronegativity (), determined by (IP + EA)/2,
quantifies the pull on electrons in bonds. CPD3’s
at 4.5653 eV exceeds Tamoxifen’s 2.5010 eV,
revealing CPD3’s greater affinity for electrons in
shared pairs. Chemical potential (1), equivalent to -
v, directs the flow of electrons; lower (more
negative) values promote intake. Accordingly,
CPD3’s p of -4.5653 eV is more negative than
Tamoxifen’s -2.5010 eV, underscoring CPD3’s
stronger drive toward electron accumulation. Lastly,
the electrophilicity index (w), defined as pu%(2n),
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quantifies the tendency to attract electrons, with
larger values indicating greater electrophilicity.
CPD3’s ® of 2.2095 eV substantially outpaces
Tamoxifen’s 0.5479 eV, proposing CPD3 may
interact more dynamically as an electrophile with
nearby species.

CONCLUSION

This study investigated isoquinoline alkaloids
from H. japonica as potential breast cancer
inhibitors, with a focus on the Bcl-2 protein (6GLS),
a key regulator of cell death. CPD3 exhibited
stronger docking performance (-7.30 kcal/mol) than
Tamoxifen (-7.13 kcal/mol), with 12 interactions,
including 1 hydrogen bond and 7 van der Waals
interactions. Over 100 ns simulations, the CPD3-
6GLS8 complex demonstrated solid stability, with a
mean RMSD of around 0.20 nm, a radius of gyration
(Rg) of approximately 1.45 nm, and approximately
1.8 hydrogen bonds, compared to Tamoxifen’s 0.19
nm RMSD and about 1.2 bonds. MMGBSA results
indicated stronger binding for CPD3 (-20.31 + 3.12
kcal/mol) than for Tamoxifen (-22.34 + 2.87
kcal/mol), supported by van der Waals terms (-32.15
kcal/mol) and solvation (AGSOLV 23.24 kcal/mol).
ADMET prediction suggested that CPD3 combines
excellent  intestinal absorption, favorable
permeability, limited BBB and CNS penetration,
absence of AMES toxicity, and no hERG I
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inhibition, indicating more favorable early safety
and pharmacokinetic profile than Tamoxifen,
although potential CYP-mediated drug-drug
interactions, hERG II liability, and ecological
toxicity concerns remain. DFT analysis revealed
CPD3’s electronic properties, with EHOMO at -
9.2815 eV, AE of 9.4325 eV, and ® of 2.2095 eV,
compared to Tamoxifen’s (-8.2093 eV, 11.4167 eV,
and 0.5479 eV). Overall, these outcomes highlight
CPD3 as a viable option for breast cancer therapy,
meriting additional refinement and testing in cancer
research.
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NiFe,04@Cellulose-PEG nanocomposite: A novel reusable catalyst for
straightforward one-pot synthesis of benzopyran derivatives
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This work presents the effective synthesis, characterization, and catalytic application of a novel NiFe,Os@Cellulose-
PEG nanocomposite. The latter was synthesized by a simple co-precipitation method, and FT-IR, XRD, EDX, and SEM
analysis techniques were used to characterize it. As an effective and affordable nanocatalyst, NiFe,Os@Cellulose-PEG
effectively assisted the production of benzopyran derivatives by one-pot condensation of aromatic aldehydes, dimedone,
and malononitrile. The yield of benzopyran was determined utilizing a number of reaction parameters, including catalyst
quantity, solvent type, temperature, and reaction duration. By using '"H NMR, '3C NMR and MS studies, some of the
synthesized benzopyran derivatives were described. The catalyst was reusable for up to four reaction sessions.
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free, benzopyran.

INTRODUCTION a significant increase in interest in spinel ferrites due
to their high chemical and thermal durability,
numerous uses in various industries, and
superparamagnetic characteristics at the NP scale
[5]. Nickel ferrite is one of the most thoroughly
investigated spinel ferrites due to its strong magnetic
properties and wide variety of uses. Nanosized
nickel ferrite possesses favorable properties in
addition to the other ferrites that make up a sizable
component of magnetic ceramic materials, low-loss
materials, soft magnets, and the main parts of high-
frequency power transformers. The magnetic
characteristics of nickel ferrite are altered by the
placement of cations in empty areas [6-8]. This is a
crucial element to impress the researchers. Fe*" ions
in tetrahedral sites, Fe’" and Ni** ions in equal
amounts at octahedral sites have antiparallel spin
magnetic  moments, which  explains the
ferromagnetic nature of this material.

Research on the synthesis and application of
nanomaterials is very intense because of their special
physical and chemical characteristics. These
materials are significant primarily because of their
scientific and technological value. Numerous
researchers are drawn to spinel ferrites because of
their size, shape, magnetic separation property,
reusability, and distinct crystal structure, all of which
influence their chemical and physical characteristics.
Spinel ferrites and their nanocomposites have grown
in popularity in recent years. These materials have
several benefits, and their magnetic qualities, which
make them easily recovered, allow for recurrent use
because of their exceptional catalytic qualities,
stability, and reusability. The common formula of
spinel ferrite nanoparticles is MFe;O4, where M is a
transition metal cation [1-4]. Recent years have seen

* To whom all correspondence should be sent:
Email: bhagwatuphade@gmail.com © 2026 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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One of the most adaptable and technologically
relevant soft ferrite materials is nickel ferrite which
has low conductivity and thus lowers electrical
losses. It has high electrical stability, catalytic
activity, and is abundant in nature [9-12].

Biopolymer nanocomposites have attracted a lot
of interest because of their unique physicochemical
properties and small, inexpensive processing size.
Like other natural polysaccharides, cellulose is
known to be a harmless, biodegradable, and
biocompatible polysaccharide. Because of these
qualities, cellulose shows promise as a material for
medication delivery and biological applications [13-
15].

A well-reported technique for synthesis of
physiologically active heterocycles is the
multicomponent reaction (MCR). The primary
benefits of MCRs over traditional multistep
protocols are: high efficiency, low cost,
experimental simplicity, avoidance of large amounts
of waste, and reduction of labor costs, reaction times,
and waste production [16-18]. MCRs are one-pot
processes in which at least three or more compounds
react together to form the target product without the
need for intermediate separation and purification.
With the use of green or reusable catalysts and
solvent-free conditions, it is possible to achieve ideal
synthesis based on the green principles through the
development of multicomponent strategies [19, 20].

Tetrahydrobenzo[b]pyran derivatives are a
significant family of medicines and heterocyclic
medications. They show numerous biological and
pharmacological activities, including anticancer,
diuretic, anticoagulant, spasmolytic, antimalarial,
antitumor, antidiabetic, and anti-anaphylactic effects
[21-25]. The synthesis of tetrahydrobenzo[b]pyran
heterocycles has been accomplished using a variety
of catalysts such as Ni(NO3)26H,O [26],
Fe;Os4@xanthan gum [27], SiO,-Pr-SO;H [28],
NH4AI(SO4)212H20 (Alum) [29], ZnFe;Os@alginic
acid [30], nano-SiO./DBN [31], DAIL@SiO;
[32],L-proline [33], DABCO [34], CuONPs [35],
K,COs[36], sodium benzoate [37], NHsOAc [38],
PPA-SiO; [39], and NiO@HNTs-SO3H [40], each
approach having its own advantages and
disadvantages. Here, in continuation of our works
[41-46], we investigated the catalytic activity of a
novel NiFe;O4@Cellulose-PEG as a heterogeneous

CHO

NiFe,04@Cellulose-PEG (40 mg)

nanocatalyst in the synthesis of tetrahydrobenzo
[b]pyran derivatives.

EXPERIMENTAL

The reagents and chemicals used in this work
were purchased from Merck and used without
further purification. Distilled water was used
throughout  all  work.  Using  thin-layer
chromatography, the progress of the organic reaction
was tracked. Melting points of all compounds were
ascertained in an open capillary tube. A Bruker
Avance NEO 500 MHz spectrometer was used to
record the NMR spectra in DMSO with TMS as an
internal standard.

Synthesis of NiFe:O4@Cellulose-PEG

Fe(NO3)36H>O and Ni(NO3),6H,O were mixed
in 100 ml of distilled water at a molar ratio of 2:1
under stirring for 30 min. Next, 1 g of cellulose
powder was added to the solution. 20 ml of 5%
NaOH solution was added under constant stirring to
adjust pH of the solution between 9 to 10. After 2 h,
1 ml of polyethylene glycol was added to the
solution and stirred for more 2 h on a magnetic
stirrer. The black precipitate obtained was separated
using an external magnet and washed several times
with deionized water until neutral pH. The prepared
NiFe;Os@Cellulose-PEG nanocomposite was dried
in an oven at 70 °C for 24 h and calcined at 400 °C
for 2 h [47].

Synthesis of benzopyran derivatives (4a-k) using
NiFe;O4@Cellulose-PEG

A mixture of substituted benzaldehyde 1a-k (1
mmol), dimedone 2 (1 mmol), malononitrile 3 (1
mmol), and NiFe;Os@Cellulose-PEG catalyst (40
mg) was added to a 50 mL round-bottom flask. The
combination was heated for the duration shown in
Scheme 1 at 80°C in an oil bath without use of
solvents. TLC was used to track the reaction
progress. After the completion of the reaction, 10 ml
of ethanol was added to the reaction mixture to
extract the NiFe,Os@Cellulose-PEG catalyst and
the solid product was filtered out. The crude product
was recrystallized from ethanol. Melting points and
spectroscopic information were used to characterize
the products and compare them to those documented
in the literature.

@ o o /(?N

\ + +

R/ = CN
1 2 3

Solvent-free, 80°C, 60 min

Scheme 1. NiFe,O4@Cellulose-PEG catalyzed synthesis of tetrahydrobenzo[b]pyran derivatives
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Figure 2. XRD spectrum of NiFe,Os@Cellulose-PEG
RESULTS AND DISCUSSION XRD analysis

Catalyst characterization

The synthesized nanocatalyst was characterized
using a variety of analytical techniques, including
Fourier transform infrared (FT-IR) spectroscopy, X-
ray powder diffraction (XRD), energy dispersive X-
ray spectroscopy (EDX), and field emission
scanning electron microscopy (FE-SEM).

FT-IR analysis

The formation of NiFe;Os@Cellulose-PEG
nanocatalyst was confirmed by infrared spectra
captured between 400 and 2000 cm™ displayed in
Figure 1. The two absorption bands of
NiFe,O4@Cellulose-PEG  nanocomposites  are
visible in the 400-1000 cm™ range. The stretching
vibrations of octahedral complexes are associated
with the lower absorption band at 435.91 cm™, while
the stretching vibrations of tetrahedral complexes
are associated with the higher absorption band at
594.08 cm®. The absorption band observed at
1510.26 cm™is due to cellulose doping [48, 49].
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The crystalline structure of the synthesized
NiFe;Os@Cellulose-PEG ~ nanocomposite  was
confirmed by using the X-ray diffraction (XRD)
technique displayed in Figure 2. Diffraction peaks
were observed at 20 values 30.03°, 35.41°, 37.09°,
44.12°, 57.05°, 64.71° (JCPDS Card No. 742081).
The sharp and intense peaks indicate a high degree
of crystallinity of NiFe,Os@Cellulose-PEG
nanocomposite [50, 51].

EDX analysis

The  composition of the  synthesized
NiFe;Os@Cellulose-PEG ~ nanocomposite  was
studied using EDX analysis (see Figure 3). The
analysis shows 52.80 wt % and 41.33 at % of iron,
36.88 wt % and 27.34 at % of nickel, 6.44 wt % and
17.52 at % of oxygen, and 3.87 wt % and 14.02 at %
of carbon, which supports the formation of
NiFe;O4@Cellulose-PEG nanocomposite.
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Figure 4. FE-SEM images of NiFe;04@Cellulose-PEG
FE-SEM analysis

The surface morphology of the synthesized
nanocomposite ~ was

investigated using field emission scanning electron
microscopy (FE-SEM). The SEM image shown in
Figure 4 shows that the particles are uniform and
square-shaped, the average particle size is 24.28 nm.
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Application of NiFe;O«@Cellulose-PEG
nanocatalyst in the synthesis of benzopyran
derivatives

In order to assess the catalytic efficiency of the
newly  synthesized  NiFe;O4@Cellulose-PEG
nanocatalyst, we chose the model reaction between
benzaldehyde 1a, dimedone 2, and malononitrile 3
for the synthesis of the benzopyran derivative 4a
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under eco-friendly conditions. Several reaction
parameters, including temperature and solvents,
were optimized (see Table 1). The reaction was
conducted under reflux in different solvents such as
H,0O, EtOH, and aq. EtOH, which led to insufficient
product yield. Subsequently, the model reaction was
conducted at various temperatures from 80 °C to 100
°C, without the use of solvents. The optimal
temperature for the synthesis of benzopyran
derivatives was 80°C without the use of any solvents
(Table 1, entry 7). The reaction needed less time to
finish and produced a larger product yield.

Table 1. Optimization of reaction conditions for the
synthesis of  benzopyran derivatives using
NiFe;Os@Cellulose-PEG as a catalyst

Entry  Conditions Temp. Time Yield
(°C)  (min) (%)
1 H.0 RT 120 No reaction
2 EtOH RT 120 No reaction
3 H>0O:EtOH RT 120 No reaction
4 H.0 Reflux 60 22
5 EtOH Reflux 60 36
6 H>O:EtOH  Reflux 60 43
7 Solvent-free 80 60 94
8 Solvent-free 100 60 94
9 Solvent-free 80 30 91

aReaction conditions: benzaldehyde 1a (1 mmol),
dimedone 2 (1 mmol), malononitrile 3 (I mmol), and
NiFe;Os@Cellulose-PEG catalyst (40 mg).

Spectral data of some tetrahydrobenzo[b]pyran
derivatives

2-amino-3,6,7,8-tetrahydro-7, 7-dimethyl-4-(4-
nitrophenyl)-5-oxo-4H-chromene-3-carbonitrile
(4b). IR (KBr, cm™"): 3315, 3176, 2182, 1671, 1416,
1520, 1352, 1218, '"H NMR (500 MHz, DMSO, §
ppm): 0.98 (s, 3H), 1.06 (s, 3H), 2.12 (d, 1H), 2.24
(d, 1H), 2.51 (s, 2H), 4.38 (s, 1H), 7.16 (s, 2H), 7.45
(d, 2H), 8.16 (d, 2H), *C NMR (125 MHz, DMSO,
o ppm): 26.8, 28.1, 31.6, 35.5, 39.0, 49.7, 56.9,
111.6, 119.1, 123.5, 128.4, 146.1, 152.1, 158.4,
162.9, 195.5, MS for C;sHi7N304 (m/z): 340.1[M +
H]".

2-amino-4-(4-chlorophenyl)-5,6,7,8-tetrahydro-
7, 7-dimethyl-5-oxo-4H-chromene-3-carbonitrile
(4e). IR (KBr, cm™): 3382, 3185, 2188, 1674, 1459,
1216, '"H NMR (500 MHz, DMSO, & ppm): 0.95 (s,
3H); 1.03 (s, 3H), 2.08 (d, 1H), 2.22 (d, 1H), 2.48 (s,
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2H), 4.22 (s, 1H), 7.05 (s, 2H), 7.18 (d, 2H), 7.33 (d,
2H), C NMR (125 MHz, DMSO, & ppm): 26.7;
28.3, 31.6, 35.6, 39.1, 49.8, 57.8, 112.6, 1194,
126.2, 129.0, 131.1, 144.6, 158.4, 162.7, 195.5, MS
for C1sHi7CIN>O, (m/z): 329.1 [M + HJ".

Further, the effect of catalyst loading on the
model reaction was investigated. As shown in Table
2, the maximum yield was obtained with 40 mg of
the catalyst (entry 4). The yield and reaction rate
were not enhanced by additional catalyst loading
(entry 5). A benzopyran derivative was produced
with 94% yield using 40 mg of the catalyst at 80°C
without the use of solvents.

Table 2. Effect of catalyst loading on the synthesis of
benzopyran derivatives under solvent-free conditions at
80°C

Entry Amount of  Reaction time Yield
catalyst (mg) (min) (%)*

1 10 60 69

2 20 60 83

3 30 60 91

4 40 60 94

5 50 60 94

6 60 60 94

2Reaction conditions: benzaldehyde 1a (1 mmol),
dimedone 2 (1 mmol), malononitrile 3 (1 mmol), and
NiFe,O4@Cellulose-PEG as a catalyst.

After determining the optimal reaction
conditions, we investigated the scope of the
suggested methodology by applying several
substituted benzaldehydes 1a-k with dimedone and
malononitrile at 80°C under solvent-free conditions
in the presence of NiFe,Os@Cellulose-PEG
nanocatalyst. As shown in Table 3, whether the
aromatic aldehyde had an electron-donating or
electron-withdrawing substituent, the reaction was
equally simple and produced the intended
benzopyran derivatives in high yields. Physical
characteristics were used to describe the products.

The catalytic activity of the NiFe,Os@Cellulose-
PEG nanocatalyst was compared to that of a few
other documented catalysts, as shown in Table 4. It
can be concluded that the NiFe,Os@Cellulose-PEG
nanocatalyst has superior catalytic efficiency,
making it the most efficient catalyst which gives
high product yields in a noticeably shorter duration.
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Table 3. NiFe,Os@Cellulose-PEG catalyzed one-pot synthesis of benzopyran derivatives under solvent-free
conditions at 80°C

Time 1 oa M. P. (°C)
Entry Aldehyde Product (min) Yield (%) Observed Reported
CHO
4a 60 94 226-228 226-228
CHO
4b 50 94 182-184 186-188
NO,
CHO O
4c @\ i o~ 60 91 216218 212214
w )
0”7 "NH,
CHO O
NO [} NO,
4d ©/ 2 CN 60 90 228-230 224-226
|
SN
a
CHO O
4e <> o 50 94 200-202 198-200
CN
S (L,
0”7 "NH,
CHO O
4f @/Cl 60 88 208-210 210-212
CHO
a
4g 50 90 122-124 118-120
a
CHO
4h @ 50 93 174-176 178-180
F
CHO
4i <> 55 92 198-200 202-204
Br
CHO
4j <> 60 90 204-206 208-210
OH
CHO
4k (; 65 92 222-224 218-220

Me
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Table 4: Comparison of NiFe,Os@Cellulose-PEG catalyst with reported catalysts for the synthesis of benzopyran

derivatives

Entry Catalyst Reaction conditions Time (min)  Yield (%) Reference
1 Si0,-Pr-SO;H H>O/Reflux 8 88 [28]
2 NH4AI(SO4): EtOH/80°C 120 92 [29]
3 ZnFe;O4@alginic acid EtOH/RT 10 93 [30]
4 nano-SiO»/DBN H,O: EtOH/60°C 15 93 [31]
5 DAIL@SiO; SF/100°C 120 86 [32]
6 L-Proline EtOH/Reflux 30 92 [33]
7 DABCO H,O/Reflux 120 89 [34]
8 NiFe;O4@Cellulose-PEG SF/80°C 60 94 This work

Catalyst reusability

The model reaction between benzaldehyde 1a (1
mmol), dimedone 2 (1 mmol), and malononitrile 3
(1 mmol) in the presence of NiFe,Os@Cellulose-
PEG nanocatalyst at optimal reaction conditions was
examined to determine the recyclability of the
nanocatalyst. Following a successful reaction, hot
ethanol was added to the reaction mixture, the
nanocatalyst was filtered out, thoroughly washed
with distilled water, and then dried for 1 h at 100 °C.
The recovered catalyst worked properly up to four
cycles (Figure 5).

95

90

=]
=

Isolated yield (%)

.
th

Fresh 1 2 3 4
Number of runs

Figure 5. Reusability of NiFe,Os@Cellulose-PEG
nanocatalyst

CONCLUSION

The current study successfully used a simple,
economical, and effective method for obtaining
NiFe;Os@Cellulose-PEG nanocatalyst in a solvent-free,
one-pot multicomponent reaction of various aromatic
aldehydes, dimedone, and malononitrile at 80°C.
Characteristics such as straightforward reactions, non-
toxic catalysts, straightforward purification, mild reaction
conditions, and high product yield are the key components
of this green-chemical methodology. The catalyst was
recycled and reused without substantially lowering the
catalytic activity for four runs.
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Leukemia is a systemic hematological malignancy, characterized by dysregulated survival signaling, in which
suppression of apoptosis contributes to disease persistence and treatment resistance. In this study, limonoids from Melia
azedarach were assessed as potential anti-leukemia agents using multi-computational strategies focused on the anti-
apoptotic protein Bcl-xL (PDB: 3SPF), with Venetoclax used as a reference ligand for comparative modeling. Docking
of eight candidates identified CPD4 as the top binder (-10.35 kcal/mol), surpassing Venetoclax (-9.87 kcal/mol), and
revealed a key hydrogen bond with Argl39, alongside extensive hydrophobic/van der Waals contacts in the conserved
pocket. Molecular dynamics simulations spanning 100 ns revealed stable complexes, with CPD4 exhibiting a higher
backbone RMSD range than Venetoclax while maintaining comparable compactness. MMGBSA analysis yielded
favorable binding for both ligands, giving ATOTAL values of -19.73 + 5.33 kcal/mol for CPD4 and -24.48 £ 9.15 kcal/mol
for Venetoclax; CPD4 was driven by strong gas-phase interactions (AGGAS -43.86 £ 10.49) but incurred a solvation
penalty (AGSOLV 24.13 + 6.62). DFT descriptors showed CPD4 with EHOMO -4.3598 eV, AE 3.0037 eV, and © 2.7193
eV, compared with Venetoclax (-9.0405 eV, 4.8522 eV, and 9.0166 eV). Overall, CPD4 emerges as a promising scaffold
for targeting Bcl-xL and warrants further optimization and experimental validation in leukemia research.

Keywords: Anti-apoptosis; Bcl-xL; DFT; Leukemia inhibitor; Limonoids; Melia azedarach.

INTRODUCTION

Leukemia is a hematological malignancy driven
by genetic and epigenetic disruptions in
hematopoietic progenitors, most often arising in the
bone marrow and resulting in the excessive
proliferation of abnormal leukocytes [1]. Unlike
many solid tumors that typically form a localized
mass before disseminating, leukemic cells are
frequently systemic from early stages, which
contributes to aggressive clinical behavior and
complicates timely diagnosis and durable disease
control [2]. Clinically, leukemia is broadly
categorized into acute and chronic entities; within
the chronic group, chronic myeloid leukemia
accounts for approximately 15% of adult cases [3].
Although chemotherapy remains an important
therapeutic option, particularly in advanced disease
or when targeted regimens are unsuitable, its utility
is often constrained by substantial adverse effects
such as infection susceptibility, fatigue, and
gastrointestinal  toxicity. Together with the
emergence of treatment resistance, these limitations
motivate the search for alternative agents and
complementary strategies that can improve efficacy
while reducing toxicity burden [4, 5].

A central biological feature supporting malignant
persistence is impaired apoptosis, the genetically
unnecessary cells to maintain tissue homeostasis [6],
programmed mechanism that removes damaged or

* To whom all correspondence should be
sent: Email: hungnd@tnue.edu.vn
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unnecessary cells to maintain tissue homeostasis [6].
Cancer cells frequently attenuate apoptotic
signaling, enabling survival under oncogenic stress
and therapeutic pressure, and thereby facilitating
uncontrolled expansion. In this context, Bcl-xL (B-
cell lymphoma-extra large) is a key anti-apoptotic
regulator that suppresses the intrinsic mitochondrial
death pathway by limiting cytochrome c release and
downstream caspase activation [7, 8]. Its frequent
overexpression across cancers has made Bcl-xL an
established target for anticancer drug discovery.
Natural products remain a rich source of
bioactive scaffolds, and limonoids. Highly
oxygenated triterpenoids, abundant in citrus and
Meliaceae plants, are of particular interest due to
reported anticancer, anti-inflammatory, and antiviral
activities [9, 10]. Prior studies have identified
limonoids from Melia azedarach, including
pungiolide-type structures, with notable cytotoxicity
against multiple human cancer cell lines, including
the HL-60 leukemia model [11]. However, the
molecular basis of these effects, especially at the
level of target-specific recognition and stability, has
not been comprehensively examined using modern
computational pipelines. Accordingly, this study
investigates limonoids from M. azedarach as
prospective anti-leukemia agents by applying
structure-based modelling to characterize their
interactions with relevant protein targets, prioritize
promising binders within a defined binding region,

© 2026 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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and estimate developability-related properties,
thereby providing a rationale for subsequent
experimental validation in vitro and in vivo.

MATERIALS AND METHODS
Structural preparation of selected limonoids

The selected limonoids from M. azedarach
possess significant cytotoxic activity against the HL-
60 leukemia cancer cell line [11], including
meliarachin C (CPD1), toosendanin (CPD2), 1-O-
cinnamoyltrichilinin (CPD3), 23-
methoxyohchininolide A (CPD4), 3-O-deacetyl-4’-
demethyl-28-oxosalannin (CPD5), 1-O-detigloyl-1-
O-benzoylohchinolal  (CPD6), nimbolinin D
(CPD7), meliasenin E (CPD8), which have
molecular formulas of C31H40011, C30H38011,
C30Hs609,  C37H44O10,  C51H3809,  C36Ha2010,
C36Hs409, C31Has0s, respectively, with molecular
weights of 588.2571, 574.2414, 658.3142,
648.2934, 554.2516, 634.2778, 620.2985, and
500.3502 g/mol. Venetoclax, possessing a molecular
formula of C4sHsoCIN;O7S and a molecular weight
of 867.3181 g/mol, was included as a reference Bcl-
xL ligand for comparative docking and simulation
analyses (Fig. 1).

D
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Figure 1. 3D Structures of selected limonoids (A.
CPDI; B. CPD2; C. CPD3; D. CPD4; E. CPDS5; F. CPD6;
G. CPD7; H. CPDS8) and the comparative reference
Venetoclax ().

Molecular docking analysis

The three-dimensional structures of the selected
limonoids were generated in PDB format using the
Biovia Discovery Studio Visualizer 2024 (Dassault
Systemes, San Diego, CA, USA). This process
involved adding polar hydrogens, calculating
Gasteiger charges, and considering torsional bond

flexibility. The structure of the Bcl-xL protein (PDB
ID: 3SPF) was retrieved in PDB format from the
RCSB Protein Data Bank [12]. Ligand-protein
docking simulations were performed using
AutoDock Tools, with a grid box spanning 60 points
in each x, y, and z dimension at a spacing of 0.375 A
[13]. The binding site coordinates for the Bcl-xL
protein were set at x = 32.003 A, y = 16.833 A, and
z = -18.895 A. The Lamarckian genetic algorithm
was  employed to  identify  low-energy
conformations, optimizing the stability of ligand-
protein interactions. Following docking, the highest-
affinity conformation was evaluated using Biovia
Discovery Studio Visualizer 2024 and compared
with the docking results obtained for Venetoclax on
the same protein to assess similarities in binding
interactions.

Molecular dynamics simulation

Molecular dynamics simulations were conducted
to examine the highest-affinity docked conformation
of the Bcl-xL protein complex (PDB ID: 3SPF) over
a period of 100 ns, utilizing GROMACS version
2024.4 [14]. The protein structure was optimized by
adding missing atoms and residues, which was
accomplished using Swiss-PdbViewer [15]. Ligand
force-field parameters were generated through the
use of SwissParam [16]. The protein-ligand complex
was solvated within a triclinic simulation box using
the SPC water model, with 0.15 M NaCl added to
maintain an ionic strength of 0.15 M. To ensure
structural refinement and charge neutralization, an
energy minimization procedure consisting of 50,000
steps was performed. The equilibration process
involved a 200 ps NVT ensemble, followed by a 200
ps NPT ensemble, both maintained at 300 K and 1
bar. Three independent production simulations were
carried out, each lasting 100 ns with a 2 fs integration
step, and the coordinate trajectories were recorded
every 10 ns. Analysis of the simulation trajectories
was carried out using Grace software, from which
key dynamical parameters, including root mean
square deviation (RMSD), root mean square
fluctuation (RMSF), radius of gyration (Rg), number
of hydrogen bonds (Hbonds), and solvent-accessible
surface area (SASA), were derived. The stability of
the conformations across the simulated complexes
was evaluated using UCSF Chimera version 1.13.3
through structural superposition [17].

Molecular mechanics generalised Born surface
area (MMGBSA) analysis

Binding free energies for the CPD4-3SPF and
Venetoclax-3SPF complexes were computed using
the gmx MMPBSA package, along with the
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charmm36 force field. The polar solvation energy
was determined via the generalized Born implicit
solvent model, while non-polar contributions were
derived from estimations of the solvent-accessible
surface area. Data extraction was performed from
molecular dynamics trajectories consisting of 125
equally spaced frames, sampled every 80 ps, over an
80 ns duration (ranging from 20 ns to 100 ns). This
ensemble-averaging approach allowed for the
identification of differences in ligand-protein
interaction energetics, thus providing insights into
the relative binding affinities and the stability of the
complexes during the simulation period [18].

Assay protocol for ADMET prediction

A preliminary assessment of ADMET
(Absorption, Distribution, Metabolism, Excretion,
Toxicity) properties is essential for predicting
pharmacokinetic challenges and safety concerns
during the drug discovery process. This approach
helps reduce failure rates in later stages and
improves the selection of compounds with suitable
therapeutic potential. In this study, the pkCSM
platform was utilized to predict the ADMET profiles
of CPD4 and Venetoclax. This platform employs
graph-based molecular descriptors to estimate
parameters related to absorption, distribution,
metabolism, excretion, and toxicity, facilitating a
comprehensive  comparison  of the key
developability features of the compounds under
investigation [19].

Quantum chemistry computation using the Density
Functional Theory (DFT) method

Molecular geometry optimization for CPD4 and
Venetoclax was carried out using the ORCA
quantum chemistry package, version 6.1.0 [20].
Initial coordinates were generated in Avogadro [21],
and the subsequent visualization of molecular
orbitals, along with associated analyses, was
performed using IboView version 20211019 [22].
All DFT calculations employed B3LYP/6-31G(d,p)
to describe the ground-state electronic structure
(electron density and Kohn-Sham orbitals) used to
derive frontier-orbital energies and conceptual-DFT
descriptors. From the fully optimized molecular
structures, key quantum-chemical descriptors were
extracted, including the energies of the highest
occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO), the HOMO-
LUMO energy gap (AE), chemical potential (u),
electronegativity (y), global hardness (1), softness
(o), and electrophilicity index (w). The
determination of these reactivity parameters was
conducted in accordance with Koopmans’ theorem,
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providing insights into the electronic properties and
chemical behavior of the compounds studied [18].

RESULTS AND DISCUSSION
Molecular docking analysis

Molecular docking was employed as an initial
structure-based screening approach to estimate the
binding propensity of the selected small molecules
toward Bcl-xL and to delineate the residue-level
determinants underlying ligand recognition. This
workflow enables rapid ranking of candidates
according to predicted binding free energy
surrogates ~ while  simultaneously  providing
interpretable interaction fingerprints, including key
pocket-lining residues and hydrogen-bond partners
[23]. Accordingly, comparative docking analysis
was performed for the selected ligands alongside
Venetoclax, a reference Bcl-xL binder, to
contextualize candidate binding within a common
structural framework before advancing to dynamic
stability assessment.

Before ligand docking with protein 3SPF, the
binding-pocket residues were defined. Structural
inspection of 3SPF in BIOVIA Discovery Studio
Visualizer identified key inhibition-associated sites
(Fig. 2A). The docking workflow was then validated
by redocking the co-crystallized ligand (Fig. 2B),
with an RMSD of 1.4637 A, and the close
superimposition with the native pose supported the
accuracy of the procedure. An RMSD value below 2
A is commonly accepted as evidence of a reliable
docking protocol [24]. Docked poses were ranked
according to the most favorable (lowest) binding
energy (kcal/mol).

Figure 2. Active sites within the 3SPF protein (A) and
superimposition of the docked and native ligands for
validation of the molecular docking protocol (violet =
native, green = docked) (B).

As summarized in Table 1, docking scores and
residue-level contact profiles were evaluated for
eight selected ligands within the Bcl-xL binding
cavity, with Venetoclax included as a benchmark.
Across the candidate set, the interaction field
converged on a recurrent pocket architecture
dominated by Phe97, Tyrl101, Alal04, Phel05,
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Leul08, Argl39, and Phe146, indicating preferential
recognition of a shared binding region. Such
complexes are commonly stabilized through a
combination of hydrophobic enclosure by
aromatic/aliphatic side chains, shape
complementarity that optimizes van der Waals
contacts, and directional hydrogen bonding that
restricts ligand orientation and supports pose
persistence within the cavity [25, 26].

Predicted binding energies for CPDI1-CPDS§
spanned -10.35 to -8.08 kcal/mol, while Venetoclax
exhibited a docking score of -9.87 kcal/mol under
the same protocol. Within the candidate series,
CPD4 produced the most favorable affinity (-10.35
kcal/mol), exceeding the predicted stabilization of
Venetoclax. CPD4 occupied the conserved pocket
lined by Phe97, Tyr101, Alal04, Phel05, Leul08,
Argl39, and Phel46, and additionally involved
Asnl36, suggesting an expanded polar-contact
network relative to several other candidates (Fig.
3A). A hydrogen-bond interaction was annotated
with Argl39, consistent with a plausible anchoring
role for this residue, while hydrophobic residues
(Phe97, Phel05, Leul08, Phel46) provide
enclosure. Among the remaining candidates, CPD7
(-9.90 kcal/mol) and CPD5 (-9.78 kcal/mol)

approached the reference score. Yet, their contact
patterns differed from the most conserved signature:
CPD7 engaged a reduced residue subset (Phe97,
Alal04, Phel05, Phel46) and formed hydrogen
bonds with Vall26 and Serl45, whereas CPDS5
retained the canonical residue ensemble (Phe97,
Tyr101, Ala104, Phel05, Leul08, Arg139, Phel46)
with hydrogen bonding to Argl39. By contrast,
Venetoclax interacted with a broader region that
included Ala93 and Arg100, in addition to the shared
core residues. Hydrogen bonding was observed
between Argl00 and Gly138, reflecting a distinct
anchoring arrangement relative to the selected
ligands (Fig. 3B).

Collectively, the docking outcomes indicate that
the strongest predicted affinity coincides with the
engagement of conserved pocket residues and a
defined polar anchor. On this basis, CPD4 was
selected for subsequent molecular dynamics
simulations, with Venetoclax retained as the
comparator to assess the relative stability of the
complex, the persistence of key contacts (notably
Argl39 for CPD4), and pocket adaptability under
explicit-solvent, fully flexible conditions.

Table 1. Interactions between the docked ligands and the protein 3SPF.

Van der Waals interaction

Hydrophobic interaction

. Binding energy =~ Hydrogen bond
Docked ligands (kJ/mol) interaction
CPDI1 -8.31 Vall26, Argl139
CPD2 -8.08 Vall26, Argl139
CPD3 -8.44 Argl39
CPD4 -10.35 Argl39
CPD5 -9.78 Argl39
CPD6 -8.19 Glu129, Phel46
CPD7 -9.90 Val126, Ser145
CPDS -8.19 Argl39
Venetoclax -9.87 Argl00, Gly138

Phe97, Tyr101, Alal04,
Vall27, Glul29, Asp133,
Alal42, Phel46

Phe97, Vall127, Glul29,
Alal42, Phel46

Phe97, Tyr101, Alal04,
Leu108, Glu129, Leul30,
Gly138

Phe97, Leul08, Vall26,

Glul29, Leul30, Asp133,

Asnl36, Alal42, Serl45,
Phel46, Alal149

Phe97, Tyr101, Alal04,
Aspl07, Leul08, Vall26,
Ser145, Phel46, Alal49

Phe97, Tyr101, Phel05,
Aspl07, Leul08, Argl39,
Alal42, Serl45, Alal49
Phe97, Phel05, Glul29,
Leul30, Alal42, Phel43
Tyr101, Phel05, Leul08,
Vall126, Glul29, Asp133,
Asnl136, Phel46
Glu96, GInl11, Asnl36,
Ser145, Phel46

Phel05, Leul08, Vall126, Leul30,
Argl139, Alal49

Tyr101, Ala104, Phe105, Leul08,
Val126, Leul30, Alal49
Phel05, Val126, Argl39, Alal42,
Phel46

Tyr101, Ala104, Phel05, Argl32

Phel05, Leul30, Argl139, Ala142

Leul30

Alal04, Phel46, Ala149

Phe97, Ala104, Leul30, Arg132,
Argl39, Ala142

Alal93, Phe97, Tyrl01, Alal04,
Phe105, Leul08, Val126, Leul30,
Argl39, Alal42, Tyr195
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Figure 3. Molecular docking model and 2D interaction diagram of CPD4 (A) and Venetoclax (B) with 3SPF protein

Notably, the previous study showed that CPD4
exhibited potent cytotoxic activity against HL60
cells with an ICso of 4.9+0.5 pM [11], although it
was not the most active compound in the
experimental series. Therefore, the present docking
results should be interpreted as supporting a putative
interaction of CPD4 with the same or an overlapping
Bcel-xL  binding region wused for comparative
modeling, rather than as proof that it shares the same
experimentally validated mechanism of action as
Venetoclax.

Molecular dynamics simulation

To extend the docking observations into a fully
flexible, explicitly solvated environment, molecular
dynamics simulations were conducted to interrogate
the conformational stability and interaction
persistence of the two representative predicted
bound states. Accordingly, 100-ns trajectories were
generated for the CPD4-3SPF and Venetoclax-3SPF
complexes, and the resulting ensembles were
quantified using RMSD, RMSF, Rg, Hbonds, and
SASA to gauge solvent exposure [27].
Consequently, the total energy and potential energy
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values for the CPD4-3SPF complex were found to
be -506,377 kJ/mol and -625,054 kJ/mol,
respectively. For the Venetoclax-3SPF complex, the
total and potential energy values were -230,784,598
kJ/mol and -287,485 kJ/mol, respectively. The
simulation system maintained equilibrium at 300 K.

In Figure 4A, both complexes showed an initial
relaxation followed by stable RMSD fluctuations
without sustained drift over 100 ns. CPD4-3SPF
sampled a higher RMSD range (0.25-0.30 nm,
occasionally 0.32 nm), whereas Venetoclax-3SPF
remained lower and tighter (0.22-0.25 nm,
occasionally 0.26 nm), supporting overall fold
stability with slightly reduced global deviation for
Venetoclax [28].

RMSF analysis of the Metl-Asnl97 segment
(Fig. 4B) indicated that the most significant motions
were restricted to the extreme N-terminus, peaking
at 0.40 nm for CPD4-3SPF and 0.25 nm for
Venetoclax-3SPF. Outside this region, fluctuations
rapidly decreased and remained low across the rest
of the segment (0.04-0.06 nm), with CPD4 showing
only slightly higher amplitudes and no evidence of
localized destabilization.
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Figure 4. Results of MD simulation for the bindings of CPD4 (blue) and Venetoclax (red) with 3SPF protein. (A)

RMSD, (B) RMSF, (C) Rg, (D) Hbonds, (E) SASA

The radius of gyration (Rg) reports mass-
weighted compactness. Over the simulation (Fig.
4C), both complexes remained within a narrow Rg
range of 1.41-1.46 nm, indicating a stable global
structure; CPD4-3SPF tended to slightly lower
values, especially later in the trajectory, while
Venetoclax-3SPF more often occupied the upper
part of the same band.

The intermolecular number of hydrogen bonds
summarizes the persistence of polar contacts at the
binding interface. In Figure 4D, both complexes
were typically dominated by 0-1 hydrogen bond, but
CPD4-3SPF showed a mid-trajectory enrichment
(45-60 ns) with repeated sampling of 1-3 and brief
peaks at 4, whereas Venetoclax-3SPF exhibited
stronger episodes around 25-35 ns (up to 4) and 90-
100 ns, where counts frequently reached 3-5 and

occasionally 6, indicating more frequent high-
occupancy polar anchoring for Venetoclax.

SASA, a proxy for overall solvent exposure,
remained stable for both complexes over 100 ns (Fig.
4E), with values ranging from 78 to 90 nm? and no
sustained trends. CPD4 showed brief early increases
but more often occupied the lower end of the shared
band later. In contrast, Venetoclax sampled slightly
higher values on average, indicating only modest
differences in solvent exposure rather than major
structural rearrangements [29].

Collectively, the five readouts support the
formation of dynamically stable protein scaffolds for
both CPD4-3SPF and Venetoclax-3SPF over 100 ns.
The CPD4 complex exhibited a higher RMSD band.
It enhanced residue-level flexibility in specific
internal regions, accompanied by slightly reduced
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compactness and marginally lower solvent exposure
during the later simulation segments. The
Venetoclax complex exhibited lower global
deviation and displayed more frequent high-count
hydrogen-bond episodes, particularly towards the
end of the trajectory, consistent with the episodic
strengthening of polar contacts while maintaining
overall structural stability.

Free binding energy (MMGBSA) analysis

MMGBSA approximates ligand-protein
association by combining molecular mechanics
interaction energies with an implicit-solvent model,
in which polar solvation is treated using the
generalized Born method and nonpolar solvation is
estimated from solvent-accessible surface area. It is
commonly used for relative ligand ranking under a
consistent protocol; however, outcomes depend on
parameter choices and sampling, and it omits
explicit entropy. Therefore, the results should be
interpreted comparatively rather than as absolute
free energies. As detailed in Table 2, both CPD4 and
Venetoclax yield negative mean ATOTAL values,
supporting a favorable association in the MMGBSA
sense. CPD4-3SPF shows ATOTAL =-19.73 £5.33
kcal/mol, whereas Venetoclax-3SPF is more
negative at -24.48 + 9.15 kcal/mol, indicating a
modestly stronger mean binding estimate for
Venetoclax in this dataset. The larger dispersion for
Venetoclax suggests a broader distribution of
sampled binding microstates, consistent with its
more variable energetic terms across the trajectory.

Table 2. Free energy of binding obtained using
MMGBSA calculations.

Energy Average (kcal/mol) Standard deviation
compOneNt™CpHA " Venetoclax-  CPD4-  Venetoclax-
3SPF 3SPF 3SPF 3SPF
AVDWA  -30.40 -42.38 4.45 8.78
AALS
AEEL -13.47 76.27 7.69 28.36
AEGB 28.18 -52.84 6.93 26.26
AESURF  -4.05 -5.53 0.57 1.25
AGGAS  -43.86 33.89 10.49 32.24
AGSOLV  24.13 -58.36 6.62 25.52
ATOTAL  -19.73 -24.48 5.33 9.15

MMGBSA decomposition suggests that CPD4
binding is primarily driven by favorable gas-phase
interactions, with AVDWAAALS = -30.40 + 4.45
kcal/mol and AEEL = -13.47 + 7.69 kcal/mol,
resulting in AGGAS = -43.86 + 10.49 kcal/mol. This
gain is partly offset by a net solvation penalty
(AGSOLYV = 24.13 £ 6.62 kcal/mol), dominated by
polar desolvation (AEGB = 28.18 + 6.93 kcal/mol),
while the nonpolar term remains favorable but
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smaller (AESURF = -4.05 £+ 0.57 kcal/mol).
Venetoclax shows the opposite balance: despite
strong van der Waals stabilization (AVDWAAALS
= -42.38 + 8.78 kcal/mol), its electrostatics are
unfavorable on average (AEEL = 76.27 + 28.36
kcal/mol), giving a positive AGGAS of 33.89 +
32.24 kcal/mol that is overcompensated by highly
favorable solvation (AGSOLV = -58.36 + 25.52
kcal/mol), mainly driven by AEGB =-52.84 £26.26
kcal/mol and supported by AESURF = -5.53 £ 1.25
kcal/mol. Overall, CPD4 appears more contact-
driven but desolvation-limited, whereas Venetoclax
achieves a slightly more favorable net ATOTAL
through solvation compensation and shows greater
energetic variability across the trajectory.

Table 3. Predicted ADMET properties of CPD4 and
Venetoclax

ADMET properties Unit CPD4 Venetoclax
Water solubility (Logmol/L)  -4.542  -3.037
Caco2 permeability ~ (Log Pappin  0.876 0.847

10" cm/s)
Intestinal absorption (% Absorbed)  97.76 100
(human)
Skin permeability (Log Kp) -2.755  -2.735
P-glycoprotein Yes/No No Yes
substrate
P-glycoprotein I Yes/No Yes Yes
inhibitor
P-glycoprotein 11 Yes/No Yes Yes
inhibitor
VDss (Log L/kg) -0.469  -0.329
Fraction unbound (Fu) 0 0.169
(human)
BBB permeability (Log BB) -1.362 -1.747
CNS permeability (Log PS) -2.721  -3.119
CYP2D6 substrate Yes/No No No
CYP3A4 substrate Yes/No Yes Yes
CYP1A2 inhibitor Yes/No No No
CYP2C19 inhibitor Yes/No No No
CYP2C9 inhibitor Yes/No No No
CYP2D6 inhibitor Yes/No No No
CYP3A4 inhibitor Yes/No Yes Yes
Total clearance (Log ml/min/kg) 0.137  -0.096
Renal OCT?2 substrate Yes/No No No
AMES toxicity Yes/No No No
Max. tolerated dose (Log mg/kg/day) -0.208  0.278
(human)
hERG I inhibitor Yes/No No No
hERG II inhibitor Yes/No No Yes
Oral rat acute toxicity (mol/kg) 2.291 2.604
(LD50)
Oral rat chronic (Log mg/kg 1.03 1.924
toxicity (LOAEL) bw/day)
Hepatotoxicity Yes/No No Yes
Skin sensation Yes/No No No
Tetrahymena (Log pg/L) 0.285 0.285

pyriformis toxicity

Minnow toxicity (Log mM) 0.442  -0.481
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ADMET prediction analysis

In silico ADMET profiling was used to compare
the predicted pharmacokinetic behavior and safety-
relevant flags of CPD4 with those of Venetoclax,
with  descriptors  grouped into absorption,
distribution, metabolism, excretion, and toxicity
(Table 3). This side-by-side comparison provides an
early indication of potential developability trade-
offs that may complement the docking and
molecular dynamics prioritization.

For absorption, CPD4 shows lower predicted
water solubility than Venetoclax (-4.542 vs -3.037
log mol/L), indicating a greater dissolution
constraint. By contrast, Caco-2 permeability is
similar (0.876 vs 0.847 log Papp), and both retain
very high intestinal absorption (97.76% vs 100%)
with comparable skin permeability (-2.755 vs -2.735
log Kp) [30]. Both ligands exhibit low VDss (-0.469
for CPD4 and -0.329 log L/kg for Venetoclax), but
binding differs markedly, with Fu = 0 for CPD4
versus 0.169 for Venetoclax. CPD4 also shows
higher predicted BBB/CNS permeability (log BB -
1.362 vs -1.747; log PS -2.721 vs -3.119), although
both indicate limited overall penetration [31]. For
metabolism, the two compounds share a similar
pattern. Neither is predicted to be a CYP2D6
substrate, while both are classified as CYP3A4
substrates. Inhibition liabilities across the screened
CYP isoforms are largely absent except for
CYP3A4, for which both CPD4 and Venetoclax are
predicted inhibitors, suggesting a comparable

potential for CYP3A4-related interaction risk in this
specific output [32]. CPD4 shows a higher predicted
total clearance than Venetoclax (0.137 vs -0.096 log
ml/min/kg). Neither compound is predicted to be a
renal OCT2 substrate, indicating that it is not
designated as an OCT2 substrate in the current panel.
For toxicity, both compounds are AMES-negative
and are not predicted to inhibit hERG I; however,
Venetoclax is flagged as a hERG II inhibitor, while
CPD4 is not. CPD4 shows a lower predicted
maximum tolerated dose (-0.208 vs 0.278 log
mg/kg/day) and lower LD50 and LOAEL values
(2.291 vs 2.604 mol/kg; 1.03 vs 1.924 log
mg/kg bw/day), whereas hepatotoxicity is predicted
only for Venetoclax; skin sensitization is negative
for both, Tetrahymena pyriformis toxicity is
identical (0.285 log pg/L), and Minnow toxicity
differs (0.442 vs -0.481 log mM). Overall, CPD4 is
predicted to have high absorption with similar Caco-
2 permeability but lower solubility and Fu, while
lacking P-gp substrate status and the hERG II flag
seen for Venetoclax. Venetoclax is more soluble and
less protein-bound, but is predicted to be a P-gp
substrate with hERG II inhibition and hepatotoxicity
alerts, despite a higher tolerated dose and more
favorable rodent toxicity indices. The Boiled-egg
model was additionally applied (Fig. 5). CPD4 was
positioned in the white region but outside the yellow
yolk, supporting high GI absorption and low BBB
permeation, whereas Venetoclax was out of range
and therefore not displayed in the plot.

WLOGP

s

Show Molecules Name

BBB

HIA
o PGP+
o PGP-

1 molecule out of range!

140

Figure 5. Boiled-egg plot of the selected compounds, generated from Swiss ADME

169



H. D. Nguyen: Computational modelling of limonoids from Melia azedarach as potential inhibitors of leukemia

Table 4. Quantum descriptors of CPD4 and Venetoclax.

Molecule

EHOMO ELUMO AE u X n c [0
(eV) (eV) (eV) (eV) (eV) (eV) (eV'h (eV)
CPD4 -4.3598 -1.3561 3.0037 -2.8580 2.8580 1.5019 0.6658 2.7193
Venetoclax -9.0405 -4.1883 4.8522 -6.6144  6.6144 24261 0.4122 9.0166

EHOMO (eV): highest occupied molecular orbitals; ELUMO (eV): lowest unoccupied molecular orbitals; AE (eV):
energy gap; 1 (eV): chemical potential; ¥ (eV): electronegativity; n (eV): hardness; ¢ (eV™'): softness; @ (eV):

electrophilicity index.
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Figure 6. HOMO and LUMO surface diagrams of CPD4 (A) and Venetoclax (B)

Quantum chemistry computation using the DFT
method

DFT calculations were performed to complement
the docking, molecular dynamics, and MMGBSA
analyses by characterizing the electronic structure of
CPD4 in comparison with the reference compound
Venetoclax. CPD4 exhibits EHOMO (eV) =
-4.3598, whereas Venetoclax shows a substantially
lower value (-9.0405). Within the usual frontier-
orbital interpretation, the less damaging EHOMO for
CPD4 is consistent with a comparatively greater
propensity to donate electron density relative to
Venetoclax under the same theoretical level (Table
4). For the acceptor channel, CPD4 has ELUMO
(eV) = -1.3561, while Venetoclax presents -4.1883,
indicating that Venetoclax possesses a lower-lying
acceptor orbital in this calculation. The combined
consequence is a markedly smaller AE (eV): energy
gap for CPD4 (3.0037) than for Venetoclax (4.8522)
(Fig. 6). A reduced gap is commonly associated with
increased electronic responsiveness and easier
polarization, whereas a larger gap is typically
interpreted as greater intrinsic electronic stability.

Frontier-orbital and global conceptual-DFT
descriptors provide a qualitative link between
electronic structure and noncovalent recognition. A
smaller HOMO-LUMO gap (AE) generally implies
170

higher electronic polarizability/softness and easier
charge  redistribution  upon  environmental
perturbation, which can facilitate adaptation to the
electrostatic field of the binding pocket and
strengthen polarization-driven contributions to
binding. In contrast, a larger AE is often associated
with higher intrinsic electronic stability and lower
responsiveness. The electrophilicity index ()
reflects the tendency to accept electron density;
ligands with higher o typically display a stronger
electron-accepting character and may engage more
favorably in interactions where electron density
donation from the protein stabilizes the complex.
These descriptors help rationalize the observed
differences in electrostatic and solvation terms in
MMGBSA and complement the molecular docking
and molecular dynamics simulations results as an
electronic-structure perspective rather than a direct
quantitative predictor of potency [33], [34].

Global descriptors further distinguish the ligands:
Venetoclax has a more negative u (-6.6144 vs -
2.8580 eV) and higher y (6.6144 vs 2.8580 eV),
indicating stronger -electron-attracting character,
together with higher n (2.4261 vs 1.5019 eV) and
lower ¢ (0.4122 vs 0.6658 eV™'), consistent with
greater resistance to charge redistribution than
CPD4. This separation is reinforced by the
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electrophilicity index, where ® is significantly
higher for Venetoclax (9.0166 eV) than for CPD4
(2.7193 eV), supporting a more -electrophilic
signature that may relate to the distinct electrostatic-
solvation balance observed in the MMGBSA
analysis.

CONCLUSION

This study performed computational modelling
of limonoids from M. azedarach as potential
inhibitors of leukemia, focusing on the Bcl-xL
protein (3SPF). CPD4 showed the best docking
score compared with Venetoclax, forming a
hydrogen bond with Argl39 and extensive
hydrophobic and van der Waals interactions within
the conserved pocket. During 100 ns molecular
dynamics, both complexes remained stable; CPD4
sampled a higher RMSD range than Venetoclax
while maintaining similar compactness, and
hydrogen-bond counts were generally low but more
frequently elevated for Venetoclax late in the
trajectory. MMGBSA supported favorable binding
for both ligands, with ATOTAL = -19.73 + 5.33
kcal/mol for CPD4 and -24.48 + 9.15 kcal/mol for
Venetoclax, where CPD4 was driven by gas-phase
interactions (AGGAS -43.86 + 10.49) but penalized
by solvation (AGSOLV 24.13 = 6.62). DFT
descriptors indicated that CPD4 is more polarizable,
showing EHOMO = -4.3598 eV, AE = 3.0037 eV,
and o = 2.7193 eV, whereas Venetoclax displayed
EHOMO = -9.0405 eV, AE = 4.8522 eV, and a
higher ® =9.0166 eV. Overall, the integrated results
position CPD4 as a promising computational hit for
further optimization and experimental evaluation as
a potential Bcl-xL-interacting scaffold in leukemia
research. However, the present computational
results do not establish that the studied limonoids
share the same mechanism of action as Venetoclax,
but instead support a possible interaction with the
same or an overlapping Bcl-xL pocket region.
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coatings on UHMWPE for improved tribological and antibacterial behavior in
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Ultra-high molecular weight polyethylene (UHMWPE) remains the leading bearing material for joint prostheses,
favored for its excellent biocompatibility and mechanical characteristics. However, wear-induced osteolysis remains a
significant challenge. This study delves into the development and characterization of hydroxyapatite (HA) and
magnesium oxide (MgO) coatings, both singly and in combination, applied to the surface of UHMWPE to enhance its
tribological and antibacterial properties. Systematically varied key parameters of the dip-coating process were: immersion
speed (IS), dwell time (DT), and withdrawal speed (WS). Through ANOVA analysis, the optimal input conditions for the
dip-coating procedure were identified. The performance was subsequently assessed using a pin-on-disc tribometer under
dry sliding conditions. This experimental study results indicate that UHMWPE coated with HA-MgO dual layers
exhibited a marked reduction in the coefficient of friction (COF) and specific wear rate compared to both uncoated and
singly coated UHMWPE samples. Additionally, the antibacterial effectiveness against Escherichia coli was significantly
enhanced, as evidenced by the larger zones of inhibition on HA-MgO-coated surfaces. These findings highlight the
potential of HA-MgO composite coatings to provide multifunctional enhancements for UHMWPE orthopaedic implants,
thereby promoting implant longevity and reducing the risk of postoperative infection.

Keywords: Hydroxyapatite, magnesium oxide, dip-coating, pin-on-disc, antibacterial assay, E. coli bacteria.

INTRODUCTION apoptosis, directly affecting the integrity of the
implant-tissue interface [3]. The hydrophobic nature
of UHMWPE also presents limitations in lubrication
by synovial fluid, exacerbating wear issues when
compared to the lubrication properties of natural
cartilage [4]. To address these challenges, various
modifications to both the surface and bulk properties
of UHMWPE have been proposed [5]. Crosslinking
via ionizing radiation enhances durability but can
also generate free radicals that contribute to long-
term oxidative degradation [6]. The incorporation of
vitamin E (a-tocopherol) as an antioxidant has
shown promise in mitigating oxidation through
diffusion or blending techniques, effectively
enhancing oxidative resistance and reducing
bacterial adhesion without compromising wear
behavior [7]. Moreover, researchers are exploring
graftable reactive antioxidants that chemically bond
with the polymer matrix during the radiation
crosslinking process, thereby improving oxidative
stability with minimal additional processing [8].
Surface engineering has emerged as a critical focus,
employing methods such as plasma immersion ion
implantation and laser surface modification to

Ultra-high molecular weight polyethylene
(UHMWPE) has been integral to orthopaedic
implants since the 1960s, primarily due to its high
toughness, excellent wear resistance, and
biocompatibility. It remains the material of choice
for bearing surfaces in total joint arthroplasties,
particularly in hip and knee replacements, as
evidenced by its dominance in the field [1].
Advances in UHMWPE processing have aimed to
mitigate issues such as oxidative degradation and
wear particle-induced osteolysis — two major
contributors to implant failure. Despite its
widespread application, UHMWPE's surface
characteristics lead to significant challenges. The
effects of y-ray sterilization and endogenous
oxidation can severely diminish its mechanical
properties and accelerate wear rates. Oxidized
UHMWPE is known to elicit heightened granulocyte
activity compared to its unoxidized counterparts,
potentially resulting in increased inflammation and
expedited implant failure [2]. Furthermore,
oxidative processes can induce granulocyte
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enhance wear resistance and biocompatibility
through alterations in surface chemistry and
microstructure [9, 10]. Ion implantation, in
particular, promotes wear resistance by forming
nitrogen-carbon crosslinks while preserving the
integrity of the surface [11]. Additionally, the
combination of ion-implanted UHMWPE with
thermally oxidized Ti6Al4V counterfaces has
significantly improved tribological performance,
enhancing mechanical stability and wear resistance
[12]. Porous surface modifications also present
opportunities for controlled drug release from
acetabular liners, addressing infection prophylaxis
while maintaining mechanical integrity — heralding
a new era of multifunctional implants [13].
Researchers are exploring surface modifications
using bioactive ceramic coatings, specifically
hydroxyapatite (HA) and magnesium oxide (MgO),
to enhance the bioactivity and osseointegration of
ultra-high  molecular ~ weight  polyethylene
(UHMWPE), which exhibits poor integration with
bone. Hydroxyapatite, a calcium phosphate
analogous to bone mineral, has garnered attention in
orthopaedic applications due to its ability to promote
cell adhesion and proliferation. Numerous studies
indicate that HA coatings on implants significantly
enhance osseointegration and osteoconductivity. For
example, titanium implants with HA coatings
demonstrate  improved cell  viability and
mineralization, particularly when supplemented
with natural extracts or dopants [14]. Additionally,
dip-coating magnesium alloys with HA not only
provides corrosion protection but also maintains
cellular compatibility while fostering osteogenesis
[15]. Magnesium oxide (MgO), a relatively under-
researched bioactive ceramic, shows potential due to
its antibacterial properties and ability to modulate
cellular responses. When incorporated in HA,
magnesium  significantly  enhances  implant
performance. Mg-doped HA coatings have been
shown to facilitate osseointegration and mechanical
fixation in osteoporotic bone models [16] while also
mitigating corrosion and inflammatory responses in
magnesium alloy substrates [17]. Investigations into
HA/Mg composite coatings on stainless steel
highlight their superior biocompatibility and
bioactivity, particularly when the degradation rate of
Mg is controlled to optimize osteogenic outcomes
[18]. The synergistic effect of HA and MgO coatings
markedly improves both integration and longevity of
orthopaedic implants. Composite or bilayer coatings
that incorporate HA alongside Mg or MgO not only
enhance corrosion resistance and cellular viability
but also promote superior bone tissue regeneration
compared to single-layer coatings. Research
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combining HA with magnesium-based polymers has
demonstrated that the HA/Mg interface diminishes
ion release, slows degradation, and fosters osteoblast
proliferation [19]. Notably, double-layer HA
coatings with Mg have been found to prevent
substrate corrosion and reinforce mechanical
strength [20]. Dip-coating has emerged as a cost-
effective and efficient technique for applying HA
and MgO coatings to orthopaedic materials, ensuring
uniform  application and strong adhesion.
Comparative studies have shown that dip-coating
outperforms spin coating in terms of protecting
magnesium alloys from corrosion and eliciting
cellular responses [21]. Furthermore, dip-coating
allows for precise control over coating thickness and
uniformity, which minimizes defects such as cracks
and delamination [22]. Overall, the application of
dip-coated HA and MgO has significant potential for
enhancing the longevity and performance of
implants by reducing corrosion and wear debris
while improving osseointegration. For instance,
bioresorbable magnesium implants coated with
HA/Mg composites exhibit reduced ion release and
enhanced tissue compatibility over time, signaling
improved durability and functional efficacy [23].

EXPERIMENTAL
Materials

UHMWPE is a commonly used material in
orthopaedic implants, particularly in total joint
arthroplasty, due to its excellent wear resistance, low
coefficient of friction, biocompatibility, and
mechanical toughness. Table 1 presents the material
properties of UHMWPE as a biomaterial. In
accordance with ASTM G99 standards, the pin
specimens were created into cylindrical or spherical
shapes from purchased rod material. The specimens
were carefully machined to dimensions of 28 mm in
length and 10 mm in diameter using wire-cut
electrical discharge machining (EDM).

Table 1. Mechanical properties of UHMWPE

Property Typical value
Density 970 kg/m?
Tensile strength 20 — 40 MPa
Young’s modulus 500 —1500 MPa
Compressive yield strength | 38 Mpa

Impact strength 80-160 kJ/m? (Izod)
Hardness Shore D ~62-66
Poisson’s ratio 0.33

Figure 1(a) shows the machined UHMWPE pin
specimen. The disc serves as the counter body in the
setup, while the pin specimens are typically
traversed across its surface. For our application
involving the interaction of a polymer with metal, a
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metal spacer composed of 316L stainless steel is
used. This material has a density of 8000 kg/m?3,
demonstrating favorable mechanical strength along
with excellent corrosion resistance. It is a widely
used material in biomedical applications, including
implants and components for body modification.
Figure 1(b) shows an illustration of the disc
employed in the pin-on-disc experimental study.

18 mm

10y min

(b)

Figure 1. (a) UHMWPE pin specimen; (b) 316L SS
counterpart disc.

Dip-coating process

Hydroxyapatite is typically synthesized via wet
chemical methods, where calcium nitrate and
diammonium hydrogen phosphate are reacted under
controlled pH and temperature conditions to
precipitate HA particles. These particles are then
calcined and suspended in a solvent medium like
ethanol or distilled water for coating applications
[24]. For MgO, the sol—gel route is commonly used,
starting from magnesium alkoxide or nitrate,
followed by hydrolysis and drying to form MgO
nanoparticles. These are also suspended in a suitable
solvent to prepare a stable dip-coating solution [25].
The dip-coating process involves immersing the
UHMWPE pins in the prepared suspension of
coating material and withdrawing them at a constant
speed. This process has been successfully used in
several studies to deposit HA and MgO layers on
various biomaterials [24, 26]. The following steps
are carried out to do the dip-coating process using
different coating materials, such as hydroxyapatite
and magnesium oxide. First, UHMWPE surfaces are
cleaned with ethanol to remove contaminants. The
specimen is then immersed in the HA solution at a
controlled speed, dipped into the HA solution for a
specified dwell time, and withdrawn from the HA

solution. After each dip, the specimen is dried at
room temperature for up to 60 min to allow solvent
evaporation and partial curing [27, 28]. Each
specimen typically undergoes five dip cycles per
material to achieve optimal surface coverage and
adhesion. This repetition builds up a sufficient
coating layer while avoiding defects like cracks or
peeling [24]. Figure 2 illustrates the dip-coating
process for the UHMWPE _HA, UHMWPE MgO
and UHMWPE HA MgO specimens. The second
coating material, magnesium oxide, is applied in the
same manner as the previous steps for HA. Finally,
for the composite coatings of hydroxyapatite and
magnesium oxide, the order of dipping is critical.
Studies recommend coating first with HA to promote
osteointegration, followed by MgO to enhance
antibacterial and mechanical properties [25, 29].
Table 2 clearly indicates the mass difference after
the dip-coating; this increase in mass is due to the
coated material added to the substrate.

....... | In_ | l \I I l ]
LR A
|

UHMWPE_MgO

UHMWPE_HA + MgO

l ,,,,,, T
E B E""

Figure 2. Dip-coating process

Table 2. Mass and hardness values after coating

Mass Mass Hardnes

Specimen tvpe before after s value
P typ coating coating HV

(g) (g)

UHMWPE 1.963 1.963 7.6
UHMWPE _HA 1.963 2.075 23.5
UHMWPE_MgO 1.960 2.096 25.1
UHMWPE HA MgO| 1.961 2.135 36.4

Pin-on-disc tribometer

Tribological testing was performed using a pin-
on-disc tribometer, shown in Figure 3, following the
ASTM G99 standard for wear assessment. In this
setup, the pin specimen, oriented vertically, was
pressed against a horizontally rotating 316L stainless
steel disc. A constant normal load of 100 N was
applied throughout the experiment [30], and
frictional forces were continuously monitored via a
load cell. The experimental parameters were
standardized to simulate extreme contact conditions
relevant to biomedical and engineering applications
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employing UHMWPE-based materials, specifically:
sliding speed of 2.1 m/s [31], test duration of 10 min,
conducted at room temperature under dry sliding
conditions.

LVDT Sensor

Track Diameter
Rotating Disc

Figure 3. Pin-on-disc tribometer

The specific wear rate of the pin specimens was
calculated using the following relations:

AV
U, M
L=vxt ?2)
N2 3
n== 3)

where, W - specific wear rate (mm*/N-m); AV -
volume loss (mm?*); F - applied normal load (N); L -
sliding distance (m); v - sliding velocity (m/s); t -
time period (s); Fr - frictional force.

Table 3 presents the results of the wear test
conducted on different UHMWPE-based specimens.
It compares the mass of each specimen before and
after the wear test, with the corresponding mass loss
calculated. Pure UHMWPE showed the highest mass
loss (0.201 g), indicating the lowest wear resistance.
The incorporation of hydroxyapatite (HA) and
magnesium oxide (MgO) significantly reduced the
wear loss. Among the composites, UHMWPE
reinforced with both HA and MgO exhibited the
least mass loss (0.084 g), suggesting that the
combined reinforcement enhances wear resistance
more effectively than individual fillers.

Table 3. Mass of the specimen before and after the
wear test

Specimen type Mass before wear | Mass after wear
test (g) test (g)
UHMWPE 1.963 1.762
UHMWPE HA 2.071 1.978
UHMWPE_MgO 2.096 2.004
UHMWPE_HA MgO 2.135 2.054
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ANOVA
Table 4. Analysis of variance
Source DF SS MS F p-value
Immersion || 50165 0.00083 | 136.34 | <0.001
speed
Dwell time | 2 | 0.00040]0.00020| 32.67 | <0.001
Withdrawal | 16 10044 0.00022| 36.43 | <0.001
speed
Material | 2 |0.06758]0.03379 | 11107.1] <0.001
Tmmersion x| 1 601551000039 637 | <0.001
saterial
Dwell> 11 00142 0.00036 | 5.83 | <0.001
saterial
Withdrawal | -4 16 100381 0.00000| 1.48 | 0224
x saterial
Immersion x|, 1 600671 0.00017| 2.77 | 0.038
dwell
Immersion x|, ' 60007 (0.00002| 027 | 0.893
withdrawal
Dwell > 116 00015 0.00004| 0.61 | 0.660
withdrawal
Error | 54 | 0.00033]0.00001| — —
Total 82 [0.07463| — - —

Table 4 reveals that immersion speed, dwell time,
withdrawal speed, and material type exert
statistically significant effects on the response
variable (p <0.001 for all factors). Among these, the
material exhibits the most dominant influence, with
an exceptionally high F-value (11107.1), indicating
that the choice of material plays a critical role in
governing performance. Immersion speed (F =
136.34), withdrawal speed (F = 36.43), and dwell
time (F =32.67) also contribute significantly, though
to a lesser degree. Interaction effects, particularly
immersion X material and dwell X material, are also
significant (p < 0.001), suggesting that the material
properties strongly mediate the impact of processing
parameters. Conversely, interactions such as
withdrawal x material, immersion x withdrawal, and
dwell x withdrawal show no significant influence (p
> 0.05), highlighting that not all parameter
combinations are critical. Overall, these results
emphasize that optimizing material selection, along
with immersion and dwell conditions, is essential for
improving  system  performance, whereas
withdrawal-related effects are comparatively less
influential.

Antibacterial assay

To evaluate the antibacterial activity of
UHMWPE, UHMWPE HA, UHMWPE MgO, and
UHMWPE HA MgO specimens against E. coli the
zone of inhibition (ZOI) method was used. Figure 4
shows the detailed experimental procedure for the
antibacterial assay.
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+ Luria-Bertani (LB) agar plates were prepared under
sterile conditions and allowed to solidify.

+ E.coli bacteria were eultured in LB broth for 24 hrs.
at 37° C to obtain an active bacterial suspension

+ Each specimen was slightly heated before placement
to minimize contamination and to ensure uniform
contact with the agar surface.

+ The prepared LB agar plates were uniformly spread
with the E.coli suspension. Each specimen was then
carefully placed onto the agar surface,

+ The plates were incubated at 30° C for 24 hrs, to
allow bacterial growth and interaction with the test
specimens,

+ After incubation, the antibacterial offect was
assessed by measuring the Zone of Tnhibition (ZOT)
around each specimen using a scale,

Figure 4. Experimental procedure of antibacterial
assay

RESULTS AND DISCUSSION
Main effects of process parameters

Figure 5 shows the main effects plots which
demonstrate that immersion speed, dwell time, and
withdrawal speed significantly influence both the
friction coefficient and the wear rate.

Immersion speed: For both friction coefficient
and wear rate, the lowest values were observed at an
immersion speed of 7.5 mm/s. At lower speeds (5.0
mm/s), higher friction (0.220) and wear (0.00444
mm?3/N-m) were recorded, while further increasing
the speed to 10.0 mm/s again elevated both
properties. This indicates that moderate immersion
speeds promote optimal coating uniformity and
adhesion, whereas excessively low or high speeds
lead to non-uniform films and poorer tribological
performance.

Dwell time: The results show that a dwell time of
30 s consistently minimized friction (0.218) and
wear (0.00425 mm?/N-m). Shorter (10 s) and longer
(50 s) dwell times resulted in higher values for both
responses. This suggests that 30 s is the optimal time
window to allow solvent exchange and coating
stabilization, whereas insufficient or excessive dwell
periods may cause structural instabilities or
thickness variations.

Withdrawal speed: Withdrawal speed of 3.5
mm/s yielded the lowest friction (0.218) and wear
(0.00428 mm?3/N-m), while both slower (2.0 mm/s)
and faster (5.0 mm/s) speeds increased these values.
This confirms that intermediate withdrawal speeds
ensure smooth drainage and film uniformity, while
extremes result in uneven coating layers.

Main Effects Plot (data means) for Friction Coefficient
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Figure 5. Main effects plot for friction and wear rate
Interaction effects of process parameters

Figure 6 illustrates the interaction plots which
provide deeper insights into the coupled effects of
the parameters.

Interaction Plot (data means) for Friction Coefficient
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Figure 6. Interaction plot for friction and wear rate
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Immersion speed % dwell time: Across immersion
speeds, the lowest friction and wear were
consistently achieved at a dwell time of 30 s. The
benefit of this dwell period was most pronounced at
an immersion speed of 7.5 mm/s, highlighting the
importance of parameter synergy. At higher
immersion speeds (10 mm/s), dwell time had a
reduced effect, suggesting less control over coating
uniformity.

Withdrawal speed x dwell time: optimal
withdrawal speed of 3.5 mm/s and dwell time of 30
s consistently gave the lowest values for both friction
and wear. However, at higher withdrawal speeds
(5.0 mm/s), differences among dwell times
diminished, indicating that excessive withdrawal
speed can overshadow the influence of dwell
optimization.

Immersion speed x withdrawal speed.: For all
immersion speeds, the withdrawal speed of 3.5 mm/s
resulted in the lowest friction and wear, with the
strongest reduction observed at 7.5 mm/s immersion
speed. This again confirms the synergistic effect of
intermediate immersion and withdrawal rates in
producing more stable, uniform coatings.

The results highlight that tribological
performance  strongly depends on careful
optimization of process parameters. Both friction
coefficient and wear rate followed similar trends,
with intermediate levels of immersion speed, dwell
time, and withdrawal speed providing the most
favorable outcomes. Mechanistically, these trends
may be explained by the dynamics of film formation
during dip-coating. At intermediate speeds, the
coating layer is more uniform, minimizing asperities
that contribute to friction and wear. Likewise, the
dwell time of 30 s appears to strike a balance
between solvent exchange and coating stabilization,
avoiding incomplete deposition at short times and
instability at longer times. The optimal combination
of parameters is shown in Table 5. This combination
consistently produced the lowest friction coefficient
(0.218) and wear rate (0.00425 mm?3/N-m).
Importantly, the alignment of optimal conditions for
both properties underscores the robustness of this
parameter set in achieving durable, low-friction
coatings.

Table 5. Optimum process parameters

Parameter Optimum value
Immersion speed (IS) 7.5 m/s

Dwell time (DT) 30s
Withdrawal speed (WS) 3.5m/s
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Effect of process parameters on friction coefficient

Figure 7 shows the variation of the friction
coefficient with (a) immersion speed, (b) dwell time,
and (c) withdrawal speed for HA, MgO, and
HA+MgO coatings. The results show that HA
coatings consistently exhibited the highest friction,
while HA+MgO coatings achieved the lowest
values. In all cases, intermediate processing
parameters (7.5 mm/s immersion speed, 30 s dwell
time, and 3.5 mm/s withdrawal speed) minimized the
friction coefficient, highlighting the importance of
parameter optimization for achieving uniform and
adherent coatings.

Influence of deposition parameters on wear
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Elemental composition analysis (EDX)

The elemental composition of uncoated
UHMWPE and its surface-modified variants was
analyzed wusing energy dispersive  X-ray
spectroscopy (EDX), with the results illustrated in
Figure 9. The EDX spectrum of the base UHMWPE,
depicted in Figure 9(a), reveals a predominance of
carbon (C) at 92.85 wt.% and oxygen (O) at 5.72
wt.%, characteristic of its polyolefin structure.
Minor trace elements detected include titanium (Ti)
(0.84 wt.%) and calcium (Ca) (0.59 wt.%), likely
originating from environmental interactions or
processing residues. Figure 9(b) illustrates the
elemental profile of UHMWPE coated with
hydroxyapatite = (HA), showing  substantial
alterations in composition. The carbon content
diminishes to 32.1 wt.%, whereas oxygen (38.25
wt.%), phosphorus (P, 9.82 wt.%), and calcium (18.4
wt.%) significantly increase, aligning with the

hydroxyapatite's composition (Caio(POas)s(OH)z).
This shift confirms the successful deposition of HA
onto the UHMWPE surface, with minor peaks of
residual sodium (Na) and titanium (Ti) suggesting
the influence of processing artefacts. In Figure 9(c),
the EDX analysis of the UHMWPE surface coated
with magnesium oxide (MgO) reveals a prominent
magnesium (Mg) peak at 11.9 wt.%, along with an
elevated oxygen content of 25.8 wt.%, indicating
effective incorporation of MgO. The carbon content
remains substantial (61.5 wt.%) due to the
underlying UHMWPE structure, while trace
amounts of silicon (Si) and calcium (Ca) may reflect
slight cross-contamination or impurities from the
synthesis. Figure 9(d) presents the EDX results for
the hybrid-coated UHMWPE surface, demonstrating
a successful co-deposition of HA and MgO.
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Figure 9. Element composition of (a) UHMWPE; (b)
HA coated; (c) MgO coated; (d) Hybrid coated HA and
MgO.

Elemental analysis shows significant levels of
oxygen (36.4 wt.%), calcium (14.2 wt.%),
magnesium (11.6 wt.%), and phosphorus (8.4 wt.%),
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with the carbon content further reduced to 28.6
wt.%, indicative of effective surface coverage.
Titanium and silicon are also detected in minor
quantities. The EDX findings unequivocally confirm
that the surface coatings were successfully deposited
on the UHMWPE substrates. The elemental
distributions for each sample correspond well with
the targeted HA and MgO materials, validating the
coating process. The HA-coated surface enhances
bioactive elements such as calcium and phosphorus,
promoting osteoconductivity and bone integration.

Conversely, the MgO coating introduces
magnesium, recognized for its antibacterial
properties and its contribution to improved

tribological performance through enhanced wear
resistance. The synergistic benefits of the dual HA-
MgO coating position it as an outstanding candidate
for orthopaedic applications, combining bioactivity
with antimicrobial functionality.

Tribological behavior of unreinforced UHMWPE
and its composites

The tribological behavior of unreinforced
UHMWPE and its composites with hydroxyapatite
(HA), magnesium oxide (MgO), and hybrid HA-
MgO fillers was systematically evaluated in terms of
coefficient of friction (COF) and specific wear rate.
The variation of COF with sliding distance (Figure
10) shows that unreinforced UHMWPE exhibits the
highest and most unstable COF values, fluctuating
around 0.23-0.25 throughout the sliding distance.
The incorporation of HA slightly reduces the COF
(0.21-0.23) while MgO reinforcement demonstrates
a more significant improvement, lowering the COF
to 0.20. The hybrid composite
(UHMWPE _HA MgO) exhibited the most stable
and lowest COF (0.18-0.19), indicating the
synergistic effect of HA and MgO in enhancing
load-bearing capacity and reducing interfacial shear
during sliding.
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Figure 10. Coefficient of friction versus sliding
distance

The average COF comparison (Figure 11) further
supports this trend, with UHMWPE showing the
highest value (0.26), followed by UHMWPE HA
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(0.22), UHMWPE MgO (0.20), and
UHMWPE HA MgO (0.18). This reduction in
COF can be attributed to the improved hardness and
load-sharing capability provided by the HA and
MgO fillers which reduce polymer chain
deformation under load. The hybrid combination
likely contributes to improved surface stability by
balancing hardness with toughness and dispersion
strengthening. At the start of sliding, the contact
occurs between fresh, relatively rough asperities of
the coating and counterface, leading to higher real
contact stress and increased adhesive interaction,
which temporarily raises the COF. Additionally,
there is no established transfer film or tribolayer at
this stage, further contributing to the higher friction
value. As the sliding distance increases, surface
asperities undergo micro-smoothing and a stable
tribolayer (transfer film) forms at the interface. This
reduces direct asperity interaction and promotes
smoother sliding, resulting in a lower and more
stable COF.
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Figure 11. Average coefficient of friction
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Figure 12. Specific wear rate of UHMWPE and its
composite specimens

The specific wear rate analysis (Figure 12) shows
a similar trend. Pure UHMWPE has the highest wear
rate (1.6046 x 102 mm?/Nm), indicating poor
resistance to material loss under sliding conditions.
The addition of HA decreases the wear rate to 1.4478
x 107 mm?/Nm while MgO reinforcement further
reduces it to 1.3737 x 10 mm?*Nm. The hybrid
composite again demonstrates the best performance,
with the lowest wear rate of 1.0476 x 10~ mm>3/Nm,
representing a 34% improvement compared to pure
UHMWPE. This superior wear resistance can be
ascribed to improved interfacial bonding and
enhanced microstructural stability imparted by the
hybrid reinforcement. Overall, the results confirm
that reinforcement of UHMWPE with ceramic fillers
significantly enhances tribological performance.
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While both HA and MgO individually improve
friction and wear resistance, the synergistic hybrid
reinforcement (HA + MgO) provides the most stable
and lowest COF as well as the highest resistance to
wear, making UHMWPE HA MgO the most
promising material among those studied.

Zone of inhibition

Figure 13 shows the antibacterial activity of
different UHMWPE composites evaluated using the
agar diffusion method against E. coli after 24 h of
incubation at 30 °C. The results clearly demonstrate
that surface modification of UHMWPE with
magnesium oxide enhances its antibacterial
properties. MgO nanoparticles are known to
generate reactive oxygen species and release Mg?*
ions, both of which disrupt bacterial cell membranes
and inhibit growth.

one of Inhibition (Zol)

(b)

Figure 13. (a) Before incubation; (b) After 24 h of
incubation.

The ZOI observed around UHMWPE MgO
supports this antibacterial mechanism. In contrast,
UHMWPE HA did not exhibit antibacterial activity.
Hydroxyapatite is bioactive and osteoconductive,
making it useful for bone integration, but it lacks
inherent antimicrobial properties. Interestingly,
when MgO and HA  were combined
(UHMWPE HA MgO), antibacterial activity was
present but appeared weaker compared to MgO
alone. This suggests that while HA contributes to

biocompatibility, it may reduce the effective surface
availability or reactivity of MgO, leading to a
smaller ZOI. The unmodified UHMWPE showed no
inhibitory effect, which aligns with its known
bioinert nature. This confirms that antibacterial
enhancement is directly linked to surface
modification with MgO. The amoxicillin disc served
as a positive control, showing a strong ZOI and
validating the bacterial strain’s susceptibility to
antibiotics. Table 6 shows that magnesium oxide
appears to be the key component imparting
antibacterial functionality to UHMWPE while
hydroxyapatite mainly contributes to bioactivity but
does not enhance antimicrobial performance.

Table 6. ZOI for different UHMWPE samples after 24
hat 30 °C

Sample .Zo.n§: pf Antibgc.terial
inhibition activity
UHMWPE None No activity
UHMWPE HA None No activity
UHMWPE MgO Medium Strong activity
UHMWPE HA MgO Small Moderate activity
Amoxicillin disc Large Very strong activity

Overall, statistical and performance mapping
analyses confirmed that coating composition and
dwell time were the most influential factors for
antibacterial ~ performance, whereas  coating
composition and intermediate process parameters
(immersion and withdrawal speeds) were most
significant for tribological enhancement.

CONCLUSION

This study successfully demonstrated that surface
modification of UHMWPE using hydroxyapatite
(HA), magnesium oxide (MgO), and their hybrid
HA-MgO composite via dip-coating can
significantly enhance the material’s functional
performance for orthopaedic applications. The
experimental results showed that:

(1) Tribological performance: The HA-MgO
composite coating consistently achieved the lowest
coefficient of friction (~0.18-0.19) and the highest
wear resistance, representing a ~34% improvement
compared to uncoated UHMWPE. This indicates a
strong synergistic effect, with HA contributing to
hardness and osteoconductivity while MgO
improved toughness and load-bearing capacity.

(il) Process optimization: Dip-coating
parameters were found to be critical. Intermediate
conditions — immersion speed of 7.5 mm/s, dwell
time of 30 s, and withdrawal speed of 3.5 mm/s —
produced the most uniform coatings, minimizing
friction and wear while ensuring coating stability.
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(ii1) Antibacterial activity: MgO was identified
as the key contributor to antibacterial functionality,
producing strong inhibition against E. coli. While
HA alone did not exhibit antimicrobial effects, the
HA-MgO hybrid provided moderate antibacterial
activity alongside improved biocompatibility,
suggesting a balanced multifunctional surface.

(iv) Trade-offs in performance: Performance
maps revealed that while moderate process
parameters favored wear and friction reduction,

longer dwell times were advantageous for
antibacterial ~ performance. The  identified
compromise — immersion speeds of 7-8 mm/s,

withdrawal speeds of 3—4 mm/s, and dwell times of
35-40 s offer a practical balance for maximizing
overall implant performance.

In conclusion, the HA—MgO dual-layer coating
emerges as the most promising modification
strategy, offering superior wear resistance, stable
frictional behavior, and enhanced antibacterial
protection compared to uncoated or singly coated
UHMWPE. These findings highlight the potential of
HA-MgO hybrid coatings to extend implant
longevity, reduce the risk of postoperative infection,
and improve patient outcomes in orthopaedic
applications. Future work should explore in vivo
evaluations and long-term biological responses to

validate these multifunctional benefits under
physiological conditions.
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Kinetic study of softwood cooking for bleached pulp production
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The partition of softwood pulp production worldwide is constantly decreasing. New plants are not being built, but are
only being modernized, increasing their capacity. The timber harvesting of softwood in Bulgaria is significant, and after
the closure of the Stamboliyski plant of Mondi, large quantities of wood remained available. This has led to interest in
starting the production of softwood bleached pulp in Bulgaria, which is a marketable product and an indispensable raw
material.

Industrial wood chips of softwood were cooked in the laboratory and the effect of the parameters: active alkali charge
and duration of the cooking time were investigated. Total pulp yield, screening pulp yield, knots, residual alkali in the
black liquor and Kappa number of the obtained pulp were determined. The optimal parameters of the active alkali charge
and the duration of the process of producing pulp with the required Kappa number for bleaching were established. Based
on the results of the cooking, the bleachability of the pulp and the possibility of obtaining high-quality bleached softwood

pulp were determined.

Keywords: softwood, cooking, kinetics, bleachability, bleached pulp

INTRODUCTION

Wood is the main raw material used in pulp and
paper production and represents the most significant
cost component in pulp production. Consequently,
the quality and price of wood have become critical
factors in modern pulp production operations. The
suitability of wood for pulp production varies not
only between species, it also depends on the cutting
location, growing conditions and age of the tree. The
kinetics of Kraft pulping have been extensively
studied and documented since the late 1950s [1].
There are numerous studies in the scientific literature
examining individual softwood and hardwood
species [2—5]. However, comparing results from
different periods is often challenging, as analytical
techniques, tools and interpretation methodologies
have evolved over time. Since differences in cooking
behavior between some species — especially
softwoods — can be minor, it is often advantageous
to rely on results obtained in a single laboratory
using well-defined procedures. This complicates
broad comparative evaluations of multiple types
based on different literature sources [1].

The two main methods for producing chemical
pulp are alkaline processes, such as the Kraft
process, and acidic processes, such as the sulfite
process. Historically, both wood and non-wood
fibrous materials have been processed primarily by
chemical pulping techniques. World production

* To whom all correspondence should be sent:
Email: stpetrin@uctm.edu

statistics show that the majority of chemical pulp is
produced today by the Kraft process. Although the
latter process yields stronger fibers, this method is
increasingly affected by environmental regulations
regarding emissions of total reduced sulfur (TRS)
compounds, sulfur dioxide, suspended solids, and
wastewater pollutants. In contrast, sulfite pulp
production is continuously declining due to
environmental concerns and the lower mechanical
properties of the resulting pulp [6].

The Kraft process continues to be the leading
method for producing paper pulp. Although
softwood has long been the primary raw material in
Northern Europe, recent years have seen growing
interest in the use of hardwoods [7].

Alkaline pulping is generally divided into three
distinct phases, each characterized by unique kinetic
behavior. In the initial phase, delignification
proceeds rapidly, accompanied by significant
carbohydrate degradation [8]. The subsequent bulk
delignification phase, characterized by slow reaction
rates, is responsible for the removal of most of the
lignin and shows higher selectivity — meaning that
lignin is removed more efficiently than
carbohydrates. During the residual delignification
phase, all reaction rates decrease significantly,
including those associated with carbohydrate
degradation, resulting in reduced selectivity [9].
Therefore, to maximize carbohydrate yield, it is
preferable to terminate the cooking process before

© 2026 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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residual delignification begins. The chemical
reactions underlying delignification are very
complex and remain only partially understood [10].

The parameters applied during Kraft cooking
have a decisive influence on the subsequent
bleaching step, shaping the total consumption of
bleaching reagents, the environmental footprint of
the wastewater, the stability of the whiteness and the
mechanical properties of the resulting pulp. While
extended delignification during cooking usually
reduces the demand for bleaching chemicals,
supports increased closure of bleaching plants and
increases the calorific value of the black liquor,
achieving deep delignification without concomitant
carbohydrate degradation remains a significant
technical limitation. As a result, significant amounts
of chemicals are usually required in the bleaching
sequence to compensate for the residual lignin
content [12].

It is well-established that different types of
alkaline pulps exhibit different bleaching profiles,
usually quantified as the amount of bleaching
chemicals required to achieve the target whiteness.
Numerous studies have attempted to correlate the
structural characteristics of residual lignin with pulp
bleachability. Many studies have shown that residual
lignin enriched with specific structural motifs
exhibits increased reactivity to chlorine dioxide [13].

The demand for bio-based packaging materials
has increased in recent years due to the shift away
from plastics. In 2023, global paperboard production
is estimated to be approximately 55 million metric
tons per year, with the United States accounting for
29% of this total, or nearly 14 million tons. Global
production is projected to increase to 66 million
metric tons by 2032. The Kraft process continues to
be the predominant method of producing the fibers
used in paperboard production [14].

The aim of the present study is to investigate the
possibility of obtaining softwood pulp for bleaching
under low sulfidity cooking and to establish the
kinetic dependences of the process and the optimal
active alkali charges.

MATERIALS AND METHODS

The experiments were carried out using industrial
softwood chip. Wood chips were hand-sorted to
remove knots and bark, and 100 g of absolutely dry
chips were cooked in 2 L stainless steel laboratory
autoclaves rotating at constant rate in a polyglycol
heating bath. The liquor-to-wood ratio during
cooking was 3.5:1, the sulfidity was 7.4% and the
active alkali charge varied from 22% to 24% as
NaOH. Cooking started at 80°C followed by heating
to a maximum temperature of 172°C with a reaction
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time of 50 to 130 min at this temperature. Kappa
number and residual active alkali were measured
according to SCAN standards (SCAN-C 1:77 and
SCAN-N 33:94).

RESULTS AND DISCUSSION

The results of the investigation of the influence
of the duration of Kraft cooking and the active alkali
(AA) charge on the Kappa number of softwood pulp
are presented in Fig. 1. It is established that
extending the duration of the cooking has a positive
effect on the delignification process, but at AA
charge of 22%, pulp with a Kappa number between
50 and 90 units is obtained. This means that only
unbleached pulp for kraft paper or kraftliner can be
produced under these conditions. At an AA charge
of 23%, a Kappa number between 30 and 35 units is
achieved, while the reaction time is from 110 to 130
min. These Kappa number values are considered
optimal for standard softwood pulping for bleaching.
24% of AA leads to a much faster and extended
delignification, as the optimal Kappa number can be
achieved in just 70 min of reaction time (Fig. 1). It
was found that a reaction time of 110 — 130 min leads
to a Kappa number between 24 and 28 units. These
Kappa numbers are typical for modified Kraft
pulping methods of softwood, which are
characterized by an impregnation stage with a
solution with very high sulfide content, followed by
main pulping at an optimal alkali concentration until

the end of the process at relatively lower
temperature.
100 o AA 22
20 : AA23
80
70 . « AA24
g 60
a 50
O
¥ 40
30
20
10
0
0 50 100 150

Time, min

Fig. 1. Effect of the reaction time and active alkali
charge on Kappa number

At a higher active alkali charge we have an
increased content of residual alkali (Fig. 2), but the
screening pulp yield remains practically the same.
This is explained by the significant reduction of the
duration of the pulping to the same Kappa number

(Fig. 3).
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A0 Table 1. Effect of alkali charge on pulp yield
*AA 24
35 Active alkali charge as NaOH - 22% and
*AA23 :
sulfidity as Na,S — 7.4%
< 30 o AA 22
L Time, min 50 70 90 110 120
~ 25
E Screened
= 0 pulp yield, | 22.1 | 41.2 - 425 | 434
3 15 S %_
o creening
g 10 reject, % - 3.8 - 2.3 1.2
5 . .
Total
0 yield, % - 45.0 - 44,8 | 44.6
0 20 40 Kapp aﬁo 80 100 Active alkali charge as NaOH - 23% and

sulfidity as Na,S — 7.4%

Fig. 2. Correlation between residual alkali and Kappa

Time, min 50 70 90 110 120
number
Screened
pulp yield, - 42.1 | 402 | 399 | 39.7
60 %
55 Screening
< o A 2% reject, % - 0.4 1.3 0.3 0.3
S 45 Total
g w0 . . AA23% yield, % - 425 | 415 | 40.2 | 399
f; 35 Active alkali charge as NaOH - 24% and
T 30 * AA 22% sulfidity as Na,S — 7.4%
. . Time,min | 50 | 70 | 90 | 110 | 120
s Screened
1; pulp yield, - 41.7 | 409 | 40.0 | 399
0 20 40 60 80 100 %
Kaopa Screening
pe reject, % - 0.3 0.2 0.1 0.0
Fig. 3. Correlation between pulp screening yield and Towl
ota
Kappa number vield.% | - | 420 | 411 | 401 | 399

As a result, cellulose degradation is reduced, and

the pulp yield remains relatively high (Table 1). The
well-known advantage of fast pulping regime in s
terms of process selectivity and pulp yield is 40 —
confirmed by these results. 35
It should be noted that owing to the very low = 30 o reject
sulfidity of the cooking liquor, which is close to £ 5130 min
natron pulping, all yield values are below the L 110 min
optimum (Table 1). ,_E s 90 min
The general relationships between the pulp ;% " =70 min
parameters after the cooking process with an AA B
charge of 24%, presented in Fig. 4, show that under °
these conditions, softwood pulp with a low Kappa e 317 283 as
number can be obtained. This will improve the Kappa number
efficiency of the bleaching process and reduce the ) )
need of expensive chemicals but will also slightly Fig. 4. Relationships between pulp parameters after
. 24% AA cooking
reduce the pulp yield.
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CONCLUSIONS

The results of this investigation show that at
conditions of “Svilocell” EAD — Svishtov low
sulfidity cooking of softwood, the active alkali
charge of 23 % is optimal for obtaining a pulp for
bleaching. It is established that at active alkaline
charge of 24%, pulp with a lower Kappa number is
obtained, which will increase the efficiency of the
bleaching process. At the same time, the pulp
screening yield remains practically unchanged, due
to both significant reduction in cooking reaction time
and improvement in its selectivity. By softwood
cooking with an active charge of less than 23%,
unbleached pulp with a Kappa number of more than
50 units is obtained, which can be used in the
production of kraft paper or kraftliner.
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Microcrystalline cellulose (MCC) is a powder-like multifunctional product with wide-spread and diverse applications.
It is also a suitable raw material in the manufacture of microfibrillated cellulose. The commonly used MCC products have
an average particle size of 40 - 60 um. Products with a size of more than 100 um are much more expensive, due to the

difficulty in achieving the required degree of polymerization.

The results of this study show that for MCC production with a degree of polymerization less than 350 units, the
hydrolysis temperature of the bleached hardwood pulp with dilute sulfuric acid should be 130°C and higher. At a
hydrolysis temperature of 120°C and sulfuric acid content up to 2%, only modified cellulose is obtained. Under these
conditions, the yield remains high with a minimum amount of dissolved xylose.

Keywords: mild acid hydrolysis, kinetics, degree of polymerization, microcrystalline cellulose

INTRODUCTION

Microcrystalline  cellulose (MCC) is a
multifunctional product with wide-spread and
diverse applications (food, pharmaceutical and
cosmetic industries). It is partially depolymerized
cellulose which according to the FEuropean
Pharmacopoeia has a degree of polymerization less
than 350 [1, 2].

Microcrystalline cellulose is mainly produced
from wood pulp and purified cotton linters. In
industrial applications, only bleached dissolving
pulp, obtained from raw materials such as softwood,
hardwood, cotton, or straw, is utilized. The main
advantage of dissolved pulp is its high purity while
the disadvantage is its high price.

Toshkov et al. developed a method using 1%
sulfuric acid solution as hydrolyzing medium and
obtained a high yield, lowering the aggregation by
optimization of the pulping process [3]. The classic
process for MCC production, pioneered by Battista
[4] is acid hydrolysis in a 2.5 normal solution of
hydrochloric acid, followed by mechanical
treatment. According to the Aalto Cell™ process,
microcrystalline cellulose can be effectively
produced from paper-grade pulp by sulfuric acid
hydrolysis at a consistency of at least 8% and
temperature of at least 80 °C, and the manufacturing
process can be integrated into a kraft pulp mill [5].

A method for producing  bleached
microcrystalline cellulose from unbleached cellulose
has also been developed, with the main advantage of
efficient bleaching with significant saving of
chemicals [6]. Our research group has been working
for several years in the field of obtaining MCC from

* To whom all correspondence should be sent:
Email: igavrilov@uctm.edu

bleached paper-grade pulp. Technology has been
developed for obtaining MCC by hydrolysis with
dilute sulfuric acid in two stages, which allows the
production of microcrystalline cellulose with high
brightness, good particle uniformity and a desirable
degree of polymerization, from hardwood bleached
kraft pulp [7]. Cleaning effects and increasing pulp
brightness have been established in the initial step of
acid hydrolysis due to the dissolution of the residual
chromophores absorbed on xylan, and in the second
hydrolysis stage - due to the removal of the absorbed
humins.

The commonly used MCC products have an
average particle size of 40-60 um. The highest
particle size of available MCC products is 250 um.
Products with a size of more than 100 um are much
more expensive, due to the difficulty in achieving the
required degree of polymerization.

MCC is a suitable raw material in the
manufacture of microfibrillated cellulose (MFC) as
well [8, 9]. Considerable strength improvements
have been gained by adding MFC to paper,
composite structures, or other structures [10, 11]

Dilute acid hydrolysis of lignocellulosic
materials and cellulose depends on temperature,
time, and concentration, which is essential in
optimizing microcrystalline cellulose production. At
low acid concentrations and moderate temperature
conditions, hydrolysis proceeds through a complex

mechanism  determined by the structural
characteristics of the feedstock, including
crystallinity, accessibility, and distribution of

amorphous regions. Previous studies on dilute acid
hydrolysis of hardwood and bleached pulp have

© 2026 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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shown that the process follows well-defined kinetic
steps, reflecting the transition from rapidly
hydrolyzed amorphous domains to more stable
crystalline structures. In our previous studies,
including those focused on the topochemical
mechanisms of enzymatic and acid hydrolysis, we
have highlighted the importance of the spatial
distribution of reactive sites on the fiber surface and
the influence of structural heterogeneity on the
reaction kinetics. Our studies on dilute acid
hydrolysis of bleached pulp for the production of
microcrystalline cellulose and microfibrillated
cellulose (MFC) confirm that temperature regimes,
processing time and acid concentration strongly
influence the reaction rate and the quality of the final
product [12-14].

The aim of the present study is to investigate the
temperature-time and concentration dependences of
mild dilute acid hydrolysis of bleached pulp to
microcrystalline cellulose and to modified pulp for
microfibrillated cellulose.

EXPERIMENTAL

The experimental studies were carried out with
bleached hardwood kraft pulp delivered by
"Svilocel" AD, Bulgaria, which has been previously
disintegrated and dehydrated.

The sulfuric acid hydrolysis was carried out in 1L
stainless laboratory autoclaves at the following
conditions: mass concentration of pulp 12.5%,
charge with different acid percentages (1% and
1.5%), different temperatures (120°C and 130°C)
and reaction times from 40 to 120 min. The process
was stopped by cooling the autoclaves.

The obtained cellulose was washed and filtered
through a filter with a pore size of 2 — 3 pm. The
filtrate was analyzed by a Dionex HPLC system
according to NREL Technical Report (NREL/TP-
510-42623).

The degree of polymerization of cellulose was
determined according to the SCAN-CM 15:88
standard, Mark-Hownik equation, and to the
Japanese Pharmacopoeia standard used by JRS
Pharma.

RESULTS AND DISCUSSION

The degree of polymerization (DP) is a main
characteristic of microcrystalline cellulose (MCC).
It is well known that DP decreases during the acid
hydrolysis, which is basically associated with
cellulose chain breakage. On the other hand, the
extraction of the low-molecular xylan leads to a
slight DP increase.

The kinetic studies of acid hydrolysis at
temperatures of 120°C and 130°C and sulfuric acid
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charges of 1% and 1.5% show that in the time
interval of 40 - 120 min, the degree of cellulose
polymerization is in the range 295 — 611, as for DP
lower than 350, temperature of 130° is required (Fig.

1.
won | —=—H,S0, 1,5%, 130°C
\ —+—H SO, 1%, 130°C
sso [ —&—H_S0, 1,5%, 120°C
—v—H,S0, 1%, 120°C

DP

L
40 80 80 100 120
Time, min

Figure 1. DP of MCC at different sulfuric acid
charges versus temperature and time.

The degree of hydrolysis depends not only on
temperature and time, but also on acid concentration.
Under the experimental conditions, the yield of
modified cellulose remains high [12]. The obtained
results are presented in Table 1.

Table 1. Yields of modified cellulose at different
temperatures and acid charges

Time, Yields of modified cellulose, %
min  T=120°C T=120°C T=130°C T=130°C
H,SO4 H,SO4 H,SO4 H,SO4
1% 1.5% 1% 1.5%
40 >99.0 >08.5 >08.5 >98.0
60 >98.5 >98.0 97.3 97.0
90 >98.0 97.3 96.7 96.5
120 >97.5 97.0 96.5 96.0

Dilute acid hydrolysis generates xylose during
the process (Fig. 2). This could be related to the high
pentosans content of the bleached pulp.

<0 || —a—H S0, 15% 130°C
L[| ——H50, 1% 130°C
| k50, 15%, 120°C
T —e—H,50, 1%, 120°C

3

Time, min

Figure 2. Xylose extraction at different temperatures
and reaction times

As seen from Fig. 3, the yield of glucose
increases much slower compared to that of xylose,
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indicating that this parameter is not determining for
the hydrolysis process.

pel | —=—H,SO, 15%,130°C
—s—H,30, 1%, 130°C
05 - | ——H S0, 15%, 120°C
—v—H,50, 1%, 120°C

Glucose, %
T

Time, min

Figure 3. Glucose yield at different sulfuric acid
charges, temperatures and time.

The kinetics of the process is investigated by the
dimensionless quantity o which is determined as the
relative change of DP and is calculated in
correspondence with Equation (1):

_ (1100-DP)
T 1100 (M)

where 1100 is the initial value of pulp DP.
Kinetic curves of the process of depolymerization
are presented in Fig. 4.

—=—H_S0, 1,5%, 130°C
271 | —e—H,S0, 1%, 130°C /
—a—H_SO, 1,5%, 120°C

085 1 —w—H SO, 1%, 120°C

L L L
80 100 120

Time, min

Figure 4. Kinetic curves of the hydrolysis process at
different sulfuric acid charges and temperatures.

The applicability of different kinetic equations
referring to different heterogeneous processes is
verified (see Table 2). The kinetic investigation of
the process of cellulose depolymerization shows that
the modified Prout-Tompkins equation describes
most precisely the heterogeneous process of
dissolution of cellulose amorphous domains.

The modified Prout — Tompkins equation is used
to describe the kinetics of solid decomposition of the
fibrous structure of the pulp [13, 14]. The equation
is presented in the following form:

— = (k.t)¥ (2)

(1-a)

where & is apparent rate constant, y is power
factor which takes values (0<y<1) characteristic for
the system.

All kinetic curves are linearized in coordinates

ln(liLa) vs. Int according to the logarithmic form of

Equation (2).
In—— = yInk + ylnt (3)

1-a

The dependences obtained are presented in
Figure 5.

H.S0,1,5%, 130°C

H.80, 1%, 130°C
H.80,15%, 120°C
H,80, 1%, 120°C

— L]

!/

o
4 ko=

In{eei 1)

Figure 5. Linearization of Prout — Tompkins equation.

The value of the power -coefficient y is
approximately equal to 0.47. The values of the
apparent rate constant k are calculated and presented
in Table 3.

Table 2. Comparison between correlation coefficient values obtained in the description of the process by different

kinetic equations

RZ
Equation 120°C 130°C
H2S04-1%  HzS04-1.5%  HzSO04-1%  H,SO04-1.5%
Power kinetic equation In(1 — a) = —kt 0.99344 0.98758 0.99443 0.98224
Exponential kinetic equation a =k +a™1.Int 0.99665 0.99254 0.99882 0.9903
Modified Prout — Tompkins equation —— = (k.t)X 0.99471 0.99809 0.99767 0.99136

(1-a)
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Table 3. Values of the apparent rate constant &

Experimental Rate constant

conditions kx1072, min™!
H>S04 1.5%, 130°C 8.3
H>S04 1%, 130°C 34
H>S04 1.5%, 120°C 2.0
H>S04 1%, 120°C 1.5

As can be seen from Table 3, the highest value of
the rate constant is obtained at acid concentration of
1.5% and temperature of 130°C, which affects the
yield of MCC.

CONCLUSIONS

The degree of hydrolysis depolymerization of
bleached hardwood pulp depends not only on
temperature and time, but also on sulfuric acid
concentration.

Under the studied conditions, the amounts of
dissolved substances remain minimal while the yield
of modified cellulose remains high.

The kinetic investigation of dilute sulfuric acid
hydrolysis of bleached hardwood kraft pulp aiming
microcrystalline cellulose production shows that the
modified topochemical Prout — Tompkins equation
describes the process of the pulp depolymerization.
The temperature — time dependence obtained can be
used for control and simulation of the process of
depolymerization of pulp to microcrystalline
cellulose.

Acknowledgement: This research is supported by
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Quantum chemical insights into porous s-triazine and tri-s-triazine carbon nitrides
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Density functional theory calculations are performed to investigate a series of carbon nitride models based on s-triazine
and tri-s-triazine units. Single-pore structures, varying in nanopore shape and size, are extended to form highly porous
nanosheets. The structures, electron density distributions, HOMO-LUMO energy gaps are analyzed and compared.
Slightly pronounced edge effects indicate possible competition between nanopores during the interactions with gas
molecules. This study is an initial step in the quantum chemical investigation of carbon nitride structures for gas mixture

separation applications.

Keywords: carbon nitrides, density functional theory, gas separation membranes

INTRODUCTION

Graphene-type carbon nitrides are a class of
organic microporous materials that have attracted
increasing interest within the scientific community
due to their narrow bandwidth, thermal stability,
casy synthesis and easy functioning [1-23]. These
materials have a wide range of potential
applications,  including  photocatalysis  [4],
photovoltaic cells [5], sensors [6] and lithium-ion
batteries [7]. The naturally stable nanopores make
these materials promising candidates for atom-thick
membranes for an inexpensive, energy-efficient gas
mixture purification and separation. The geometry
and electronic structure of the material are crucial
factors for all these applications.

Carbon nitrides consist of layers of covalently
bonded sp*-hybridized carbon and nitrogen atoms,
primarily based on heptazine and s-triazine units and
feature well-defined nanopores [8]. Poly (triazine-
imide) (PTI) is an example of s-triazine-based
carbon nitride. PTI compounds have a layered 2D -
conjugated planar structure, with triazine fragments
linked by imide groups and weak Van der Waals
interactions between the individual layers. Another
example of carbon nitride, based on s-triazine rings,
is g-C3N3 material. Unlike PTI, the ring fragments in
the g-C3Nj are directly linked through covalent bond
between carbon atoms. A 2D m-conjugated plane is
also formed, but the shape and the size of the pores
are differing from those of the PTL

Another class of graphite-like carbon nitrides are
with stoichiometry C3Nj. g-C3Nj exists in two types:

* To whom all correspondence should be sent:
Email: fhjp@chem.uni-sofia.bg

one based on triazine unit (TGCN) and another
based on heptazine fragments (HGCN). TGCN
contains three triazine fragments linked by amine
groups, resulting in much smaller nanopores in
comparison to PTI and Cs;Ns;. The most studied
theoretically and experimentally carbon nitride is
HGCN with three heptazine units. Two forms of
HGCN are identified — amorphous and crystalline
[9]. The amorphous form shows weaker
photocatalytic activity, but is characterized by a
smaller band gap width. Kang and co-authors
propose a method for synthesis of amorphous form
with a band gap energy of 1.9 ¢V. Quantum chemical
calculations indicated that the folded form of HGCN
has lower energy than the planar structure due to the
reduction of repulsion between the lone pairs of
nitrogen atoms [10].

Different  theoretical and  experimental
approaches are used to study the application of the
PTI, C3N3, TGCN and HGCN carbon nitrides as gas
separation membranes [11-17] and as photocatalysis
[18, 19]. The adsorption properties, selectivity and
permeability are evaluated. The electronic structure
and band gap are discussed. However, to the best of
our knowledge, there is no systematic investigation
conducted under consistent conditions, models, and
computational parameters on different types of
carbon nitride. Such a study would allow a
comparison of the carbon nitride characteristics and
provide a basis for developing a model to obtain
materials with the desired properties.
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The current quantum chemical study aims to
systematically evaluate and compare the structures
and electronic properties of four distinct carbon
nitrides - PTL, C;N3;, TGCN and HGCN, with a
particular emphasis on the nanopore characteristics.
Geometry, electron density distribution, and the
HOMO-LUMO gap - characteristics related to the
sieving, adsorption, and permeability capacities of
the nanopores - are discussed. The influence of the
model size was also assessed and analyzed. These
findings provide a foundation for investigating the
potential of PTI, CsN3, TGCN and HGCN as atom-
thick membranes for gas mixtures separation.

Computational details

Four types of carbon nitrides were investigated in
the study (Figure 1). Three of them — PTI, C3N3 and
TGCN - are based on s-triazine units. In PTI and
TGCN, the s-triazine units are linked via nitrogen
groups, whereas in C3Ns, the s-triazine fragments are
directly bound through carbon—carbon bonds
between the rings. The results for the triazine-based
carbon nitrides were compared with those for
HGCN, where tri-s-triazine units are linked by
amine groups. The four carbon nitrides contain
nanopores of varying shapes and sizes: C3;N3 has
spherical pores, PTI and TGCN feature triangular
pores, and HGCN has hexagonal pores. Nanopore
size was determined by measuring the maximum
distance between atoms in the pore’s interior (Figure
1). The smallest is the nanopore of TGCN (~2.6 A),

O 0
EO/N 4.05 NQN(Y
; N\g H H N NYH

-
N

Remet

followed by PTI (~ 4.05 A), HGCN (~ 4.90 — 5.00
A), and the largest one is in C3N; (~ 5.47 A).

All calculations were performed with the B3LYP
hybrid functional with added three-parameter
empirical correction (GD3) [20]. The 6-31G** basis
set was used. The electron density distribution was
estimated by Natural Population Analysis (NPA),
which is a component of the Natural Bond Orbital
(NBO) analysis method [21]. The calculations were
carried out with Gaussian software [22].

RESULTS AND DISCUSSION
Structure of PTI, CsN3, TGCN and HGCN

In PTIL, the nanopores are formed from six s-
triazine fragments that are linked by nitrogen groups.
The interior of the nanopores is defined by the
presence of alternating sp>- carbon and sp’-, sp’-
nitrogen atoms (Figure 1). The nitrogen groups play
a key role in determining the triangular shape of the
nanopore, with hydrogen atoms oriented towards the
interior. The distance between these hydrogen atoms
is approximately 4.05 A (Figure 1). The lengths of
the C-N bonds in the s-triazine rings are in the range
of 1.329 to 1.353 A. The longest bonds are those
with the nitrogen linker (1.379+1.380 A). Both the
model featuring a single nanopore and the 2D
nanosheet with ten pores (/0-PTI) have a fully
planar structure, with pores of identical size (Figure
2). The enlargement of the model does not result in
any significant structural changes.

¥ N N
it A A
HGCN 'l'

Figure 1. Chemical structures of PTI, CsN3, TGCN and HGCN containing a single nanopore. The sizes of the

nanopores are indicated.
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Figure 2. Front and side views of the smallest and largest structures of the modelled carbon nitrides (C green, N —
blue, H - grey). Structure optimization is performed with B3LYP-D3/6-31G**.

In contrast to PTI, CsN3 is constructed from s-
triazine rings directly linked by C-C bonds (Figure
1). As a result, the molecule is not quite planar. A
distortion occurs due to the slight rotations (about
20°) around four of the C—C bonds in the pore. This
causes two of the opposing triazine rings to tilt
upwards, while the other four tilt downwards
(Figure. 2). The pore size, defined by circumscribed
circle formed by the imine nitrogen atoms in the
interior of the nanopore, is with diameter (the longest
distance measured between each pair of opposite
nitrogen) of 5.47 A (Figure 1). The carbon-nitrogen
bond lengths vary between 1.335 and 1.339 A, the
length of the carbon-carbon bond is about 1.504-
1.506 A. The 2D nanosheet of C3N; with seven pores
(7-C3N3) is characterized by folding at the outer
pores and flattening of the inner pores. The
deformation in the periphery of the nanosheet is
about 13+23° (similar to the distortion in the single
CsN; pore) while the inner pore remains relatively
planar, with an out-of-plane deviation of about
2.5+3°,

The optimized structure of the single-pore model
of TGCN is presented in Figure 2. The interior of the
nanopore is defined by three imine nitrogen atoms,
one from each ring. To minimize repulsion between
the lone electron pairs of these nitrogen atoms, the
three-ring framework becomes distorted, resulting in
a nonplanar stable structure for TGCN (Figure 2).
Two of the three nitrogen atoms lie in the same
plane, separated by 2.59 A, while the third nitrogen
atom is displaced from this plane by 39° at a distance

of 2.62 A. The pore adopts a nonplanar, open-ring
geometry (Figure 2). In the 2D TGCN nanosheet
containing ten nanopores (/0-TGCN), this bent
structure is preserved (Figure 2). The central
nanopore is characterized with additional distortion
compared to the single-pore model and shows
slightly greater deformation than the other pores in
the nanosheet. The dihedral angle between the two
nitrogen atoms, that remain coplanar in the smallest
model, is ~18° (5 - 13° in different cavities). The
other dihedral angles describing the mutual
nonplanarity of the nitrogen atoms are 40° and -57°
(30° - 55° across the different pores). The three
nitrogens from the pore lie in distinct symmetry
planes, with interatomic distance of approximately
~2.5-2.8 A, slightly longer than those in the single-
pore TGCN model.

The single-pore HGCN structure is composed of
three tri-s-triazine fragments linked by amino groups
(Figure 1). HGCN has a bent geometry similar to this
of TGCN. One of the heptazine fragments deviates
with 43° from the plane formed by the other,
indicating a slightly larger distortion compared to
TGCN. HGCN forms an open nanopore similar in
shape to that of TGCN, but with a larger size. The
maximum distance between nitrogen atoms from
opposite rings is ~4.98 A. The bent geometry
becomes more pronounced in the larger HGCN
model with six pores (6-HGCN), with dihedral
angles reaching 50°- 60°. The 2D HGCN nanosheet
forms a highly curved layer, analogous to the
amorphous form of graphite-like C3N4[23].
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Electron density distribution and HOMO-LUMO
gap

The electron density distribution in the carbon
nitride models is analyzed using the NBO scheme
(Figure S1). Particular attention is given to the
atomic charges within the nanopore, as these atoms
play a major role in gas capture processes. The effect
of model size on the charge distribution is also
evaluated. All carbon nitride nanopores are
composed of alternating negatively charged nitrogen
atoms and positively charged carbon atoms.
Although the total charge of the nanopores in
different carbon nitride models is positive, the
interior of each nanopore is negatively charged due
to the presence of nitrogen atoms and groups (Figure
3).

Among the studied carbon nitride models, C3N3
is the only one with no linker groups between the
triazine rings. As a result, C3Njs is the carbon nitride
with the weakest nucleophilic and electrophilic
character of the nitrogens and carbons, respectively.
The charges of these atoms from the nanopore are -
0.423 and ~0.413 (Figure 3). Therefore, it is
expected that the C3;N3 nanopore will exhibit less
selective adsorption among the studied carbon
nitrides. The total charge of the nanopore, calculated
as the sum of all atomic charges within the pore, is
2.408. The addition of nitrogen groups as a linker
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group between s-triazine units in PTI leads to an
increase in both nucleophilic and -electrophilic
character of the atoms within the rings. Nitrogen and
carbon atoms forming the nanopore are with charges
of -0.549 and ~0.625, respectively. The amino
groups introduce additional negatively charged
centres, with an average group charge of about -
0.143. The excess of electron density at these groups
is significantly lower than of the other nitrogen
atoms. The total nanopore charge in PTI is 3.361,
making PTI the model with the highest positive total
nanopore charge among the studied systems.

The carbon nitride model with the smallest size
of the nanopore, TGCN, possesses the lowest total
charge of the nanopore of ~1.665. The carbon atoms
in TGCN have a slightly stronger electrophilic
character in comparison to those of PTI, while the
amino groups are stronger nucleophilic centres with
a group charge of about -0.177. The charges of the
imine nitrogen atoms forming the nanopore are
comparable to those in PTIL. This outlines PTI and
TGCN as nanopores with centers that provide the
strongest adsorption of molecules such as CO, and
CO, and are expected to have the highest selectivity
towards these gases among all the studied structures.
In comparison, the HGCN shows a lower excess of
electron density on both types of nitrogen centers
within the nanopore compared to PTI and TGCN.
The total charge of the pore is 2.314.
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Figure 3. Representative atomic charges of the atoms forming the nanopores in PTI and C3Nj (first row); and in
TGCN and HGCN nanopore (second row). The charges of carbon atoms are shown in green; of nitrogen atoms in red;
total charges of the N-H groups in orange. The total charge of the nanopore is indicated in the blue box.
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The trends observed in the charge distribution of
the PTI are preserved in the larger model containing
ten nanopores (Figure S2). A slight strengthening of
the nucleophilic character of the imine nitrogen
atoms (atomic charge is -0.565) and the electrophilic
character of carbon atoms (atomic charge is 0.637)
is observed from the rings participating in more than
one cavity. The edge effects are weakly pronounced,
manifesting as a minor increase in the absolute
charge values of atoms located at the periphery. The
central region of the nanosheet displays a slightly
higher electron density, suggesting that this part of
the layer may be more reactive. Increasing the model
size does not affect the total charge of the linking —
NH groups. The total charge of the peripheral pores
is about 3.380, while the central nanopore is slightly
more positive with value of 3.396.

The largest CsN; model (Figure S3) is
characterized with a highly homogeneous
distribution of the atomic charges within the internal
pore. The nitrogen atoms carry of -0.414, while the
carbon atoms are charged at 0.414. The excess
electron density on the nitrogen atoms is reduced,
while the charge of the carbon atoms remains
unchanged compared to the smaller C3N3; model. The
nitrogen atoms at the periphery are the most
negatively charged, ranging from -0.454 to -0.457.
The total charge of the peripheral nanopores is about
2.462 while the charge of the central nanopore is
2.484.

Similar to the Cs;N; models, the nucleophilic
strength of the imine nitrogens and the electrophilic
character of the carbons in the central nanopore
decrease from TGCN single-pore model to the
nanosheet (Figure S4). There is also a slight
disproportionation in the charges of the three imine
nitrogens in the central pore: two have charges of -
0.518 and -0.512, while the third one has a charge of
-0.507. The positive charge on some of the carbons
increases to about 0.666. The nitrogens linking three
rings reveal a notable excess of electron density,
with charges ranging from -0.455 to -0.461,
comparable to other nitrogen types in the structure.
As a result, the total charge of the central cavity is
1.013, while the charges of the peripheral
ones/cavities are around 1.480.

The enlargement of the HGCN (Figure S5) model
results in the conversion of the linking -NH groups
into nitrogen centres that connect three ring
fragments. This structural change leads to an
increase in the electron density at these centres,
transforming them into much stronger nucleophiles.
The larger number of the neighboring nanopores
corresponds to a total charge of 1.752 + 1.770, which

is significantly smaller than the total charge of 2.314
in the single HGCN nanopore model.

Among the single-pore models, C3N3 presents the
weakest charge separation between atoms in the
nanopore interior, with the smallest absolute charge
values. Therefore, it is considered as a slightly less
reactive structure in the gas capture process. The
addition of -NH linker groups enhance the
nucleophilic and electrophilic characters of the
atoms in the nanopore of PTI, TGCN, and HGCN.
While these three models exhibit relatively similar
values of the atomic electron density, TGCN
displays the largest absolute charges, suggesting that
it is the most reactive structure of the four carbon
nitride models. The total nanopore charge decreases
in the following order: PTI, CsN3;, HGCN, TGCN.
The charge distribution trends observed in the
single-pore models are largely preserved as the
model size increases. The most pronounced changes
occur in TGCN and HGCN, where nanosheet
formation reduces the total nanopore charge due to
electron density localization at the linking nitrogen
centers. The weak edge effects in all systems suggest
potential ~ competition  between  neighboring
nanopores during gas adsorption and separation.
Negatively charged nitrogen atoms, especially in the
PTI and TGCN nanopores, strongly attract polar and
quadrupolar gases such as CO and CO,, resulting in
enhanced adsorption and selectivity in comparison
to H, and CH4. H; can easily permeate due to its
small size and weak interactions with the nanopores.

The dipole moments of the studied carbon nitride
models are also considered. PTI and C;N3, both in
their smaller and larger structures, have no
permanent dipole moment. Among the single-pore
models, TGCN possesses the largest dipole moment
of 1.49 D, followed by HGCN with 0.50 D. The
dipole moment values increase significantly as the
models enlarge: /0-TGCN with ten nanopores,
doubles its value to 3.03 D, while 6-HGCN with six
nanopores increases approximately five times,
reaching 5.46 D.

The magnitude of the intrinsic dipole moment in
these structures could influence adsorption and
selectivity, as well as the transport properties
through the nanopores. This could affect their
applications as gas separation membranes and
photocatalysts.

The energy differences (AE, eV) between the
lowest unoccupied molecular orbital (LUMO) and
the highest occupied molecular orbital (HOMO) for
all carbon nitride models are summarized in Table 1.
The largest HOMO-LUMO gap is found for PTI
(5.24 eV), followed by TGCN (5.01 eV).
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Table 1. HOMO-LUMO gap (AE in eV) of carbon nitride models, calculated with B3LYP-D3/6-31G**.

PTI 10-PTI C5Ns
AE, eV | 524 5.21 3.94 3.79

Slightly smaller and comparable values are
obtained for CsN; and HGCN, 3.94 ¢V and 3.65 ¢V,
respectively. Enlargement of the structural models
does not lead to a meaningful reduction in the energy
gap between the two frontier orbitals. C3Ns and
HGCN with the smaller energy difference, display
promising potential for photocatalytic applications,
as their band gap can be tuned to enhance light
absorption and overall photocatalytic efficiency.

The interaction of these materials with gas
molecules can influence the energy levels of the
frontier molecular orbitals (HOMO and LUMO),
thereby affecting their adsorption properties and
selectivity. The large band gap values, particularly
for PTI and HGCN, are associated with high
chemical stability and low reactivity [24], important
characteristics for application of the models as gas
separation membranes.

CONCLUSION

A series of carbon nitride models based on s-
triazine (PTI, CsN3;, TGCN) and tri-s-triazine units
(HGCN) were studied using density functional
theory. The potential of structures with varying
nanopore shape and size for use as one-atom thick
gas separation membranes was evaluated. Both the
smallest single-pore models and the highly porous
2D nanosheets were considered. Increasing the size
of the carbon nitride models does not lead to
significant structural variations: the PTI nanosheet
remains planar and the folding in HGCN is
preserved. Edge effects become slightly more
pronounced in TGCN, where differences between
the central pore and the peripheral ones are observed.
As the number of the building units increases, the
C3N; nanosheet tends to adopt a more planar
structure. Enlargement of the structures is not
associated with major redistribution of the electron
density, although, a slight increase in the total charge
was observed for the central nanopores in the PTI
and C3;N3 nanosheets and a reduction was found for
TGCN, and more notable, for HGCN. The relatively
similar charge distribution among the nanopores in
the nanosheets suggests possible competition
between pores during the gas capturing process. The
enlargement of the models does not affect the
HOMO-LUMO energy difference, indicating good
chemical stability of the structures. The studied
structural and electronic characteristics of the carbon
nitride models are an initial step toward exploring
their potential as one atom-thick membranes.
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TGCN 10-TGCN HGCN 6-HGCN
5.01 4.49 3.65 3.54

Supporting information: The following data are
provided as Supporting information: atomic charges
of the single and multiple-pore models of PTI, C3Ns,
TGCN, HGCN (Figures S1 to S5).
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Omega-3 polyunsaturated fatty acids (PUFAs), including eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), are associated with anti-inflammatory effects, but their molecular interactions with cyclooxygenase-1 (COX-1)
remain incompletely understood. This study employed blind and flexible molecular docking simulations using AutoDock
4.2 to assess the binding of EPA, DHA, and arachidonic acid (AA) to COX-1 (PDB ID: 6Y3C). In rigid blind docking,
DHA exhibited the strongest predicted affinity (—7.83 kcal/mol, Ki = 1.82 uM), followed by EPA (=7.21 kcal/mol, Ki =
5.21 uM) and AA (—6.11 kecal/mol, Ki = 33.11 pM), although none of the ligands engaged the catalytic residues, and high
RMSD values indicated broad conformational sampling. Flexible docking, allowing selected active site residues
(ARG120, TYR355, LEU384, TYR385, ILE523) to move, repositioned all ligands within the catalytic pocket, yielding
improved binding energies (AG = —9.09 kcal/mol for AA, —9.03 kcal/mol for EPA, and —8.73 kcal/mol for DHA) and
nanomolar inhibition constants. EPA closely reproduced the AA binding pose (RMSD = 3.90 A), while DHA adopted a
distinct but favorable orientation (RMSD = 5.37 A). Both ®-3 PUFAs formed hydrogen and hydrophobic interactions
with key residues (ARG120, TYR355, TYR385, SER530), consistent with competitive engagement of the catalytic site.
These results indicate that EPA and DHA can stably interact with COX-1, supporting a mechanistic basis for their anti-
inflammatory properties, and underscore the importance of receptor flexibility in accurately modeling enzyme-ligand
interactions. Further studies, including molecular dynamics simulations and experimental validation, are warranted to
confirm these findings and elucidate the mechanistic basis of ®-3 fatty acids’ anti-inflammatory effects.

Keywords: Omega-3 fatty acids, Cyclooxygenase-1 (COX-1), Blind rigid-body docking, AutoDock 4.2, Anti-
inflammatory potential, Flexible docking

INTRODUCTION significance of understanding COX-1-ligand
interactions [1, 2].

In recent years, the anti-inflammatory potential
of omega-3 polyunsaturated fatty acids (PUFAs) —
particularly eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) — has attracted
considerable scientific attention. These long-chain
fatty acids are essential components of cell
membranes and serve as precursors for a variety of
bioactive  lipid mediators that modulate
inflammatory responses, neuroprotection, and
immune regulation [7-10]. Unlike AA which gives
rise to pro-inflammatory eicosanoids, EPA and DHA
are generally associated with the production of less
inflammatory or even anti-inflammatory derivatives
[8, 9]. For example, DHA has been implicated in
promoting neurite growth and maintaining cognitive
function, while EPA-derived lipid mediators exhibit
reduced potency in eliciting inflammation compared
to their AA-derived counterparts [7, 9].

The metabolic pathways of these fatty acids are
tightly interconnected. AA is synthesized from
linoleic acid, while EPA and DHA are derived from
a-linolenic acid through desaturation and elongation,

Cyclooxygenase-1 (COX-1) is a constitutively
expressed enzyme that plays an important role in the
biosynthesis of prostaglandins from arachidonic acid
(AA), thereby contributing to a variety of
physiological processes such as gastric protection,
platelet aggregation, and renal function [1-3]. COX-
1 is one of three isoforms — alongside COX-2 and
COX-3 — each of which exhibits distinct expression
patterns and biological roles [1, 2].

Structurally, COX-1 exists as a homodimer, and
each monomer contains a large globular catalytic
domain with an active site shaped as an inverted L-
channel composed mainly of hydrophobic residues
[3-5]. This active site can be subdivided into
proximal, central, and distal pockets which
cooperate to stabilize and position AA during
catalysis [4, 5]. One of the key residues governing
ligand selectivity in COX-1 is isoleucine at position
523, distinguishing it from COX-2, where valine at
this site confers greater flexibility and substrate
access [1, 6]. This structural divergence has been
exploited in the development of selective COX-2
inhibitors and underscores the pharmacological
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although conversion rates in humans are low,
making  dietary intake crucial [9, 10].
Retroconversion of DHA can also produce EPA and
docosapentaenoic acid (DPA), adding another layer
of metabolic interplay [10]. Of particular interest are
electrophilic fatty acid oxo-derivatives, a novel class
of endogenous anti-inflammatory molecules derived
from EPA, DHA, and DPA, which can activate
PPARY and inhibit pro-inflammatory cytokines [7].
These findings highlight the relevance of omega-3
fatty acids as modulators of inflammation.

Despite the growing body of literature supporting
the anti-inflammatory potential of omega-3 fatty
acids, questions remain regarding their direct
competitive behavior with AA at the active site of
COX-1 [11]. While many studies have investigated
downstream metabolic effects and systemic
outcomes, comparatively fewer have addressed the
molecular details of how long-chain polyunsaturated
fatty acids interact with COX-1 at the binding-site
level. Previous experimental work has largely
focused on prostaglandin production and substrate
availability, without evidence for altered COX-1 or
COX-2 expression [12]. In parallel, recent
biochemical and  structural studies have
demonstrated that cyclooxygenase enzymes possess
both catalytic and allosteric sites capable of
accommodating fatty acids and small-molecule
ligands [13].

To address this gap, computational approaches
such as molecular docking offer valuable tools for
elucidating ligand-enzyme interactions at the atomic
level. Docking techniques predict the binding
affinity and pose of a ligand within the active site of
a target protein, and are widely used in early-stage
drug discovery and mechanistic studies [14]. Among
the wvarious strategies, rigid-body docking is
computationally efficient and assumes that both the
ligand and the receptor remain static during
interaction [15-17]. A subtype of this method, blind
docking, involves scanning of the entire protein
surface without predefined binding-site information,
allowing for unbiased identification of potential
ligand-accessible pockets [18-20]. Although blind
docking is more computationally intensive, it is
particularly useful when the ligand's binding site is
unknown or when allosteric interactions are being
considered [14, 18].

However, flexible docking approaches provide a
more realistic representation of biological binding
by allowing conformational adjustments in selected
amino acid residues or even in the entire active site
during ligand accommodation [21]. This dynamic
treatment of the receptor enables better modeling of
induced-fit effects and can reveal binding modes

inaccessible to rigid-body docking. Consequently,
flexible docking is often employed as a refinement
step following initial rigid or blind docking analyses,
improving the accuracy of predicted binding poses
and interaction energies [22].

This study employs blind rigid-body and flexible
docking to computationally evaluate and compare
the binding of AA, EPA, and DHA to the active site
of COX-1. By applying AutoDock-based protocols,
the aim is to assess whether omega-3 fatty acids can
effectively compete with AA for enzymatic binding
and to what extent their binding affinities and
predicted interaction profiles provide molecular-
level insight into potential competitive interactions
with arachidonic acid at COX-1. The results may
offer mechanistic insights into how EPA and DHA
interact with COX-1 at the molecular level and
contribute to a deeper understanding of their anti-
inflammatory potential through interference with
arachidonic acid metabolism.

MATERIALS AND METHODS

Three ligands — eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA), and arachidonic acid
(AA) — were selected for molecular docking based
on their established involvement in inflammatory
signaling pathways. The 3D structures of all
compounds were retrieved from the PubChem
database [23] in SDF format. Each ligand is
imported into Avogadro [24], where geometry
optimization is performed using the “Optimize
Geometry” function to obtain low-energy
conformations. The optimized structures were then
saved in MOL2 format and subsequently loaded into
AutoDock Tools [21]. Polar hydrogens were added,
Gasteiger charges were assigned, rotatable bonds
were detected, and the ligands were saved in PDBQT
format for docking.

The crystal structure of cyclooxygenase-1 (COX-
1) was obtained from the RCSB Protein Data Bank
(PDB ID: 6Y3C) [25, 26]. 6Y3C represents the only
available experimentally resolved structure of
human COX-1. Other human cyclooxygenase
structures deposited in the PDB correspond to the
COX-2 isoform, while the majority of COX-1
structures  originate  from ovine  sources.
Accordingly, 6Y3C was selected to ensure human
isoform specificity and to avoid species-dependent
structural variations in the cyclooxygenase channel.
Initial preprocessing was conducted using UCSF
ChimeraX [27], where all non-standard residues
were removed. The protein was then imported into
AutoDock Tools, where water molecules were
deleted, missing atoms were verified and corrected
and polar hydrogen atoms were added. Kollman
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charges were assigned, atom types were set
according to the AD4 specification, and the protein
was saved in PDBQT format.

Molecular docking simulations were carried out
using AutoDock 4.2 with the Lamarckian Genetic
Algorithm. Two complementary docking strategies
were applied for each ligand — blind rigid-body
docking and flexible docking — to ensure both global
and localized exploration of potential binding
modes. In the blind docking protocol, a large grid
box encompassing the entire enzyme surface was
defined to allow unrestricted ligand exploration.
Each ligand-protein pair was subjected to 100
independent docking runs, with a population size of
150, a mutation rate of 0.02, a crossover rate of 0.8,
and a maximum of 25,000,000 energy evaluations
per run. The best binding pose for each ligand was
selected based on the lowest predicted binding free
energy (AG). Since the docking was performed with
a rigid protein structure and a blind search across the
entire macromolecular surface, the generation of
dispersed conformational clusters and higher RMSD
values was anticipated. For this reason, RMSD-
based convergence was not used as a strict selection
criterion for pose selection in blind docking.

The purpose of blind docking in this study was to
assess the global binding preferences of AA, EPA,
and DHA across the entire COX-1 surface in an
unbiased manner. This approach allows evaluation
of whether the canonical cyclooxygenase channel is
energetically favored relative to other hydrophobic
regions of the enzyme prior to focused docking
simulations. For the flexible docking simulations, a
focused grid centered at coordinates x = -31.521, y
=-45.301,z=5.179, with grid spacing 0.375 A, was
applied to target the enzyme’s catalytic site. The
same algorithmic parameters and number of docking
runs (100) were maintained to ensure comparability.
The following residues were defined as flexible to
account for induced-fit effects: ARG120, TYR355,
LEU384, TYR385, ILES523, and SER530. The
population size for the flexible docking runs was
increased to 300 to enhance conformational
sampling within the active site.

To wvalidate the docking protocol, the co-
crystallized molecule present in the human COX-1
crystal structure (PDB ID: 6Y3C), FLC (citrate ion),
was extracted and re-docked into a focused grid
centered on its crystallographic position within the
protein. It should be noted that the co-crystallized
molecule labeled FLC in the 6Y3C structure
corresponds to citrate ion, present as three copies
originating from the crystallization buffer. These
ions do not occupy the enzyme's canonical
cyclooxygenase channel and are not considered
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biologically relevant ligands for COX-I.
Nevertheless, 6Y3C was retained as the receptor
model, as it represents the only experimentally
resolved crystal structure of human COX-1 in the
Protein Data Bank. The use of FLC in the re-docking
validation was limited to geometric pose
reproduction, assessing the protocol's ability to
recover the crystallographic placement of the
molecule within the protein matrix, irrespective of
its biological role.

Re-docking was carried out using AutoDock 4.2
with a focused grid centered on the crystallographic
position of the citrate ion (grid spacing 0.375 A),
employing the same Lamarckian Genetic Algorithm
parameters as used in the flexible docking
simulations, with validation based on geometric pose
reproduction. The top-ranked docked pose was
compared to the experimental crystallographic pose
by calculating the heavy-atom RMSD. The
validation was based on pose reproduction rather
than a detailed interaction analysis, as the primary
objective was to assess the geometric reliability of
the docking protocol. The resulting RMSD of 1.739

confirms the geometric reliability of the
AutoDock 4.2 setup and parameterization,
demonstrating the consistency of the docking
algorithm in recovering crystallographic poses and
supporting its application for the subsequent focused
docking of AA, EPA, and DHA within the catalytic
site. Protocol validation was thus based solely on
geometric pose reproduction of FLC, independently
of its biological relevance. For all subsequent
comparative analyses, arachidonic acid (AA) — the
endogenous substrate of COX-1 — served as the
primary biological reference ligand.

Inhibition constants (Ki) were estimated by
AutoDock 4.2 from predicted binding free energies
using its built-in thermodynamic conversion (AG =
RT In Ki, where R = 1.987x107 kcal/mol-K and T =
298 K). The resulting Ki values are theoretical
estimates used for relative comparison. AA was used
as a reference ligand for comparative analysis to
evaluate the biological relevance and spatial
accuracy of docking results. Comparative analyses
included spatial overlap and relative orientation of
docked EPA and DHA poses with respect to the
docked AA reference within the COX-1 catalytic
channel.

For comparative analysis of ligand positioning
within the COX-1 catalytic pocket, the reference
configuration was defined as the top-ranked docked
pose of arachidonic acid (AA) obtained from the
flexible docking protocol. All ligand-protein
complexes were first aligned based on the COX-1
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backbone to ensure a common structural reference
frame.

Post-docking analyses were performed using
UCSF ChimeraX and Discovery Studio Visualizer
[28] to examine ligand-protein interactions,
including hydrogen bonding, hydrophobic contacts,
and steric complementarity. The spatial orientation
of each ligand was analyzed with respect to
catalytically relevant residues of COX-1,
particularly LEU117, ARG120, PHE205, VAL344,
TYR385, and SER530. Interaction profiles were
used to assess whether omega-3 fatty acids form
stable complexes in proximity to, or overlapping
with, the enzyme’s functional site.

RESULTS AND DISCUSSION

Both blind and flexible docking simulations were
performed to assess the binding characteristics of
DHA, EPA, and AA toward COX-1. Blind docking
was used to identify potential surface-accessible
binding sites, while flexible docking was employed
to refine ligand placement within the catalytic pocket
by allowing conformational mobility of selected
residues.

Blind rigid-body docking results

Molecular docking simulations revealed that both
omega-3 fatty acids exhibit stronger binding
affinities to COX-1 compared to AA. DHA showed
the most favorable binding profile, with a predicted
binding energy (AG) of —7.83 kcal/mol and an
estimated inhibition constant (Ki) of 1.82 uM. EPA
followed with a AG of —7.21 kcal/mol and Ki of 5.21
puM. In contrast, AA showed the weakest interaction,
with a AG of —6.11 kcal/mol and a significantly
higher Ki of 33.11 pM. Intermolecular energy values
further supported this trend, with DHA exhibiting
the most stabilizing interactions (—12.30 kcal/mol),
followed by EPA (—11.38 kcal/mol) and AA (—10.59
kcal/mol). These results suggest that DHA and EPA
may form more stable complexes with COX-1 than
the endogenous substrate AA, which is consistent
with their proposed anti-inflammatory potential. A
complete summary of the docking results, including
electrostatic, internal, and torsional energy
components, is presented in Table 1.

The predicted binding free energy (AG) serves as
a thermodynamic estimate of how strongly a ligand
interacts with its target under simulated conditions.
More negative AG values typically indicate the
formation of energetically favorable and stable
ligand-receptor complexes, which may -correlate
with the higher inhibitory potential in biochemical
systems [22]. In this context, the relatively low AG
values observed for the omega-3 fatty acids suggest
that they are capable of establishing stable

interactions with COX-1, possibly outcompeting the
natural substrate arachidonic acid. The estimated
inhibition constants reinforce this interpretation, as
lower Ki values are indicative of stronger binding
affinity and greater likelihood of effective enzyme
modulation. When Ki falls within the low
micromolar range — as is this case — it is generally
considered biologically relevant and compatible
with physiological ligand concentrations [29, 30].
These findings support the hypothesis that omega-3
fatty acids may act as competitive modulators of
COX-1-mediated inflammatory signaling.

To gain further insight into the nature of these
interactions, the ligand-protein binding profiles were
examined in detail. DHA forms three hydrogen
bonds — with CYS41, GLN44, and HIS43 -
alongside extensive hydrophobic contacts involving
CYS36, CYS47, PRO40, PRO153, PROIS56,
LEU152, and ARG469. EPA, while forming only a
single hydrogen bond with CYS47, engages in
multiple alkyl interactions with residues such as
CYS36, CYS41, PROI53, and PROI56.
Arachidonic acid similarly forms a hydrogen bond
with CYS41 and hydrophobic interactions with
CYS47, PRO153, ILE46, LEU152, and PRO125.

Despite some overlap in the interacting residues
— particularly CYS41, CYS47, and PRO153 — all
three ligands bind outside the canonical catalytic
pocket of COX-1, which includes ARGI120,
TYR385, SER530, and neighboring residues critical
for substrate binding and enzymatic activity [31].
This observation is consistent with the rigid-body
docking approach employed, which does not account
for protein flexibility or induced fit effects that may
be required for productive orientation within the
active site.

Blind docking revealed multiple energetically
favorable binding regions outside the canonical
catalytic channel, motivating subsequent focused
flexible docking to directly probe ligand behavior
within the enzymatic pocket.

Nevertheless, the broader and more diverse
interaction network formed by DHA, including
multiple  hydrogen bonds and stabilizing
hydrophobic contacts, suggests a more extensive and
potentially favorable surface interaction pattern
compared to EPA and AA. EPA shows a similar,
albeit less extensive, interaction pattern, while AA
displays the least complex interaction profile. These
differences further support the view that omega-3
fatty acids may occupy functionally relevant surface
regions of COX-1 and interact with COX-1 through
non-classical surface binding modes. The ligand-
protein interaction profiles for DHA, EPA, and AA
are shown in Figure 1.
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Table 1. Summary of blind docking results for DHA, EPA, and AA with COX-1.

Binding Intermolecular Electrostatic Torsional Internal
Ligand energy AG, Ki, uM energy, energy, free energy, energy,
kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol
DHA —7.83 1.82 —12.30 —0.20 4.47 —1.35
EPA =7.21 5.21 —11.38 —0.16 4.18 —1.18
AA —6.11 33.11 —10.59 —0.19 4.47 —0.96
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Figure 1. Two-dimensional interaction diagrams from blind docking of docosahexaenoic acid (DHA),
eicosapentaenoic acid (EPA), and arachidonic acid (AA) bound to COX-1, illustrating conventional hydrogen bonds

(green) and alkyl interactions (pink).

Although none of the three ligands directly
engages catalytically essential residues, their
consistent interaction with overlapping peripheral
residues suggests a common binding surface on
COX-1. The absence of active-site contacts is likely
a consequence of the rigid-body docking approach,
which does not account for protein flexibility or
induced fit. However, given the stronger binding
energies of DHA and EPA compared to AA, along
with their spatial overlap in surface-binding regions,
it is plausible to hypothesize that omega-3 fatty acids
may have the potential to access the catalytic site
under more physiologically relevant, dynamic
conditions.

The interpretation of these findings should be
considered in light of the methodological limitations
inherent to rigid-body docking. This approach treats
the protein as a fixed structure, which limits the
exploration of induced-fit phenomena and may lead
to underestimation of ligand accessibility to
conformationally adaptive binding sites.
Additionally, solvent effects and entropic
contributions were not explicitly modeled, which
may further influence the accuracy of the predicted
affinities. The elevated RMSD values observed
during clustering reflect the exploratory nature of
blind docking across the enzyme’s entire surface and
were not used as a strict convergence criterion in
pose selection.

Despite these limitations, blind rigid-body
docking was employed in this study as a suitable
first-line computational strategy to identify potential
binding regions and estimate the relative affinity of
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ligands toward the target protein. This method is
widely used for preliminary screening due to its
efficiency, simplicity, and ability to generate
hypotheses for further validation.

To overcome the limitations described above,
flexible docking protocols were subsequently
applied in the present study to allow structural
adaptation of the active site. This approach enables
evaluation of whether AA, DHA and EPA can access
the catalytic pocket under conditions that better
account for induced-fit effects.

Docking protocol validation

Re-docking of the co-crystallized molecule FLC
(citrate ion) into COX-1 resulted in a close
reproduction of the experimental binding pose, with
RMSD of 1.739 A between the crystallographic pose
of FLC and the top-ranked re-docked conformation.

These results support the geometric reliability of
the docking setup and justify its application for
subsequent comparative docking analyses.

Flexible docking results

To further refine the docking analysis, flexible
docking was performed to account for the
conformational adaptability of amino acid residues
within the COX-1 active site. In contrast to the blind
docking approach, flexible docking enables selected
residues in the binding pocket to move during the
simulation, providing a more realistic representation
of enzyme-ligand interactions.

The results of flexible docking, presented in
Table 2, show binding energies consistent with those
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obtained from blind docking, but with generally
more favorable (lower) energy values, reflecting
improved accommodation of the ligands within the
active site. Among the tested compounds, AA
exhibits a binding energy of —9.24 kcal/mol,
confirming its strong affinity toward the COX-1
catalytic pocket. In comparison, EPA and DHA
display binding energies of —8.67 kcal/mol and —8.53
kcal/mol, respectively.

These results suggest that both -3 fatty acids can
adopt binding poses within the catalytic pocket that
overlap with key substrate-interacting regions,
indicating a potential for competitive interactions at

the molecular level. The observed RMSD values
reflect the conformational spread of docked poses
within the catalytic site. AA and EPA show
relatively lower values (RMSD = 3.715 A and 3.901
A, respectively), indicating more convergent
clustering, whereas DHA shows a larger deviation
(RMSD = 5.368 A), consistent with its greater
conformational freedom. Despite this difference in
conformational spread, all three ligands achieve
substantially improved binding energies under the
flexible protocol (nanomolar-range Ki), with AA

and EPA showing the most favorable AG.

Table 2. Summary of flexible docking results for DHA, EPA, and AA with COX-1.

Parameter DHA EPA AA
RMSD of docked conformations (clustering), A 5.368 3.901 3.715
Estimated free energy of binding (AG), kcal/mol -8.73 -9.03 -9.09
Estimated inhibition constant (Ki, 298.15 K), nM (nanomolar) 398.60 239.03 216.87
Final intermolecular energy, kcal/mol -13.20 -13.21 -13.57
o Ligand—fixed receptor, kcal/mol -11.36 -8.63 -8.66
—  vdW + H-bond + desolvation, kcal/mol -11.32 -8.62 -8.66
—  Electrostatic, kcal/mol -0.04 -0.01 +0.01
o Ligand—flexible residues, kcal/mol -1.84 -4.58 -4.91
—  vdW + H-bond + desolvation, kcal/mol -1.85 -4.42 -4.87
—  Electrostatic, kcal/mol +0.00 -0.16 -0.04
Final total internal energy, kcal/mol -15.19 -12.92 -12.72
o Ligand internal energy, kcal/mol -1.40 -0.86 -0.67
o Ligand—fixed receptor, kcal/mol -13.54 -11.68 -11.96
o Ligand—flexible residues, kcal/mol -0.25 -0.38 -0.09
Torsional free energy, kcal/mol +4.47 +4.18 +4.47
Unbound system energy, kcal/mol -15.19 -12.92 -12.72
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Figure 2. Two-dimensional interaction diagrams from flexible docking of docosahexaenoic acid (DHA),
eicosapentaenoic acid (EPA), and arachidonic acid (AA) bound to COX-1, illustrating conventional hydrogen bonds

(green) and alkyl interactions (pink).
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The larger RMSD for DHA likely reflects its
greater conformational freedom (longer, more
unsaturated chain) and may correspond to an
alternative but still energetically favorable binding
mode. Collectively, the flexible docking results
support the notion that -3 fatty acids can access and
be accommodated by the COX-1 catalytic region
under receptor flexibility, although the exact
orientation and contacts differ among ligands.

In the flexible docking simulations, all three
ligands localized within the hydrophobic channel
leading to the cyclooxygenase catalytic site of COX-
1, establishing key contacts with residues known to
participate in substrate anchoring and catalysis. The
ligand-protein interaction profiles for DHA, EPA,
and AA are shown in Figure 2. The inclusion of
receptor flexibility allows the side chains of several
residues to adjust their conformations, resulting in
tighter fitting and improved complementarity
between the ligands and the binding pocket
compared to rigid-body docking.

In the flexible docking simulations, AA, EPA,
and DHA all localized within the COX-1 catalytic
channel, maintaining interactions with residues
critical for substrate anchoring and catalysis. AA,
used as the reference substrate, forms the
characteristic  hydrogen bonds between its
carboxylate terminus and ARG120 and TYR355,
while engaging the hydrophobic residues PHE205,
VAL344, LEUS34, TYR385, PHE381, LEU384,
TRP387, MET522, PHES18, VAL349, LEU352 and
ALAS27. EPA adopts a nearly identical pose,
preserving the hydrogen bond with ARG120 and
forming additional alkyl interactions with PHE209,
TYR348 and ILES523. In contrast, DHA exhibits a
more extended conformation due to its higher degree
of unsaturation. It retained a stable hydrogen bond
but with VAL349, formed compensatory polar
contacts with SER353, and established hydrophobic
interactions with PHE381, PHE205, VAL22S,
VAL344, PHE209, TYR348, LEU352, PHES518 and
ILES23. Despite its greater torsional flexibility and
higher RMSD, DHA remains anchored through
conserved interactions with VAL349 and SER353,
confirming its compatibility with the catalytic
environment and supporting the view that ©-3 fatty
acids can competitively engage the COX-1 active
site in a manner comparable to arachidonic acid.

These results indicate that both EPA and DHA
can occupy the COX-1 catalytic site, with EPA
closely mimicking the reference substrate AA and
DHA adopting an alternative yet stable orientation.
The observed hydrogen bonding and hydrophobic
contacts with key residues support a potential
competitive mechanism, although the distinct
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conformations of DHA highlight the influence of
chain flexibility on binding dynamics. Considering
the limitations of docking simulations, including
neglect of solvent effects and entropic contributions,
further studies using molecular dynamics and
experimental validation are necessary to confirm
these interactions and clarify their functional
relevance in COX-1 modulation.

Comparative analysis

Comparison between blind and flexible docking
outcomes reveals a clear progression from surface-
level association to catalytically relevant binding. In
the blind docking simulations, all three fatty acids
occupied similar peripheral regions on the COX-1
surface rather than the canonical catalytic pocket.
This spatial overlap suggests that the molecules
share comparable physicochemical properties
governing initial enzyme recognition and surface
adhesion. However, the absence of interactions with
the key residues ARG120, TYR385, and SER530
indicated that these poses likely represent
preliminary, non-productive associations.

When receptor flexibility was introduced, the
binding profiles changed substantially. The flexible
docking protocol allowed rearrangement of side
chains surrounding the active site, enabling all three
ligands to access the catalytic channel. Importantly,
the binding energies inverted their relative order:
while AA exhibited the weakest binding in the rigid-
body scenario, it became the most strongly bound
ligand under flexible conditions (AG = -9.09
kcal/mol), followed closely by EPA (-9.03
kcal/mol) and DHA (—8.73 kcal/mol). This reversal
highlights the influence of local conformational
adaptation on ligand accommodation and suggests
that rigid docking may underestimate true binding
affinity for flexible active sites such as COX-1.

The RMSD values (3.7-5.4 A) reflect the
conformational spread of docked poses within the
catalytic groove, with AA and EPA showing more
convergent clustering and DHA exhibiting greater
conformational variability consistent with its longer,
more unsaturated chain. The consistent anchoring of
the carboxylate group to ARG120 and, in some
cases, TYR355 and SER530, confirms productive
alignment along the catalytic axis. The energetic
improvement of approximately 1-2 kcal/mol for
EPA and DHA relative to their rigid-body poses
reflects enhanced hydrophobic packing and steric
complementarity within the enzyme cavity.

The observed similarities in binding positions
and interaction energies among arachidonic,
eicosapentaenoic, and docosahexaenoic acids can be
rationalized by their close structural and electronic



R. Stancheva et al.: Evaluation of COX-1 binding by EPA, DHA, and AA using blind and flexible docking approaches

resemblance, which inherently dictates a comparable
pattern of molecular recognition within the COX-1
binding region. Their shared amphiphilic character —
defined by a polar carboxylate head and a flexible
hydrophobic tail — promotes analogous anchoring
near ARG120 and alignment toward the catalytic
TYR385-SER530 dyad. These consistent binding
profiles across blind and flexible docking
simulations reinforce the notion that all three fatty
acids may engage the enzyme through similar
physicochemical mechanisms, despite differences in
flexibility and unsaturation degree. Nevertheless, the
computational results presented here serve primarily
as predictive evidence and require further validation
through biochemical and kinetic assays to confirm
the physiological relevance of these interactions.

CONCLUSION

The combined results of blind and flexible
docking analyses provide complementary insights
into the molecular recognition of COX-1 by
arachidonic acid and the omega-3 fatty acids
eicosapentaenoic acid and docosahexaenoic acid.
While blind docking simulations identify peripheral
surface-binding regions shared among all three
ligands, flexible docking reveals their capacity to
occupy the catalytic channel when receptor mobility
is permitted. The restoration of key interactions with
ARGI120, TYR355, and SER530 under flexible
conditions demonstrates that both EPA and DHA
can adopt conformations comparable to the native
substrate and potentially compete for access to the
active site.

Energetically, the small differences in binding
free energy (AG = 1-2 kcal/mol) between the ligands
suggest similar affinities toward the catalytic pocket,
reflecting their shared amphiphilic architecture and
structural homology. The comparable binding
orientations and overlapping interaction networks
observed for the three fatty acids support the
hypothesis that omega-3 compounds may modulate
COX-1 activity through competitive mechanisms.

These findings contribute to the growing body of
evidence that omega-3 fatty acids possess intrinsic
potential to interfere with arachidonic acid
metabolism, thereby influencing prostaglandin
biosynthesis and inflammatory signaling. However,
as docking simulations represent theoretical
approximations of molecular interactions, further in
vitro and in vivo studies such as enzyme inhibition
assays, kinetic evaluations, and structural analyses
are required to validate the predicted binding modes
and clarify the physiological implications of these
interactions.
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Bexarotene (Bex), a selective RXRa agonist approved by the U.S. Food and Drug Administration (FDA) for cancer
treatment, is limited by poor aqueous solubility and suboptimal pharmacokinetic behavior. Structural modification via
esterification with short-chain alcohols has been explored as a strategy to improve these properties. Methyl, ethyl, propyl,
and butyl esters of Bex have been previously synthesized and characterized and they are commonly considered as potential
prodrugs. However, existing data suggest that some of these derivatives may exhibit intrinsic biological activity or to
hydrolysis, indicating a more complex pharmacodynamic profile. To further evaluate the suitability of esterification as a
modification strategy, a comprehensive computational study was undertaken. Density Functional Theory (DFT)
calculations at the B3LYP/6-311++G(d,p) level with implicit solvation (PCM) were employed to investigate the electronic
properties of the esters, including descriptors such as HOMO-LUMO energy gap (AE), ionization potential (IP), electron
affinity (EA), chemical hardness (1), chemical potential (p), electronegativity (y), electrophilicity index (®), and
maximum charge transfer index (AN max). Additionally, molecular docking simulations targeting the RXRa ligand-
binding domain (PDB ID: 1FBY) were conducted to explore the binding potential and interaction profiles of the ester
derivatives. The results provide insight into the molecular basis of receptor engagement and support a critical assessment
of alkyl esterification as a rational strategy for enhancing the therapeutic profile of Bex. This theoretical framework offers
a foundation for future design of bexarotene-based analogues and provides a conceptual basis for extending this approach
beyond simple alkyl esters to include aryl derivatives.

Keywords: Bexarotene; alkyl esters; Density Functional Theory; molecular docking; RXRa; electronic descriptors

INTRODUCTION Clinically, Bex is approved by the U.S. Food and
Drug Administration (FDA) for the treatment of
cutaneous T-cell lymphoma (CTCL) [4, 5, 9].
However, its therapeutic application is limited by
poor aqueous solubility and  suboptimal
pharmacokinetic profile, both of which restrict its
bioavailability and efficacy [9]. To overcome these
limitations, various short-chain alkyl esters of Bex —
methyl, ethyl, propyl, and butyl — have been
synthesized and characterized.

The derivatives are frequently considered as
potential prodrugs due to their ability to overcome
the limitations associated with bexarotene. By

Bexarotene (Bex) is a synthetic retinoid that
selectively activates retinoid X receptors (RXRs) a,
B, and v, which act as transcription factors regulating
genes involved in cellular differentiation,
proliferation, apoptosis, and insulin sensitivity [1-3].
RXRs also form heterodimers with other nuclear
receptors, contributing to their diverse biological
functions [4-9]. The structural formula of Bex is
shown in Fig. 1.

modifying the chemical structure, these derivatives

aim to improve pharmacokinetic properties,

OH ultimately facilitating better absorption and target
delivery in the treatment of the target receptors [10].

O For the purpose of this study, they are denoted as E1

(methyl ester), E2 (ethyl ester), E3 (propyl ester),
and E4 (butyl ester) throughout the text. The
chemical structures of Bex alkyl esters are shown in
Fig. 2.

Figure 1. Structural formula of Bex.
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Figure 2. Chemical structures of Bex esters: El
(methyl ester), E2 (ethyl ester), E3 (propyl ester), and E4
(butyl ester).

Although Bex has been extensively studied as a
selective RXRa agonist, less is known about how
esterification affects its electronic structure and
receptor-binding potential. Understanding how alkyl
substitution influences molecular reactivity and
interaction with RXRa could support rational
optimization of Bex derivatives.

Esterification is a well-established strategy for
prodrugs that is often used to modify the
lipophilicity, permeability, and pharmacokinetic
behavior of bioactive compounds, including
retinoids like bexarotene. While alkyl esters (such as
methyl and butyl esters) are typically designed to
undergo rapid enzymatic hydrolysis to release the
parent drug, increasing evidence suggests that some
ester derivatives can retain receptor affinity or
exhibit measurable biological effects even before
they are metabolized. These findings indicate that
esterification does not always lead to
pharmacologically inactive intermediates and may
result in altered or additional pharmacodynamics
properties. Therefore, computational approaches can
be valuable tools for systematically assessing how
esterification impacts molecular interactions and
biological activity [11, 12].

In this study, we employed Density Functional
Theory (DFT) and molecular docking analyses to
investigate the relationship between -electronic
descriptors (HOMO-LUMO  energy  gap,
electrophilicity index, dipole moment, etc.) and
receptor affinity across the ester series. The aim was
to determine whether computationally derived
descriptors can predict biological performance and
identify electronically favorable and
pharmacologically relevant candidates for future
development.

EXPERIMENTAL

Computational methodology -DFT study

The molecular orbitals Highest Occupied
Molecular Orbital (HOMO) and Lowest Unoccupied
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Molecular Orbital (LUMO) were calculated using
quantum chemistry methodology. All calculations
were performed with the Gaussian 16 Rev. A.03
[13]. The combination between the B3LYP
functional [14-16] and the 6-311++g (d, p) [17] basis
set was chosen based on previous studies on
carboxylic acids [18, 19]. The structures of the
studied molecules were first optimized in the gas
phase, and subsequently in water. All structures were
optimized to a local minimum of potential energy,
and no imaginary frequencies were found. PCM
calculations in water (¢ = 78) were applied to
account for the effects of the solvation. The
structures were visualized with the ChemCraft
version 1.8.3 [20]. Global reactivity parameters that
are derived from HOMO and LUMO energies
provide additional interpretation of the results.
Furthermore, data obtained from HOMO energies
shed light on the molecule’s capacity to act as an
electron donor, while LUMO elucidates the potential
as an electron acceptor. In this study, such
descriptors as ionization potential (IP = —Enomo),
electron affinity (EA = —Erumo), chemical potential
(},l = 1/2 (ELUMO + EHOMO)), Mulliken
electronegativity (3 = —), chemical hardness (n = %2
(Erumo — Enomo), softness ({ = 1/m), electrophilicity
index (w = p?/2n), and maximum charge transfer
index (AN max) were calculated at the B3LYP/6-
311+g(d,p) basis set for Bex and its alkyl esters in
water.

Computational methodology - docking study

Ligand dataset preparation. Bex and its ester
derivatives were selected as ligands for molecular
docking with the human retinoid X receptor alpha
(RXRa). The 3D structure of Bex was retrieved from
the PubChem database [21]. The methyl and ethyl
esters of Bex were obtained from the literature where
they have been previously synthesized and
characterized, while the propyl and butyl esters were
generated in-house and structurally confirmed [10].
All ester derivatives were generated and converted
into 3D structures using OpenBabel [22], followed
by geometry optimization in Avogadro [23] with the
MMFF94 force field. The optimized structures were
saved in MOL2 format and further processed in
AutoDock Tools [24], where polar hydrogens were
added, Gasteiger charges were assigned, torsional
degrees of freedom were defined, and ligands were
saved in the PDBQT format for docking.

Reference ligand. 9-cis Retinoic acid, the natural
ligand of RXRa, was included as a reference for
validation of the docking protocol. Its 3D structure
was obtained from the PubChem database (CID:
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5282379), prepared using the same workflow as
described for Bex and its esters.

Target protein preparation. The crystallographic
structure of the human RXRa ligand-binding domain
bound to 9-cis retinoic acid (PDB ID: 1FBY) [25]
was retrieved from the RCSB Protein Data Bank
[26]. Preprocessing was performed using UCSF
ChimeraX [27], where chain B was removed due to
its high structural similarity to chain A. All water
molecules and non-standard residues were deleted.
The protein was then imported into AutoDock Tools,
where missing atoms were checked and repaired,
polar hydrogens were added, Kollman charges were
assigned, and atom types were set to AD4
specifications. The processed protein was saved in
the PDBQT format for docking.

Flexible docking setup. To account for induced fit
effects in the binding pocket, selected residues
reported to be involved in ligand accommodation
and stabilization within RXRa were defined as
flexible: Phe313, Arg316, Ala271, Ala272, His435,
11268, 1le345, Cys269, Ala327, Val342, and
Cys432. The receptor side chains of these residues
were allowed to rotate during docking, while the
remaining protein was kept rigid.

Molecular docking protocol

Flexible docking simulations were carried out
using AutoDock 4.2 with the Lamarckian Genetic
Algorithm (LGA). The grid box was centered at
coordinates x = 16.23, y = 27.27, z = 49.33 with

dimensions of 60 x 60 x 60 points and a grid spacing
of 0.375 A, encompassing the entire ligand-binding
pocket. Each docking run consisted of 100
independent LGA runs, with a population size of
300, a maximum of 25 000 000 energy evaluations,
a mutation rate of 0.02, and a crossover rate of 0.8.
Docked conformations were clustered using a root-
mean-square deviation (RMSD) tolerance of 2.0 A,
and the lowest binding energy (AG) within the most
populated cluster was selected as the representative
binding pose.

Virtual screening analysis

Ligand—receptor interactions were examined in
UCSF ChimeraX to evaluate binding orientation,
hydrogen bonding, and hydrophobic contacts
relative to the RXRa ligand-binding pocket. Two-
dimensional interaction diagrams were generated
using BIOVIA Discovery Studio Visualizer
(Dassault Systémes, San Diego, CA, USA) [28] to
provide residue-level interpretation of binding
interactions. Docking of 9-cis retinoic acid to RXRa
served as internal validation of the docking protocol.

RESULTS AND DISCISSION
Density Functional Theory study

The optimized geometries of Bex and its alkyl
esters, namely, the methyl (E1), ethyl (E2), propyl
(E3), and butyl (E4) esters, are shown in Fig. 3.
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Figure 3. B3LYP/6-311++g (d, p) optimized structures in water of: A) Bex, B) Bex methyl ester (E1), C) Bex ethyl
ester (E2), D) Bex propyl ester (E3), E) Bex butyl ester (E4).
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Table 1. Energies (in eV) of the HOMO and LUMO, energy gap AE, ionization potential (IP), electron affinity (EA),
electronegativity (y), chemical potential (i), chemical hardness (1), chemical potential (i), electrophilicity index (o),
maximum charge transfer index (AN max), and dipole moment (D) calculated using the B3LYP/6-311+g (d, p) basis set

for Bex and its alkyl esters in water.

Enomo  Erumo AE IP EA X n mn ¢ ® rﬁi II]?OiI:I:T(l)lelt
Bexarotene -6.36 -2.12 4.24 636 212 4.24 212 424 047 424 2.00 3.99
Methyl ester -6.35 -2.02 432 6.35 2.02 4.32 2.16 -4.19 046 4.05 194 3.77
gilll;l ester -6.34 -2.01 4.34 6.34  2.01 4.34 2.17 418 046 4.02 193 3.87
gii])ayl ester -6.34 -2.01 4.34 6.34 2.01 4.34 2.17 417 046 4.02 1.93 3.96
%Elll?%ll ester -6.34 -2.00 4.34 6.34 2.00 4.34 2.17 -417 046 4.01 1.92 3.87
E4

HOMO and LUMO analysis. The frontier
molecular orbital (HOMO and LUMO) analysis of
Bex and its alkyl esters provides useful information
about the electronic structure and reactivity.
Moreover, the energy gap between HOMO and
LUMO sheds light on chemical reactivity and kinetic
stability. The smaller the gap, the greater the
decrease in kinetic stability, and higher chemical
reactivity, as opposed to a higher gap, whereby the
molecules have higher kinetic stability and lower
chemical reactivity [29]. The HOMO and LUMO
data for Bex and its alkyl esters are shown in Table
1.

Bex exhibits the highest occupied molecular
orbital (HOMO) energy of -6.36 ¢V and the lowest
unoccupied molecular orbital (LUMO) -2.12 eV,
having an energy gap of 4.24 eV. In comparison, the
ester derivatives show slight upward shifts in both
HOMO and LUMO energies. The methyl ester has a
HOMO -6.35 eV and a LUMO around 2.03 eV, thus
yielding a gap of 4.32 eV. Similar energy gap was
calculated for ethyl ester (4.34 eV), propyl ester
(4.34 eV), and butyl ester (4.34 eV). As a result, the
substitution of the -COOH group with -COOR
increases the frontier energy orbital energies and
slightly widens the HOMO-LUMO gap. Notably, the
increase in the gap is most pronounced from the acid
to the methyl ester (0.08 eV), while further increases
in the length of the chain from methyl to butyl give
around 0.02 eV. As a result, increasing the carbon
chain through its inductive effect, does not
significantly influence reactivity and stability. From
a reactivity standpoint, Bex is expected to have
higher reactivity compared to esters, esters having
greater kinetic stability. In the context of drug
molecules or candidates, a reduced band gap means
that Bex has an enhanced ability to interact with
biological targets compared to the ester derivatives.
These findings align with prior studies conducted
that, with an analogous series of compounds, suggest
212

molecules with the smallest HOMO-LUMO gap
tend to exhibit the highest activity or reactivity. In
the context of drug candidates, reduced energy gaps
correlate  with  increased  biological and
pharmacological activity; these molecules can more
easily undergo charge-transfer reactions or bind to
biological targets [30].

DFT descriptors analysis.

Bex showed the highest ionization potential (6.36
eV) and electronegativity (4.24 ¢V), demonstrating
greater electronic stability compared to its esters.
The alkyl esters exhibit slightly reduced ionization
potential (6.34-6.35 eV) and electron affinity (2.02-
2.00 eV). Moreover, the ionization potential (IP) and
electron affinity (EA) values computed from HOMO
and LUMO energies use Koopmans’ theorem, which
operates on fixed geometries and excludes structural
relaxation after electron addition or removal. This
approximation is widely used in DFT studies for
rapid descriptor analysis; however, geometry
relaxation may be missed. For this purpose, we ran
an additional DFT calculation for the Bex to evaluate
this effect. The adiabatic IP and EA were 6.05 eV and
2.56 eV, respectively, from the total energy
differences between Bex, cationic, and anionic
species. Compared to the Koopmans-based values
(IP=6.36 eV, EA=2.12 ¢V), the differences were
small: AIP= 0.31 eV and AEA= 0.44 eV. These
results suggest that relaxation effects, while present,
do not significantly alter the electronic effects. Thus,
Koopmans-derived values represent a good
approximation for this system, although full
relaxation for all derivatives may improve descriptor
precision. Bex has the lowest hardness of the series
(n=2.12 eV); while esters are slightly higher in the
series (N=2.17 eV), contrary to the hardness, the
softness of the esters is higher than that of Bex. As a
result, these differences, albeit subtle, underline the
fact that the free acid is the “softest”, whereas the
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addition of alkyl substituents makes the molecules
more rigid. Chemically, a softer molecule is more
reactive, especially in polarizable interactions, while
a harder molecule is more resistant to change [31].
Note that all these compounds have relatively high
hardness (around 2 eV), which is a typical value for
large conjugated organic molecules. From the
perspective of chemical potential, which is negative
to electronegativity, Bex is the most electrophilic,
having negative chemical potential (-4.24 e¢V). The
overall electronic stability is not significantly altered
by esterification, supporting the idea that these

modifications could be pharmacokinetically
beneficial without severely affecting electronic
potential.

The electrophilicity index (w) describes a
molecule’s capacity to accept electron density and is
linked with increased reactivity toward biological
nucleophiles [31]. Weak electrophiles have an
electrophilicity index ® < 0.8 eV; moderate
electrophiles have 0.8 < ® < 1.5; and strong
electrophiles exhibit @ > 1.5 eV [32]. Bex showed
the highest value (4.24 eV), indicating a greater
tendency to accept electrons compared to its ester
derivatives. For the esters, the values were almost
equal (4.01 —4.05 eV), revealing that no remarkable
change in electrophilicity index character is caused
by esterification. This stability demonstrates that
ester derivatives continue to exhibit enhanced
reactivity towards biological nucleophilic targets.
However, their stability suggests that they may be
less reactive in biological pathways until they are
metabolized.

The maximum charge transfer index (AN max)
slightly decreased from Bex (2.00) to its butyl ester,
indicating a small decrease in electron-donating
capacity upon esterification. As a result of alkyl
substitution, charge transfer potential is lowered, but
all derivatives retain sufficient ability to engage in
donor-acceptor interactions with biomolecular
targets.

In terms of dipole moment, Bex demonstrated the
largest dipole moment (3.99 D), showing a greater
potential for solvation and polar reactions. The esters
exhibited similar dipole moments (3.78-3.96 D),
with propyl ester (3.96 D) closely matching with the
parent molecule. This consistency confirms that
polarity is well preserved during esterification,
which is beneficial for maintaining solubility and
interaction with polar residues in the RXRa binding
site.

Overall, the DFT results indicate that
esterification of Bex slightly increases the HOMO—
LUMO gap without significantly altering its core
electronic distribution. The large conjugated -

system common to all molecules dominates their
electronic behavior, while ester substitution exerts
only a minor local effect on frontier orbital energies
and global reactivity parameters. This preservation
of electronic features suggests that the alkyl esters
may retain comparable electron density distribution
and reactivity patterns to the parent compound,
which is consistent with their potential to participate
in similar molecular interactions or undergo
metabolic conversion to Bex. This study used DFT
calculations with the PCM implicit solvent model,
which calculates solvent effects but does not account
for individual hydrogen bonding interactions
between the studied molecules and water. Note that
this limitation may slightly affect the accuracy of
descriptors, especially for more polar compounds.
Modeling explicit water interactions enhances
accuracy, but it is computationally demanding.

Molecular docking study

System preparation and method validation. The
protein structure of the human RXRa ligand-binding
domain (PDB ID: 1FBY) was prepared for docking
by retaining only chain A, while chain B was
removed due to its structural identity. Since both
chains share an identical ligand-binding site,
excluding chain B avoided redundancy and reduced
computational complexity.

A set of key residues within the binding pocket
was treated as flexible during docking to allow for
more accurate modeling of ligand-receptor
interactions. These included Phe313, Arg316,
Ala271, Ala272, His435, 11e268, Ile345, Cys269,
Ala327, Val342, and Cys432 which have been
identified from the crystal structure and supported by
literature data as critical for ligand recognition and
stabilization [25].

To validate the docking protocol, a redocking
experiment was performed using the reference
ligand 9-cis retinoic acid, which is co-crystallized
with 1FBY. The redocked pose yielded an RMSD of
3.14 A compared to the crystallographic
conformation, indicating acceptable reproducibility
of the method.

Docking energy results. A summary of the
docking outcomes for Bex, its ester derivatives, and
the reference ligand 9-cis retinoic acid is presented
in Table 2. The table reports the calculated binding
free energy (AG), estimated inhibition constant (K1),
intermolecular energies, and torsional penalties for
each ligand.

When comparing the docking results, all Bex
esters exhibited stronger predicted binding affinities
than the parent compound. Among them, the ethyl
ester derivative showed the most favorable
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Table 2. Docking results for Bex, its ester derivatives, and 9-cis retinoic acid with RXRa (PDB ID: 1FBY).

Parameter Ref. Bex El E2 E3 E4
RMSD from reference structure, A 3.14 55112 54.656  54.595 54703  59.276
Ej;ﬁgd frec energy of binding (AG), 064 _1p45 1325 1366 -1340  -10.86
Estimated inhibition constant (Ki, 15.96 746.19 194.74 96.53 149.85 10.91
298.15K) nM pM pM pM pM nM
Final intermolecular energy, keal/mol 21243 -13.64 -14.44 -15.15 -15.19 -12.95
Ligand—fixed receptor, kcal/mol -7.22 -5.06 -7.40 -7.99 -7.62 -7.88
- vdW+H-bond+desolvation, kcal/mol -7.13 -4.94 -7.39 -7.96 -7.-63 -7.88
- Electrostatic, kcal/mol -0.09 -0.12 -0.01 -0.03 +0.02 0.00
Ligand—flexible residues, kcal/mol -5.21 -8.58 -7.04 -7.16 -7.58 -5.07
- vdW+H-bond+desolvation, kcal/mol -5.15 -7.89 -6.86 -7.00 -7.52 -5.07
- Electrostatic, kcal/mol -0.05 -0.70 -0.18 -0.17 -0.06 0.00
Final total internal energy, kcal/mol -8.98 511 -10.53 -10.85 -9.70 -6.74
Ligand internal energy, kcal/mol -1.18 -0.83 -0.84 -0.99 -0.94 -1.10
Ligand—fixed receptor, kcal/mol -6.79 -3.59 -8.56 -8.43 -7.33 -6.28
Ligand—flexible residues, kcal/mol -1.01 -0.70 -1.13 -1.42 -1.43 +0.64
Torsional free energy, kcal/mol +1.79 +1.19 +1.19 +1.49 +1.79 +2.09
Unbound system energy, kcal/mol -8.98 -5.11 -10.53  -10.85 -9.70 -6.74

interaction profile, with a binding free energy of -
13.66 kcal/mol and the lowest inhibition constant
(Ki = 96.53 pM), surpassing both Bex and the
reference ligand 9-cis retinoic acid.

A clear trend was observed: increasing the length
of the alkyl chain enhances hydrophobic
interactions within the binding pocket, leading to
more favorable intermolecular energies. However,
this effect is counterbalanced by a progressive rise
in the torsional free energy penalty, particularly for
the longer-chain propyl and butyl esters. This
indicates a trade-off between stability and
conformational flexibility, with the ethyl ester
providing the optimal balance.

The RMSD values for Bex and its ester
derivatives were considerably higher than for 9-cis-
retinoic acid, which can be attributed to the greater
structural complexity and conformational flexibility
of the polyaromatic framework of these molecules.
Unlike the relatively rigid single-ring structure of
the reference ligand, the extended and branched
skeletons of Bex analogues allow multiple low-
energy conformations, resulting in broader RMSD
distributions during docking.

Interaction analysis (2D complexes)

The main intermolecular interactions between
RXRa and all ligands were visualized using 2D
interaction diagrams generated with Discovery
Studio Visualizer, as shown in Figure 4. The
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docking poses revealed a consistent set of
interactions between Bex and its ester derivatives
with the RXRa binding pocket. Several key residues
were identified as crucial for ligand stabilization:

e Hydrophobic and m-alkyl contacts: Phe313,
Leu309, I1e268, Val342, Cys269, and Cys432
contributed significantly to the hydrophobic
stabilization of the ligand.

e  Hydrogen bonds: observed predominantly
with Arg316 and Ala327, which were particularly
evident in the methyl and ethyl ester derivatives,
strengthening their binding affinity.

e n—Sulfur interactions: involving Cys269
and Cys432, further stabilized the aromatic core of
the ligands and reinforced their orientation within
the binding cavity.

A comparative analysis
highlighted distinct patterns:

e Methyl and ethyl esters displayed enhanced
hydrogen bonding capacity along with well-
positioned hydrophobic interactions, resulting in
superior binding profiles.

e Propyl and butyl esters demonstrated
stronger hydrophobic contacts due to their extended
alkyl chains, but this was counterpoised by a higher
torsional energy penalty, reflecting reduced
conformational efficiency.

When compared with the reference ligand 9-cis
retinoic acid, both Bex and its esters demonstrated

of the derivatives
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more extensive hydrophobic contacts. Although 9- Increasing the length of the alkyl chain further
cis retinoic acid engaged in hydrogen bonding, its strengthens hydrophobic interactions, which is
overall weaker hydrophobic interactions accounted reflected in the improved binding affinities of the
for the less favorable binding free energy and higher methyl, ethyl, and propyl esters compared to the

inhibition constant (Ki = 15.96 nM).

parent ligand. Nevertheless, this effect appears to
have a limit: the butyl ester did not exceed the ethyl

SAR analysis derivative, suggesting that excessive chain

The docking results provide valuable insights elongation introduces steric strain and higher
into the structure—activity relationship (SAR) of torsional penalties, diminishing the overall benefit.
Bex and its ester derivatives. The carboxyl group of Taken together, the results confirm that small to
the parent compound enables strong ionic and medium-sized ester substitutions are optimal for

hydrogen-bonding interactions;

however, upon
esterification, this capacity is reduced. Instead, the
ester  derivatives  benefit from enhanced
hydrophobic contacts within the binding cavity,

improving the binding affinity of Bex analogues
toward RXRa, balancing hydrophobic stabilization
with conformational flexibility.

leading to lower binding free energies (AG).
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ILE Ai451
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68 CV35 ALA A:327
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Figure 4. Two-dimensional interaction diagrams of the RXRa-ligand complexes showing key amino acid contacts
for 9-cis retinoic acid (Ref), Bexarotene, and its methyl (E1), ethyl (E2), propyl (E3), and butyl (E4) esters. Hydrophobic
interactions, hydrogen bonds, and n—sulfur contacts are indicated by standard color codes and symbols as generated by

Discovery Studio Visualizer.
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Biological interpretation

The markedly lower inhibition constants (Ki)
observed for the ester derivatives—within the
picomolar range — compared to the nanomolar
affinity of 9-cis retinoic acid highlight their potential
as highly potent RXRa ligands.

These findings suggest that Bex esters may serve
as alternative RXRa agonists with improved binding
capabilities relative to both the parent compound and
the endogenous reference ligand. Their enhanced
hydrophobic stabilization within the receptor’s
binding pocket supports the hypothesis of stronger
and more sustained receptor activation.

Furthermore, the ester derivatives may function
as prodrugs, undergoing metabolic hydrolysis to
regenerate the active carboxylic acid form of Bex in
vivo [10]. This dual mechanism — direct receptor
engagement by the ester and potential conversion to
the acid — could provide therapeutic advantages,
such as modulated pharmacokinetics and improved
bioavailability.

CONCLUSION

Based on density functional theory and docking
calculations, a systematic theoretical study of Bex
and its alkyl esters has been carried out.
Esterification of Bex leads to increased HOMO-
LUMO energy gaps (4.32-4.34 eV), indicating
decreased electronic reactivity of the esters
compared to Bex. Nevertheless, this shows that
esterification does not produce a significant effect on
the electronic properties or the overall electron
density distribution of esters. The dipole moments
were consistent throughout the series, with Bex
having a slightly higher polarity (3.99 D) compared
to its methyl (3.78 D) and ethyl (3.87 D) esters.
Among the derivatives, the ethyl ester displayed a
dipole moment, chemical softness, and ionization
energy, closely aligning to Bex. Despite lower
reactivity, docking studies revealed enhanced RXRa
binding for all esters, especially the ethyl ester,
which exhibited the strongest binding affinity (-
13.66 kcal/mol, Ki=96.53 pM). These results
indicate that improved binding is related not only to
polarity or electrophilicity index, but also to
favorable hydrophobic interactions and optimal
ligand flexibility. The moderate electrophilicity
index (4.02 eV), along with preserved polarity and
improved docking performance, highlights ethyl
ester as a promising lead compound. Note that the
large conjugated system that is common for all
studied molecules is predominant in the electronic
structure compared to the possible carboxylic group
modification, thus affecting the behavior of these
molecules in a biological context. The combined
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DFT study and docking analyses suggest that Bex
ethyl ester may offer improved receptor engagement,
supporting its potential as an optimized RXRa
ligand that retains essential electronic features of the
parent molecule while exhibiting physicochemical
properties consistent with possible metabolic
interconversion to  Bex. However, these
computational predictions require experimental
validation, and further in vitro RXR binding assays
will be essential to confirm the observed trends and
assess their biological significance.
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Deposition of zinc nanoparticles on woolen substrates in footwear
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In footwear, especially winter footwear, lining and insoles are made of woolen materials. Owing to to their organic
origin and exposure to moisture and temperature, these materials are susceptible to microbial attack. It is known that ZnO
nanoparticles exhibit excellent antibacterial activity.

In our study, several methods were applied to deposit zinc nanoparticles on the surface of wool substrates. The
particles were synthesized in situ on a film of cross-linked collagen hydrogel. The wool samples were modified using
three different methods, varying the sequence of component addition and reaction conditions to achieve uniform
distribution and dispersion of the synthesized particles. In one method, ultrasonication was applied.

Microscopic analyses showed that ultrasonic treatment of the samples improves the distribution of zinc particles on
the surface and within the substrate. It was found that for the physico-mechanical properties, a change in color fastness is
observed compared to the control sample, i.e., darkening of the surface. In terms of vapor-air properties, the best results
were again registered for the ultrasonically treated samples, in which an increase in water vapor absorption and a slight
decrease in the vapor permeability coefficient were observed. The obtained experimental data are promising for
antibacterial activity; however, for a more comprehensive characterization of the obtained composites, antimicrobial

studies are necessary.

Keywords: wool, antibacterial modification, ZnO nanoparticles, footwear

INTRODUCTION

Footwear is a complex composite consisting of
many different in nature details that must be
connected, providing the shoe with reliability,
durability, comfort, and elasticity. Of great
importance is the choice of materials for the
footwear, especially for the inner details. Insoles and
lining details, especially in winter footwear, are
often made of woolen materials. Prolonged wearing
of shoes creates prerequisites for bacterial and fungal
diseases. To protect the foot from microbial attack,
it is also extremely important that the materials have
undergone a certain antibacterial treatment.

The unique properties of wool include its
complex morphology with multilayered cuticle and
cortex, the keratin proteins in wool, which contribute
to its chemical resistance, strength, moisture
permeability, and porosity. Its diverse functional
groups facilitate various binding mechanisms,
making it suitable for nanoparticle functionalization
and enabling the production of fabrics with
antimicrobial, self-cleaning, and UV-protective
properties. Additionally, as a protein fiber, wool
contains active groups such as amide, disulfide, and
carboxyl, which can reduce metal salts to form
nanoparticles [1].

The treatment of wool with metal salt solutions

* To whom all correspondence should be sent:
Email: darinajeleva@abv.bg
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gives rise to metal ions interaction. The attained
wool properties depend on the type of interacting
metal ions, the conditions of treatment, and the metal
salt concentration. The free carboxyl groups of wool
are considered to be the binding sites over a wide
range of pH values. Several reactions of metal ions
with wool effectively improved its antibacterial
properties, flame resistance, shrinkage, abrasion,
wrinkle recovery, dye ability, deodorizing [2].

ZnO is widely used as an antimicrobial agent.
The antibacterial mechanisms of ZnO NPs are as
follows: integrated cell destruction due to direct
contact of ZnO with the cell wall, release of
antimicrobial ions, mainly Zn** ions, ROS
formation, and photoconductivity [3].

The surface layer of wool fibers has a scale
structure that provides good insulation and
hygroscopic properties. However, this structure also
makes wool prone to absorbing moisture in humid
environments, creating ideal conditions for mold and
bacteria growth. Functional finishing of wool fabrics
currently emphasizes on antimicrobial treatment,
with Ag nano-ions, chitosan, lysozyme, and natural
dyes being the most commonly applied agents to
achieve antimicrobial effects [4].

Several physical and chemical methods including
microwave-assisted, sol-gel, and hydrothermal
methods have been established to prepare nano-ZnO.

© 2026 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Zinc acetate, zinc sulfate, and zinc nitrate are the
most common precursors used as a Zn source. The
sol-gel consequential precipitates are usually
requiring  post-heat  treatment to  induce
crystallization that frequently gives rise to particle
agglomeration and grain growth. In contrast,
ultrasound has been established as an accomplished
and environmentally friendly technique for synthesis
of novel materials at low temperature and short time.
The effect of ultrasound in enhancing the kinetics of
chemical reactions is related to the creation of highly
reactive free radicals such as O, OH’, HO; due to
the temporary cavitation bubble collapse caused by
the ultrasound wave [5].

In situ synthesis of nano-ZnO is an alternative
pathway towards durable finishing. The durability of
the incorporated properties can also be improved by
adding suitable chemicals, which will form covalent
or ionic bonds between the host substrate (textiles)
and the used NPs. This study employs a novel in situ
approach to synthesize ZnO nanoparticles by
utilizing wool, silane, and a capping agent [6]. These
agents help binding ZnO nanoparticles more
strongly to the wool surface.

Functional coatings aim to enhance the properties
and performance of textile substrates, as well as to
introduce new textile functions. To this end,
different classical and contemporary organic,
organic-inorganic hybrid, and inorganic compounds
are used in application processes. Among the latter
compounds, ZnO has already been established as a
chemical agent for textile functionalization because
of its unique physical and chemical properties,
environmental friendliness, biocompatibility, and
low price [7].

For improvement of the mechanical properties of
medical textiles, polyethylene wax emulsion is
added to nano-ZnO. It is an agent that forms a
flexible film on the fabric surface, making the fabric
soft with a smooth coating and improving its
mechanical properties. Excellent and encouraging
results have been found for antibacterial activity [8].

Amidoxime-functionalized wool fibers loaded
with nano-ZnO were successfully prepared by in situ

coprecipitation and radiation-induced
copolymerization. Wool-AO@ZnO showed
excellent antimicrobial properties to aerobic

bacteria, anaerobic bacteria, and fungi [9].

The padding method has been used for the
treatment of dyed cotton and wool fabrics with ZnO,
TiO; and CuO to impart functional properties such
as antimicrobial, self-cleaning, and UV blocking
properties [10].

Antimicrobial finishing prevents microbial attack
on wool and prolongs its useful life. There are

different ways to prevent the attachment of
microorganisms to fiber surface, using aromatic
halogen = compounds, organometallic  salts,
quaternary ammonium salts, iodophors, phenols,
urea and its related compounds (i.e., formaldehyde
derivatives), amines and silver nanoparticles.
Natural products such as chitin derivatives and their
protonated amino groups on the glucose ring are also
used. The goal of these studies [11] is to develop an
approach to imparting bioactive features to wool
macromolecules by incorporating functional groups
such as carboxylic groups, into fibers before the
treatment with appropriate antibiotics. Carboxylic
groups were incorporated into wool fabric by
grafting acrylic acid chemically initiated with
hydrogen peroxide and metallic ions (e.g., Cu*") and
post-treatment with two antibiotics: neomycin (Ne)
and tetracycline hydrochloride (Te) to obtain
antibacterial fibers active to Gram-positive and
Gram-negative microorganisms (Staphylococcus
aureus, Escherichia coli and Pseudomonas
aeruginosa). This was confirmed by measuring the
zones of inhibition of wool fabric treated with the
abovementioned  antibiotics  under  various
conditions. Higher temperature enhanced sorption
rate to wool grafted with acrylic acid. There is a
correlation between the sorption percentage and size
of inhibition zone, depending on the type of added
antibiotics [11].

In our previous studies, we synthesized and
applied TiO; nanoparticles in coatings for leather
materials [12]. Based on these investigations, in the
present study, we decided to develop formulations
for the synthesis and application of ZnO
nanoparticles on wool substrates in a similar manner.
Consequently, the present study aims to develop
methods for modifying wool fabrics with ZnO for
use in shoe linings by improving the functional
properties and potentially provide antibacterial
protection capabilities. For the first time, an in situ
method was applied for depositing zinc oxide
particles in a cross-linked gelatin hydrogel coating
on a wool substrate. This method aims to improve
the fixation of particles in the wool fabric. An
ultrasonic approach was also applied to improve the
dispersion and the uniform distribution of particles.

METHODS AND ANALYSES
Materials

Wool samples from a local upholstery materials
producer - industrial wool, 100% wool felt sheet with
specifications of 3.3 mm thickness and 250 g/mm?
density were used. Square samples, each measuring
50x50 mm in dimensions and weighing
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approximately 2.6 g, were carefully prepared. The
chemical reagents employed in the study consisted
of zinc nitrate hexahydrate (Zn(NO3), 6H,0, CAS:
10196-18-6), sodium hydroxide (NaOH, Sigma-
Aldrich, Darmstadt, Germany), a 25% aqueous
solution of glutaraldehyde (Sigma-Aldrich,
Darmstadt, Germany), and gelatin (CAS: 9000-70-8,
Merck KGaA, Darmstadt, Germany). Distilled water
was used as the solvent for all prepared solutions.

Methods for preparation of composite materials

ZnO nanoparticles were deposited and fixed to
the wool substrate using a cross-linked gelatin
hydrogel. The ZnO particles were synthesized in situ
and deposited on the gelatin film. Modification of
wool samples was performed with glutaraldehyde -
cross-linked gelatin. The synthesis of ZnO
nanoparticles was carried out by varying the
components and processing conditions (Fig. 1).

The processing of the first sample PW ZnO 1
involved initial pre-treatment of the wool with 2%
oxalic acid (H,C,0,) followed by immersion in a
5% gelatin solution and final cross-linking with
1,5% glutaraldehyde. The next stage of the
processing was with a solution of zinc nitrate
hexahydrate (0.1M) and sodium hydroxide (1M),
followed by heat treatment and dehydration. The
complete processing sequence included: 30 min
treatment at room temperature, 24 h conditioning at
23°C, heat treatment for 30 min at 85°C, 5 min
treatment at 55°C, dehydration in a dryer for 2 h at
85°C and final drying phase of 96 h at room
temperature.

Fot the second sample PW ZnO_2 a comparable
methodology was used, starting with immersion of
the wool sample in a gelatin solution, followed by
treatments with Zn(NO3), 6H,0, glutaraldehyde,
and NaOH. The heat treatment and dehydration steps
were the same as in the previous method.

The third sample PW ZnO_3 was treated in an
ultrasonic bath. The wool samples were first
immersed in a gelatin solution, then in the mixed
solution of Zn(NO3), 6H,0 and NaOH, followed by
addition of glutaraldehyde.

Zn({NO3)26H20
+ NaOH +
ool

Fig. 1. Preparation of wool samples with ZnO coatings
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ANALYSES

Analyses of specimen thickness, air permeability,
absorption, abrasion resistance, microscopic
observations, and photoluminescence  were
performed in the study to characterize the deposition
of zinc oxide particles on wool fibers and study their
influence on permeability and physico-mechanical
responses of wool fibers after such modification.

Thickness and weight

The ASTM D1777 standard test was used to
measure the thickness of a textile sample. A digital
gauge was used for this test [13].

Vapor absorption and water vapor permeability

Equipment used for evaluating water vapor
permeability was SATRA STM 473, England. Water
vapor absorption and water vapor permeability were
calculated by formulas 1 and 2, respectively [14, 15]:

W, =M™ (1)
a

where: W, — water vapor absorption [mg/cm?]; m; -
initial mass [g]; m> — mass after testing [g]; a - test
surface [cm?].
w, =2 @

a.t
where: W3 — water vapor permeability [mg/cm?.h];
m; - initial mass [g]; m, — mass after testing [g]; a -
test surface [cm?]; t - test time [h].

Water absorption insoles [16]
Wy = (Mp — M,)/A
where: W, — absorption [g/m?]; Mp —final mass
[g]; Mg —initial mass [g]; A - area [m?].

Water desorption insoles [16]
_ Mg - Mg

W, =
P Mp-M,

x 100

where: W, — desorption [%]; Mg —final mass [g];
Mg — mass after conditioning for 24 h [g].
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Abrasion resistance

A test method was used to determine the abrasion
resistance of insoles irrespective of the material.
After 400 cycles of friction with the accompanying
fabric, a visual evaluation was made against the
uneraded material of the test specimen [17].

Color coordinates and color difference

The color changes of the samples, the
intermediate values of L*, a* and b* and the color
differences (E*) were determined using a reflectance
spectrophotometer (UVA/VIS/NIR Lambda 750S
Perkin Elmer, in the wavelength range A=800 + 340
nm) with a D 65 light source and a 10° viewing
angle. Chromatogram of all colors visible to the
human eye on an x/y grid and assigning a numerical
value allows us to make uniform measurements and
comparisons between colors. All measurements and
calculations were made according to CIELAB: 1973.

Equipment used to assess the degree of damage
and color transfer on the surface of the material
during mild dry or wet abrasion was Satra STM 421.
Grey scales corresponding to ISO 105-A02 and ISO
105-A03, respectively, were used to assess the color
changes and the degree of staining, according to
method B, EN ISO 17700 [18].

Microscopic and fluorescence analyses

Samples were observed using an inverted
microscope Metaval (Carl Zeiss, Germany) operated
in the dark-field mode with Planachromat-HD
objectives (at magnification from 5x to 50x) and
halogen light illumination (12V, 50W). A
microfluorimeter was adapted to the microscope for
fluorescence spectroscopy studies.

UVA — VIS - NIR transmittance spectral analyses

A spectrophotometer (UVA/VIS/NIR Lambda
7508, Perkin Elmer, USA) was used to perform the
analysis which covered the wavelength range from A
2000 to 250 nm.

RESULTS AND DISCUSSION
Thickness and weight

The results of the thickness (1) and mass (m;)
measurements of the wool samples before and after
coating are shown in Table 1. The values are
presented as mean + instrumental error.

Thickness and mass measurements before and
after coating showed that ZnO-based layers were
successfully deposited on the wool samples. While
all samples showed an increase in mass and
thickness, the effect was most pronounced for PW
Zn0 2.

Table 1. Thickness and weight of the tested wool
samples

Sample m m T mm
name L& »8 ’
Zerosample | 2.6+0.1 | 2.6+0.1 | 3.32+0.12
PW ZnO 1 26+0.1 | 32+0.1 | 3.72+0.12
PWZnO 2 |26+0.1 |35+0.1 |3.75+0.13
PWZnO 3 |26+0.1 |3.1+£0.1 |3.74+0.13

For sample PW ZnO 3 the coating was the
thinnest, which could be due to a more uniform and
finer deposition. Such modifications are of particular
importance, as they provide information on
improved surface coverage and possible
enhancement of functional properties, including UV
protection, antibacterial activity, etc.

Water absorption, desorption, and abrasion
resistance

Table 2 shows the experimental data on water
absorption, desorption and abrasion resistance of the
modified samples. The values are presented as mean
+ instrumental error.

The samples PW ZnO 2 and PW ZnO_3 show
the best results, for PW ZnO 2 probably due to the
NaOH-induced partial hydrolysis of the wool
cuticle, which increased hydrophilicity and
absorption, and for PW ZnO 3 due to the ultrasonic
modification with nanoparticles, maintaining the
integrity of the fibers and causing moderate
absorption.

A change in water absorption and water release
properties was observed. It was found that the
treatment using ultrasound did not significantly
affect the newly obtained characteristics. All three
methods also meet the requirements for use in safety
shoes. The best water absorption was observed in
PW ZnO_ 2. From the visual assessment of abrasion
resistance, it followed that there is no decrease in the
quality of the materials.

The analyses showed that all tested samples
exceeded the requirements of the ISO 20345
standard for water absorption, confirming the
presence of hydrophilic properties. The wool
samples modified with ZnO showed higher values
than the zero sample, and the sample PW ZnO 2
reached the maximum absorption (156.9 mg/cm?),
indicating that the inclusion of ZnO improves
moisture retention through increased surface
polarity and interactions between nanoparticles and
fibers [19]. While all samples in Table 2 met the
permeability requirement, the zero sample showed
the highest release (130.6%). In contrast, the
samples treated with ZnO showed slightly lower
permeability values (lowest in PW ZnO _1 at 89.7%)),
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probably due to the stronger binding of water in the
modified fiber matrix. The abrasion resistance
remained unchanged, demonstrating that the ZnO
modification preserves the structural integrity under
friction.

Color coordinates and color difference

The analysis of the color coordinates reveals
distinct differences between the zero sample and the
three PW ZnO specimens (see Table 3). PW ZnO _1
shows moderate darkening (L*= 79.52), slight shift
toward red and increase in the yellow component,
resulting in a visible color difference. PW ZnO 2
exhibits the strongest deviation, with substantial
decrease in brightness, pronounced change in the
red-yellow range and high color difference
(AE=17.92). PW ZnO_3 occupies an intermediate
position with a color difference of AE=11.75.

These analyses confirm that ZnO modifies the
surface and the optical properties of the material,
which may serve as an indicator of functional effects
such as antibacterial activity and coating durability.
The observed deviations from the zero sample
indicate a modification of the optical properties,
which, from a physical perspective, is directly
related to the interaction of the material with light

and its potential antibacterial activity. Surface
modifications in the presence of ZnO promote the
formation of reactive oxygen species and the
discharge of Zn®*" ions, resulting in damage to
bacterial cells [20].

Morphological analysis

Figure 2 presents microscopic images of the wool
specimens treated with ZnO-NPs. It is observed that
the changes in the surface depend on the treatment
method used.

The micrographs clearly show the applied
coating of cross-linked gelatin hydrogel containing
ZnO. In the modified sample PW ZnO 1, the
nanoparticles are finely dispersed and evenly
distributed on the surface of the film. The
distribution of ZnO nanoparticles is even more
uniform and compact in PW ZnO_2, but is located
in the film. The use of ultrasonication (in sample PW
ZnO_3) allows the particles to penetrate the
micropores of the fibers, resulting in a more stable
film structure. These observations confirm that the
ZnO particles are effectively incorporated into the
wool fibers and suggest a potential for improved
functional properties and antibacterial effectiveness.

Table. 2. Water absorption, permeability and abrasion resistance of analyzed wool samples

Wy, ISO 20345 o ISO 20345 Abrasion ISO 20345
Sample ) . W,, % . . .
mg/cm requirements requirements | resistance | requirements
Zero sample | 120.9+4.3 > 70 130.6£2.3 >80 no defects
PW ZnO 1 | 137.7+4.7 >70 89.7+ 1.3 >80 no defects Wi,tho‘llt
PWZn0O_ 2 | 156.9+5.6 >70 982+ 1.5 >80 nodefects | gofoers
PW ZnO 3 152.8+5.4 > 70 97.2+14 > 80 no defects
Table 3. Color coordinates and color difference of the tested wool samples
Sample name Measurement Color coordinates Color difference
conditions O o b A Fab
Zero sample Illuminator 83.06 0.84 9.87 -
PW ZnO 1 - D65 79.52 2.18 | 17.47 8.49
PW ZnO 2 Vlew‘l%goangle 70.81 8.48 | 20.49 17.92
PW ZnO 3 76.03 6.25 17.58 11.75
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50 um

S0l

PW ZnO_3 | PW Zno 2

Fig. 2. Microscopic images of wool samples (optical microscope, x50): a) Zero sample; b) PW ZnO_1; ¢) PW ZnO 3;
d) PW ZnO 2
Fluorescence analysis

The fluorescence analysis of the three wool
samples revealed clear differences in their optical
properties (Figs. 3, 4). The zero sample of untreated
wool exhibited only weak autofluorescence typical
of keratin. PW ZnO_1 showed enhanced intensity
and a distinct peak around 540 nm due to alkaline
hydrolysis of the cuticle, which increases
hydrophilicity and creates active binding sites for
nanoparticles. The best results were observed for
PW ZnO _3 (under ultrasound) - the most intense and
uniform fluorescence indicating good nanoparticle
dispersion and stable adhesion to the fibers [21, 22].
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Fig. 3. Fluorescence analysis of wool samples treated Fig. 4. Fluorescence images of the studied samples: a)

with ZnO nanoparticles Control; b) PW ZnO_1; ¢) PW ZnO_3
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These data confirm that the combined chemical
and physical modification of wool samples
significantly improve the functionalization of wool
fibers and the promotion of nanostructuring.

UV-Vis analysis

UV-Vis analysis was used to identify electronic
transitions and bonding interactions between ZnO
nanoparticles, gelatin, glutaraldehyde, and wool
keratin, demonstrating how chemical modifications
alter the optical properties of the fibres and reflect
the strength and type of bonds formed [23]. Previous
studies on cotton fabrics using similar modifications
with gelatin-glutaraldehyde and ZnO nanoparticles
have shown improved UV protection and
antibacterial activity [24].

On Fig. 5 the characteristic UV peak for PW
ZnQ_2 at 423 nm corresponds to the absorption band
of ZnO. NaOH hydrolyzes the wool cuticle, thereby
exposing carboxyl groups that coordinately bind to
Zn**, increasing the hydrophilicity and absorption
compared to the control sample [23, 24]. The main
peaks in the near-infrared region (1183 - 150 nm) for
PW ZnO 1 are associated with ZnO stabilized by
gelatin cross-linked with glutaraldehyde. In PW

1.
R,ugjll
U 0E 3

]
|

o
g:? control sample e
y '1] ' /
021 I| o ) — ™ e o~

ZnO_3, the peaks at 441 nm indicate improved
dispersion of ZnO nanoparticles.

CONCLUSION

Modification of woolen materials was carried out
with a view to their application as lining details of
footwear. A finish coating was successfully obtained
by modifying woolen samples with cross-linked
gelatin containing in situ synthesized ZnO particles.
Microscopic studies showed that ZnO-NPs were
impregnated into the structure of the gelatin
hydrogel and were distributed into small film-
forming structures. Hygienic parameters such as
water adsorption and water permeability were also
preserved and even improved in some of the
samples. The obtained experimental data are
promising for antibacterial activity, but for a more
complete  characterization of the obtained
composites, antimicrobial studies are necessary.

Acknowledgement: The study was performed under
Contract NIS-Ne  403-31, UCTM, Project
L, Antibacterial treatment of materials used in
footwear”.
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Chelation reaction vs. isotope exchange for production of effective receptor-targeted
radiopharmaceuticals
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Peptide-based pharmaceuticals have applications in both diagnostic imaging and targeted therapy. Various prostate-
specific membrane antigens (PSMA) are of considerable interest in the development of specific markers for the diagnosis
and treatment of prostate cancer (PCa).

The aim of the present study was to compare the methods for the production of two diagnostic radiopharmaceuticals
based on PSMA — [®®Ga]PSMA-11 and ['8F]SiPSMA-14. The syntheses of the indicated products differ in the
modification of the starting peptide precursor, the duration and the mechanism of the process. Two methods for
radiochemical synthesis were applied — chelation reaction and isotope exchange reaction. The peptide precursor PSMA
was labelled with two different positron-emitting radionuclides ®®Ga and '®F, obtained from a **Ge/*®Ga generator and a
cyclotron, respectively. An automated synthesis procedure was applied to ensure safe and efficient production of the
radiopharmaceuticals. The radiochemical yield, chemical and radiochemical purity, and radionuclide identity of both
radiopharmaceuticals were determined according to the requirements of the European Pharmacopoeia.

In conclusion, ['8F]SiPSMA-14 is a new PET radiotracer for radiopharmaceutical science, recently introduced into
clinical practice for the evaluation of PCa patients. The isotope exchange reaction was adapted and used for the first time
in Bulgaria. The production of ['®F]SiPSMA-14 is a faster process and occurs under milder reaction conditions compared
to the production of [*®*Ga]PSMA-11. The high yield of ['®F]SiPSMA-14 and the better nuclear characteristics of '3F are
essential. An additional advantage of the production of ['®F]SiPSMA-14 is the availability of an in-house cyclotron in the
clinic.

Keywords: radiopharmaceuticals, PSMA, ®Ga, '3F, prostate cancer

Abbreviations:

[*Ga]PSMA-11 — Prostate-specific membrane antigen
labelled with ®3Ga

['®F]SiPSMA-14 — Prostate-specific membrane antigen
labelled with '8F

PCa — Prostate cancer

PET — Positron emission tomography

CT — Computed tomography

SPECT - Single-photon emission computed tomography
HBED-CC - Hydroxy-5-(carboxyethyl)benzyl
ethylenediamine diacetic acid

INTRODUCTION

Prostate cancer is one of the most common
malignancies in men. With the development of
molecular imaging diagnostics, PSMA (prostate-
specific membrane antigen) has become established
as a key marker for the detection, monitoring and
targeted therapy of the disease due to its high tumor
expression [1-3]. PSMA is found on the surface of
prostate cancer cells at all stages of the disease.

* To whom all correspondence should be sent:
Email: gerimm@abv.bg
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NOTA - Triazacyclononane-triacetic acid (bifunctional
chelator)

HEPES — Hydroxyethyl piperazineethanesulfonic acid
HPLC — High performance liquid chromatography

TLC — Thin-layer chromatography

TFA — Trifluoroacetic acid

SPE — Solid phase extraction

QMA cartridge - Quaternary methyl ammonium

HLB cartridge - Hydrophilic-lipophilic balanced sorbent

Therefore, this protein is considered the best target
antigen [4, 5], although its low expression is also
found in the salivary glands, kidneys and in the
endothelium of most solid tumors [6]. Initially,
PSMA antibodies [7] or their fragments were used
as radionuclide carriers in nuclear medicine for the
treatment of prostate cancer [8, 9]. In recent years,
various new radiopharmaceuticals based on PSMA
ligands have been introduced into clinical practice

© 2026 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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for PET or SPECT imaging and therapy [3, 10, 11].
%Ga and '®F-labelled PSMA ligands are commonly
used for PET diagnostics [12], as they provide high
image contrast [13].

The radionuclide '*F is a positron emitter with a
half-life of 109 min. It is mainly produced in a
cyclotron by proton bombardment of '®O-enriched
water. The rapid initiation of the "*O(p,n)'*F reaction
permits the production of large quantities of '*F
using cyclotrons with average energies up to 20
MeV. A major advantage of this method of
production is the lack of competing nuclear reactions
[14]. The radionuclide ®*Ga is also a positron emitter
with a half-life of 68 min. It can be produced in a
cyclotron by proton bombardment of a liquid target
containing a solution of [®Zn]Zn(NOs), [15].
However, for the purpose of routine
radiopharmaceutical ~synthesis of “*Ga-labelled
radiopharmaceuticals, a ®*Ge/**Ga generator system
is primarily used. The ®*Ga radionuclide is obtained
by a standard hydrochloric acid elution method. The
availability of a ®*Ge/*®*Ga generator facilitates the
on-site production of % Ga-labelled
radiopharmaceuticals [16].

Some PSMA PET agents are labelled by
chelating with ®Ga, while others are directly
labelled with '"F [17]. The most commonly
developed PSMA radiotracers are labelled with
gallium-68, e.g., [**Ga]PSMA-11 and [*®*Ga]PSMA-
617 [18]. One advantage of Ga-labelled compounds
is that they include a chelate that can also be used to
bind isotopes such as '""Lu or **Ac in the production
of therapeutics, thus constituting a true theragnostic
agent [17, 19]. Although the most commonly used
PSMA PET radioligands are currently labelled with
®Ga, this is associated with a number of
disadvantages compared with fluorine-18 labelled
ones. The short half-life and relatively low available
radioactivity of gallium-68 limits both the transport
of ®Ga-labelled PET compounds to other PET
centers and delays imaging [18]. Furthermore,
8Ge/*®Ga generators are associated with logistical
limitations such as long delivery duration due to
shortage of commercially available approved
generators; moreover, high activity yields cannot be
obtained due to capacity limitations of available
generators [20]. Gallium-68 produced by a generator
is readily available for radiolabelling using
lyophilized precursor formulations, but production
capacity is limited to 2—4 patient doses depending on
the lifetime of the generator. A significant
disadvantage of using “*Ga-radiolabelled PSMA
synthetic peptides is the reduced number of patients
that can be imaged with PET/CT at one time. Such a
limitation is due to the relatively low amount of ®*Ga

available after each elution and the decrease in
generator activity over time [21, 22]. On the other
hand, cyclotron-produced fluorine-18 can be
obtained with significantly higher activity, allowing
for more doses to patients and a higher dose activity
[18, 23, 24]. The longer half-life of '*F allows for the
delivery of final radiopharmaceuticals to oft-site
PET centers that are no more than 4 hours away from
the cyclotron-equipped manufacturing facility [25].
This has led to a rapid and significant increase in the
development of '®F-labelled PSMA ligands [18].
Several '*F-labelled PSMA targeting radiotracers
have been introduced and increasingly used in
clinical practice [21, 22].

One of the '®F-labelled radiopharmaceuticals
used is ["®FJPSMA-1007, the initial synthesis of
which consists of the production of an activated '*F-
labelled prosthetic group, which is subsequently
coupled to the unprotected precursor, followed by
HPLC-purification of the product (total 1.5%-6.0%
decay-corrected yield, 45 min) [26, 27]. The
implementation of multi-step and time-consuming
radiofluorination  procedures is  particularly
detrimental for the radiolabelling of large
biomolecules, which require mild conditions and a
one-step labelling procedure [18, 28]. A one-step
procedure was later presented that can produce
["*FIPSMA-1007 with improved radiochemical
yield (25%-80%) in less than 55 min [29]. Other
alternative '®F-labelling strategies were developed.
A new technique for introducing fluorine-18 to a
biomolecule is through metal-based radiochemistry.
Ga’" and AI’" are trivalent metals with similar ionic
radii, and the fluoride-aluminum (AIF*") complex is
associated with strong bond formation and high in
vivo stability. This suggests that AIF*" can form
stable complexes with hexadentate ligands such as
NOTA or HBED-CC [18, 30]. This radiofluorination
method is efficient, simple, rapid, and can be
performed in aqueous media, eliminating the need
for azeotropic drying [31].

To avoid the complex multi-step process of C — F
bond formation, the labelling can be performed by
another efficient radiofluorination method based on
isotope exchange using a silicon fluoride (SiFA)
acceptor building block. This reaction proceeds
rapidly with high yield and high molar activity and
is resistant to hydrolysis due to the surrounding
sterically demanding substituents [5, 18, 32]. Kinetic
analysis of the isoenergetic substitution of 'F with
the positron isotope '°F in the SiFA moiety revealed
a low energy barrier of only 15.7 kcal/mol [33]. This
explains the rapid isotopic exchange reaction from
F to '8F at room temperature within 5 min, giving
['*F]SiFA-conjugated compounds with high yields
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(40%) and high molar activity. Furthermore, the lack
of by-products allows for simple cartridge-based
purification, resulting in a total synthesis time of 30
min [34-36]. The introduction of radiohybrid ligands
containing both a SiFA building block and a chelator
allows labelling of the biomolecule with both a
diagnostic (e.g., fluorine-18 or gallium-68) and a
therapeutic (e.g., lutetium-177) radioisotope [32,
37].

The aim of the present study was to compare the
methods for the production of two diagnostic
radiopharmaceuticals based on PSMA -
[**Ga]PSMA-11  and ["*F]SiPSMA-14. The
presented synthesis methods were not developed in
our clinic, but were introduced as standardized
procedures for the production of the indicated
radiopharmaceuticals. Syntheses were performed
according to the manufacturer's synthesis
instructions (Scintomics, Firstenfeldbruck,
Germany). The novelty is the application of the
isotope exchange reaction as a convenient method
for labelling the PSMA molecule with "*F in one
step, without the risk of destroying the peptide
structure. In addition, the aim was to point out the
advantages not only of this production method, but
also of the radionuclide '*F itself. In the presence of
an in-house cyclotron, it is more convenient and
preferable to  produce the  'SF-labelled
radiopharmaceutical ['*F]SiPSMA-14.

EXPERIMENTAL
Materials and equipment

For the production of both radiopharmaceuticals
[**Ga]PSMA-11 and ["*F]SiPSMA-14, standardized
automated synthesis procedures with a Scintomics
GRP radiochemical synthesis module were applied.
Disposable synthesis cards for synthesis of
[**Ga]PSMA-11, appropriate peptides and reagent
kits supplied by ABX Advanced Biochemical
Compounds (Radeberg, Germany) were used. All
solvents and reagents (ethanol 70%, ethanol/water
1/1, water for injections, 1.5 M hydroxyethyl-
piperazineethanesulfonic acid (HEPES) buffer, 5 M
NaCl, phosphate buffered saline (PBS) (pH=7.4)
were sterile and ultrapure. In addition to the above
reagents, lyophilized peptide precursor PSMA-11
(10 pg) was used for the synthesis, and 4 ml of 0.05
M HCIl was used for elution of ®Ga from the
8Ge/**Ga generator.

The kit for the production of ["*F]SiPSMA-14
included: 10 ml of anhydrous acetonitrile (>99.9%),
250 pl of dimethyl sulfoxide anhydrous (DMSO,
>99.9%), 3 ml of ethanol/water 1/1, 2 ml of
anhydrous acetonitrile (for dissolving the eluent,
>99.9%), 38 ml of 0.1 M citrate buffer (pH=5.0),
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lyophilized eluent cocktail, 100 ul of 1M oxalic acid
and lyophilized peptide precursor SIPSMA-14 (150
nmol/vial). All solvents and reagents for synthesis of
['"*F]SiPSMA-14 were sterile and ultrapure or HPLC
grade from Huayi isotopes, China.

e  Production of [**Ga]PSMA-11

The synthesis of this radiopharmaceutical was
based on the chelation reaction between **Ga and the
peptide precursor PSMA-11. The complexation of
the radionuclide gallium-68 was achieved by the
bifunctional acyclic chelator HBED-CC, which is a
hexadentate chelator. For the production of
[**Ga]PSMA-11, the radionuclide ®*Ga was obtained
via a ®*Ge/**Ga generator (1850 MBq, ITM Isotope
Technologies Munich SE, Germany) by elution with
0.05M HCI, as a part of the automated procedure.

After elution of ®Ga from the °*Ge/**Ga
generator in the form of [®*Ga]Cls, it entered the
synthesis cassette, then was captured in a PSH
cartridge. NaCl solution was used for elution of
%8Ga’*. The radiolabelling was carried out at a
temperature of 95°C followed by purification of the
product on a C18 cartridge. Subsequently, the
product was eluted with 3 ml of ethanol/water in a
sterile vial and diluted with PBS (pH 7.4). The entire
synthesis procedure lasted 30 min. The procedure for
preparing the radiopharmaceutical [**Ga]PSMA-11
is standard and adapted from literature data [16, 40].
The structure of  the 8Ga-labelled
radiopharmaceutical is presented in Figure 1.

(0] (0)

eséaf"’
HO. 0
N O

° 0 N/\/l HNV\/\/‘I\NH

\

Figure 1. Structure of [**Ga]PSMA-11

Automated production of [*Ga]PSMA-11 using
a synthesis module reduces radiation exposure to
operators, allows for high reproducibility, and
compliance with local health requirements,
regulatory standards, and good manufacturing
practice (GMP) standards [15, 38, 39].

e Production of [’ F]SiPSMA-14

The synthesis of ['*F]SiPSMA-14 was based on
the '""F/'SF isotope exchange reaction, without
modifying the drug molecule itself. For this purpose,
the radionuclide "*F was produced in a liquid target

using a medical cyclotron with a proton energy of
7.5 MeV (ABT Molecular Imaging BG-75) by
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irradiating a standard volume of 280 pL of "*O-
enriched water, ["*O]JH.O (>98% purity; Taiyo-
Nippon Sanso Corporation, Japan). Two consecutive
bombardment cycles of 45 min each were carried out
at an average target current of 4 pA, after which the
resulting '®F was transferred to the automated
radiosynthesis module. After 'F entered the
synthesis card, the production of ['*F]SiPSMA-14
included the following steps: fluoride fixation;
drying of the quaternary methyl ammonium (QMA)
cartridge with CH3CN anhydride; elution of the
QMA with an eluent cocktail (K222/KOH in CH3;CN
anhydride); labelling of the peptide; dilution of the
reaction mixture with citrate buffer; solid phase
extraction (SPE) of the product in the HLB cartridge;
SPE purge; SPE elution; sterile filtration of the
product using a sterile 0.2 um filter; dilution of the
product with citrate buffer (pH = 5.0) [41]. The
labelling reaction was carried out at room
temperature for 17 min. There was no need for
HPLC purification as in direct '*F labelling of
substrates. The synthesis was performed according
to the manufacturer's synthesis instructions
(Scintomics, Fiirstenfeldbruck, Germany). The
structure of the "F-labelled radiopharmaceutical is
presented in Figure 2.

1 w /sﬁ

Figure 2. Structure of [ISF]SIPSMA—14

Quality control of [**Ga]PSMA-11 and
[18F]SiPSMA-14 products

To release both radiopharmaceuticals for
clinical use, appropriate quality control measures
were taken, according to the FEuropean
Pharmacopoeia (Ph. Eur.) [42-44].

The radionuclides '*F and *®*Ga were identified
by determining the physical half-life (ti») of each
radionuclide, measuring five activity values over a
15-min interval using an ISOMED 2010 dose
calibrator. A Digital Spectrum Analyzer DSA-1000
gamma spectrometer with a germanium detector was
used to determine the radionuclide purity. The
physicochemical characterization of the two final

products was performed by radiochemical
identification and determination of radiochemical
purity, chemical purity, pH measurement and
analysis of solvent residues. In addition, a test for
endotoxin determination was performed using the
Endosafe PTS Charles River apparatus.

Routinely, radiochemical purity is determined by
radio-TLC, which is a fast and cheap method (Scan—
Ram PET/SPECT radio TLC-scanner, using Laura
software, version V5.0.974.SP6). Paper
chromatography  plates  (iTLC-SG, Agilent
Technologies) were used as stationary phase, and a
mixture of methanol and 0.1 M ammonium acetate
in a ratio of 1/1 was used as mobile phase. The
radiochemical purity was confirmed by radio-HPLC
(HPLC—system SCI8100 Plus, software YL-Clarity,
version 8.7), using a Meteoric Core C18 BIO
chromatographic column (100 mm x 3.0 mm). The
mobile phase used included the following two
components: phase A (0.1 % TFA in water) and
phase B (0.1 % TFA in acetonitrile). The analysis
was performed using a gradient method with the
following parameters: 0—0.5 min: 95% phase A and
5% phase B; 0.5-10 min: phase A 95% — 60% and
phase B 5% — 40%; 10-11 min phase A 60% —
95% and phase B 40% — 5%; 11-16 min phase A
95% and phase B 5%. The mobile phase flow rate
was 0.6 ml/min. The radio-HPLC system was
equipped with a UV/VIS detector SCI8120
(YL9120) and a radioactivity detector SN:6967
operating at a wavelength of 280 nm.

RESULTS AND DISCUSSION

For clinical purposes, [®*Ga]PSMA-11 and
["*F]SiPSMA-14 were successfully prepared with
good radiochemical yield and high radiochemical
purity. Both  products were qualitatively
characterized and met the requirements of the
European Pharmacopoeia. The two procedures
differed in the modification of the precursor used,
the type of reaction, the duration of the process and
the reaction conditions. For the analysis of the
results, a sample of 24 syntheses was taken for each
of the produced radiopharmaceuticals, on the basis
of which the average radioactivity of the final
product obtained and the average radiochemical
yield were calculated. A summary of the data is
presented in Table 1.

The data from the [®*Ga]PSMA-11 syntheses
were taken from the initial stage of the **Ge/**Ga
generator operation, when its activity and production
capacity were at their highest. The theoretically
expected initial activity of the eluted ®*Ga at that time
was between 1620 — 1680 MBq.
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Table 1. Comparative data for [®®*Ga]PSMA-11 and
['8F]SiPSMA-14

[*Ga]PSMA- | ["*F]SiPSMA-
Indicator 1 14
(sample of 24 | (sample of 24
syntheses) syntheses)
IS 855.0+126  1821.6+173
activity of the MB MB
final product d d
:&?ﬁ;{;"of the 50.4+5.6 107.2+7.9
Finell o MBg/mL MBg/mL
Average
radiochemical 52.2+11.3% 68.6 = 12.4%
yield
Labelling
temperature 95°C 22°C
[°C]
Labellmg time 30 17
[min]

. . SPE — PS-H", SPE — QMA,
Purification Cl18 HLB
Ra(hochemlcal > 98% = 999
purity
Number of
patients 72 100
injected

The synthesis of [**Ga]PSMA-11 was performed
in 30 min and resulted in a product volume of 17-18
ml, an average radiochemical yield of 52.2 +11.3%
(non-decay corrected), specific activity of 50.4 + 5.6
MBg/mL and radiochemical purity greater than
98%. During the study period, the ®*Ga-labelled
radiopharmaceutical was obtained with an activity
ranging between 680.6 and 916.4 MBq, the mean
activity value being 8559 + 12.6 MBq. After
successful quality control tests, the product was
distributed to three patients.
s Regarding the other product, the initial activity of

F produced after two consecutive bombardment
cycles was in the range between 2000 and 2950
MBgq, depending on the state of the ion source and
the target in the cyclotron. The synthesis of
['"®*F]SiPSMA-14 was performed in 17 min and
resulted in a product volume of 17-18 ml, average
radiochemical yield of 68.6 + 12.4% (non-decay
corrected), specific activity of 107.2 + 7.9 MBq/ml
and radiochemical purity greater than 99%. The
resulting activity of the final product ['"*F]SiPSMA-
14 varied between 1100 and 2353 MBq, with a mean
value of 1821.6 + 17.3 MBq. The activity of the
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18F-labelled radiopharmaceutical produced
was sufficient to perform imaging studies on up
to five patients, allowed for a longer injection
interval between patients, and enabled later
scanning.

In the activities of the Clinic of Nuclear
Medicine, Varna since 2019, the
radiopharmaceutical [**Ga]PSMA-11 has been used
for the diagnosis of prostate cancer, and in 2023
["*F]SiPSMA-14 was introduced as an alternative
radiopharmaceutical. For the first time, the isotope
exchange reaction was used as a convenient method
for labelling the PSMA molecule with '°F.
["*F]SiPSMA-14 has great advantages compared to
[®*Ga]PSMA-11 in terms of both the radionuclide '*F
and the synthesis method. The radionuclide '*F was
produced on site in the clinic with the in-house
cyclotron with a significantly higher initial activity
compared to that of ®*Ga obtained from a **Ge/**Ga
generator. '*F has a longer half-life and lower
average positron energy, which allows for PET
images with higher resolution and longer scanning
time to be obtained. The process of obtaining
["*F]SiPSMA-14 by isotope exchange has the
following advantages: (1) it leads to the formation of
an in-vivo stable '®F-Si bond; (2) it proceeds faster at
room temperature, which is gentler to the peptide
molecule PSMA,; (3) no by-products are expected, so
there is no need for additional purification.
["*F]SiPSMA-14 is obtained with a higher
radiochemical yield, higher molar activity and better
selectivity compared to [**Ga]PSMA-11. The
synthesis also allows the obtained product to be
administered to more patients. When an in-house
cyclotron is available, it is more expedient and
preferable to produce and use the 'F-labelled
radiopharmaceutical ~ ['*F]SiPSMA-14.  This
approach provides an opportunity to overcome the
difficulties associated with the production, high cost
and logistic issues related to the use of **Ge/®Ga
generators.
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