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The therapeutic limitations of conventional anticancer agents, particularly in treating mucosal and epithelial
malignancies such as breast and colorectal cancers, necessitate the development of advanced drug delivery
systems. This study explores the integration of benzimidazole-1,2,3-triazole hybrids into chitosan/polyvinyl
pyrrolidone nanogels to enhance pharmacological performance and target specificity. Comprehensive
physicochemical characterization confirmed successful encapsulation and favorable nanogel properties,
including controlled particle size, stability, and morphology. Among the tested formulations, the 12ng
nanogel demonstrated superior cytotoxicity against the epithelial cancer cells, MDA-MB-231 (ICsq = 3.13
+ 0.22) and Caco-2 (ICsp = 3.64 + 0.25) uM, surpassing the reference drug staurosporin. Enzymatic
assays revealed potent inhibition of topoisomerase | and Il, as well as tubulin polymerization. Flow
cytometry and apoptosis analysis confirmed GO/G1 cell cycle arrest and late-stage apoptosis induction.
Molecular docking studies supported the strong binding affinity (—9.50 kcal mol™) of 12ng to
topoisomerase |, validating its’ multitarget mechanism. These findings underscore the potential of

Received 17th October 2025
Accepted 26th November 2025

DOI: 10.1035/d5ra07572a nanogel-delivered benzimidazole-1,2,3-triazole hybrids as promising candidates for targeted cancer

rsc.li/rsc-advances therapy.

1 Introduction

Breast cancer remains a growing global threat. In women, it
remains the most frequently diagnosed malignancy (11.60% of
all cancers).*” It is the second most prevalent cancer worldwide,
causing ~670 thousand deaths each year.' This figure reflects
a persistent and growing burden. By 2050, 3.2 million new cases
and 1.10 million deaths are expected each year.®> Colorectal
cancer represents another major global health challenge,
ranking among the top causes of cancer-related morbidity and
mortality worldwide.*® Its increasing incidence, particularly in
younger populations, highlights the urgent need for improved
therapeutic strategies. While considerable advancements have
been achieved in the pharmacological management of breast
and colorectal cancers, the field remains in critical need of
further innovation. Existing chemotherapeutics are frequently
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hindered by limitations such as the emergence of drug resis-
tance,® inadequate efficacy in treating aggressive or metastatic
subtypes,” and adverse toxicity profiles.® These limitations
underscore the urgent need for continued research to discover
novel, targeted, and more tolerable therapies to enhance clin-
ical outcomes and bridge the existing gap in care. To address
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Table 1 Advantages of CPPNs over traditional nanogels
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Feature

Chitosan/PVP nanogels (CPPNs)

Traditional nanogels (e.g., PEG, PLGA)

Biocompatibility
Mucosal adhesiveness
Mechanical stability
Controlled drug release
Formulation flexibility
Targeting potential

Environmental responsiveness

Both chitosan and PVP are FDA-approved and
non-toxic

Strong mucoadhesive properties due to
chitosan, enhancing retention at mucosal sites
PVP enhances structural integrity and elasticity
of the nanogel matrix

Dual polymer system allows fine-tuning of
release kinetics via pH and temperature

Can be fabricated as hydrogels, nanogels, or
nanofibers with diverse drug loading strategies
Chitosan can be functionalized with ligands for
active targeting

Responsive to pH and temperature changes,
suitable for tumor microenvironment targeting

PEG is biocompatible, but PLGA may cause
acidic degradation byproducts

PEG and PLGA lack intrinsic mucosal
adhesiveness

Requires crosslinkers or additives to improve
mechanical strength

Release profiles are often less tunable without
complex modifications

Some systems (e.g., alginate) are limited by
gelation conditions or drug compatibility
Targeting often requires external conjugation or
surface modification

Responsiveness depends on polymer type; often
requires additional design complexity

this gap, scientific research should prioritize uncovering the
mechanism of resistance and improving the drug delivery
systems, such as nanocarriers,”'® to enhance efficacy and
reduce systemic toxicity. In this context, nanogel formulations
offer promising advantages over traditional delivery systems.
These advantages include enhanced drug stability, controlled
release, and improved tumor-targeting capabilities,”** which
collectively may reduce toxicity and increase therapeutic effi-
cacy.”"” The relatively high-water contents, small size (20-200
nm), high drug-loading capacity, and tunable degradation and
rheological properties of nanogel formulations allow for
controlled and sustained drug release,” improved tumor
penetration,™ and reduced systemic toxicity.® These features
make nanogels a promising strategy to enhance therapeutic
precision and to minimize off-target effects in breast and colon
cancer therapy.' Nanogels can be tailored to respond to tumor-
specific conditions such as pH changes,'® redox potential,* and
temperature.®

The incorporation of specific heterocycles or functional
groups (e.g., 1,2,4-triazole, amide, and sugar moieties) allows
direct drug conjugation,”*® stability enhancement,” and
intelligent release mechanisms tailored to tumor microenvi-
ronments.>"* In preclinical models, nanogel-based therapies
have shown improved antitumor efficacy,” reduced systemic
toxicity,?® and potential for customized medicine,* especially in
genetically diverse breast cancer subtypes.*>*

Chitosan/polyvinyl pyrrolidone nanogels represent a prom-
ising class of biomaterials™** designed for advanced drug
delivery in cancer therapy,” including breast and colorectal
cancer.">”  Chitosan-based systems, including stimuli-
responsive hydrogels and nanofibers, show promising selec-
tive activity against MDA-MB-231 and Caco-2 cancer cell
lines.>*** The combination of chitosan with polyvinyl pyrrolid-
one enhances mechanical properties and biocompatibility,
making chitosan/polyvinyl pyrrolidone nanogels (CPPNs)
a viable platform for promising targeted delivery research.?>>**”
This class of nanogels combines the biocompatibility and
biodegradability of chitosan, a natural polysaccharide, with the
mechanical stability and film-forming properties of polyvinyl
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pyrrolidone (PVP), a synthetic polymer. The resulting hydrogel
matrix offers a versatile platform for encapsulating and deliv-
ering therapeutic agents with high precision. Compared to
other common types of nanogels, CPPNs have many advan-
tages, especially in targeting mucosal and epithelial cancers®®
like colorectal and breast cancer (Table 1). These include,
biocompatibility, safety,* controlled pH-responsive release,*
high drug loading efficiency,*” and targeted drug delivery.*>***”
CPPNs can be designed to respond to pH changes,** enabling
site-specific drug release and minimizing systemic side
effects.”>***” The porous and hydrated structure of the nanogel
allows for efficient encapsulation of hydrophobic and hydro-
philic drugs.**** Crosslinking between chitosan and PVP
improves the physical and chemical stability of CPPNs,
ensuring sustained therapeutic effects.”® CPPNs have shown
potential in delivering chemotherapeutics to mucosal and
epithelial cancers like colon and breast cancer cells,”**®
enhancing cytotoxicity while sparing healthy tissue. These
nanogels can be used to co-deliver agents targeting multiple
pathways®*** (e.g., topoisomerases and tubulin), overcoming
drug resistance* and improving therapeutic outcomes.

Recently, innovations in nanogel design have incorporated
heterocyclic structures into the polymer backbone to enhance
both physicochemical stability and biological performance.**
Among these, benzimidazole and 1,2,3-triazole stand out as
pharmacologically significant scaffolds with broad therapeutic
relevance.®*’

Benzimidazole functions as a purine analog with a wide
range of bioactivity including anticancer,*** antimicrobial,*~*
antiviral,**** and anti-inflammatory properties.***” 1,2,3-
Triazole-incorporating molecules are known for their
anticancer,"®" antiviral,” antioxidant,*® and neuroprotective
effects.> They also serve as a versatile linker in drug design,
enhancing molecular stability and reducing toxicity.***
Benzimidazole-1,2,3-triazole hybrids have shown synergistic
effects beyond that of individual components.> The incorpo-
ration of this moiety into nanogels allows for targeted drug
delivery or site-specific release, particularly in cancerous
tissues, due to their responsiveness to pH and redox

© 2025 The Author(s). Published by the Royal Society of Chemistry
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conditions.*>'® These multifunctional nanogels can co-deliver
chemotherapeutics and bioactive agents, offering dual-action
therapies for complex diseases like breast cancer.*”

Recent studies have demonstrated that nanogels incorpo-
rating benzimidazole and 1,2,3-triazole moieties (1-4) exhibit
potent antiproliferative activity against MDA-MB-231 breast
cancer cells,******% particularly through inhibiting tubulin
polymerization and topoisomerase®***** and apoptosis
induction. For instance, compound 1 (Fig. 1) demonstrated
remarkable cytotoxic activity against MDA-MB-231 and MCF-7
breast cancer cells, with ICs, values of 2.02 uM and 3.03 uM,
respectively.®* Similarly, the benzimidazole-1,2,3-triazole
hybrids 5-7 showed better cytotoxicity than 5-FU against
MDA-MB-231 and MCF-7 breast cancer cells. Among these
latter, compound 5 exhibited ICs, values of 1.80 uM and 2.90
uM, respectively, compared to 7.80 uM and 12.40 pM for 5-FU.*
Compound 8 demonstrated remarkable cytotoxic activity
against MCF-7 breast cancer cells, with an ICs, of 6.81 uM, while
exhibiting minimal toxicity toward normal WI-38 cells, indi-
cating a favorable selectivity profile (SI = 5.76). Compound 8
also exhibited exceptionally good inhibitory activity against
topoisomerase II (IC5, = 2.52 uM) surpassing doxorubicin (ICs,
= 3.62 uM).*®

The benzimidazole-1,2,3-triazole hybrid 9 exhibited strong
anticancer activity against MCF-7 breast cancer cells, while

58,60
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showing negligible toxicity toward normal BEAS-2B cells, indi-
cating selective cytotoxicity.*® Apoptotic effect of this compound
was confirmed through Annexin V and JC-1 assays. Flow
cytometry analysis showed dose-dependent cell cycle arrest at
the G2/M phase. Mechanistic studies confirmed that 9 inhibits
tubulin polymerization (IC5, = 5.65 uM) and interacts effec-
tively with circulating tumor DNA, suggesting a dual mecha-
nism involving microtubule disruption and DNA intercalation.
This compound occupied the active pocket of «/B-tubulin (PDB
ID: 3 x 10*%), forming several hydrogen bonds (HB) and
hydrophobic interaction with key amino acid residues (Tyr224,
Lys254, and Gly144). In this interaction pattern, the 1,2,3-tri-
azole ring participated in the formation of HB hydrogen bond
(Lys254) and six hydrophobic interactions (Pro173, Tyr 224,
Asn249, Leu255, Met259, and Ala 316).%®

Recent research efforts have explored the incorporation of
heterocyclic pharmacophores into nanocarrier systems to
enhance anticancer efficacy and overcome multidrug resis-
tance. Several studies have reported the design and synthesis of
benzimidazole-1,2,3-triazole hybrids as potent multitarget
inhibitors. For instance, Laxmikeshav et al. demonstrated that
triazolo-linked benzimidazoles inhibit tubulin polymerization
and induce cell cycle arrest in breast cancer cells, showing ICs,
values in the low micromolar range.*® Similarly, Othman et al.
reported benzimidazole-triazole conjugates with strong
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Fig. 1 Representative benzimidazole-1,2,3-triazole hybrids as effective cytotoxic agents and inhibitors of topoisomerases and tubulin

polymerization.
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Benzimidazole ring acts as a bioisostere of

purine, enabling interaction with DNA

1,2,3-Triazole ring provides metabolic stability

and hydrogen bonding capacity

lycosylation improves solubility,targeting,

nd biocompatibility

Linker region provides flexibility and spatial

orientation for optimal binding

Fig. 2 Pharmacophore features of the designed cytotoxic molecules (10-12). Compound 12 incorporates a p-glycosylated benzimidazole-
1,2,3-triazole hybrid scaffold bearing acetyl-protected hydroxyl groups and a thioether linker, designed to enhance aqueous solubility and

facilitate GLUT-mediated uptake in cancer.

topoisomerase II inhibition and selective cytotoxicity toward
MCF-7 cells.*®*® These findings highlight the dual mechanism
of such hybrids involving microtubule disruption and DNA
intercalation. Complementarily, Singh et al.*® and Blagojevic
and Kamaly** reviewed recent advances in nanogel-based
delivery of heterocyclic drugs, emphasizing improved solu-
bility, stability, and targeted release profiles. Collectively, these
studies provide the conceptual and methodological foundation
for the present work, which integrates pharmacologically active
benzimidazole-triazole hybrids within chitosan/PVP nanogels
to achieve enhanced selectivity and therapeutic performance
against mucosal and epithelial cancers.

Compounds 1-9 are cited from previously published studies
as representative benzimidazole-1,2,3-triazole hybrids with
established anticancer activity, included here solely to illustrate
the structural and biological foundation for our current design
strategy. In contrast, compounds 10-12 represent the newly
designed and synthesized derivatives that constitute the core
focus of this study. Structurally, the earlier compounds (1-9)
comprise benzimidazole-1,2,3-triazole hybrids with varied
aromatic or heteroaromatic substituents influencing cytotoxic
potency, whereas the new series (10-12) incorporate glycosy-
lated, thioether-linked, and acetyl-protected functional groups
designed to improve aqueous solubility, lipophilic balance, and
receptor-mediated tumor targeting. These features mark
a distinct physicochemical and functional advancement,
enhancing nanogel encapsulation efficiency and selectivity
toward breast and colorectal cancer cells.

47604 | RSC Adv, 2025, 15, 47601-47618

The benzimidazole-1,2,3-triazole hybrids combine two
pharmacologically active heterocycles known for their anti-
cancer potential, including inhibition of tubulin polymerization
and topoisomerase activity.*****4°% Ag well, the integration of
1,2,3-triazole-benzimidazole hybrids with sugar moieties within
nanogel systems represents a promising strategy for enhancing
targeted drug delivery in breast cancer therapy.” This last
approach combines the pharmacological potency of heterocy-
clic scaffolds with the biological targeting capabilities of
carbohydrate units. Sugar moieties can bind to overexpressed
glucose transporters (GLUTSs) or lectin receptors on breast
cancer cells, facilitating selective uptake and improving intra-
cellular drug delivery.** Additionally, glycosylation improves the
aqueous solubility and stabilizes the nanogel matrix, allowing
for controlled and sustained release of therapeutics.®**® Anti-
cancer candidates incorporating benzimidazole and 1,2,3-tri-
azole cores are expected to contribute to apoptosis induction,®”
cell cycle arrest, and enzyme inhibition (e.g., tubulin and
topoisomerase), while sugar conjugation enhances selectivity,
bioavailability, and the drug delivery to aggressive cancers like
Triple-Negative Breast Cancer (TNBC). Based on the aforemen-
tioned scientific facts and in continuation of our research
efforts to develop effective bioactive candidates,**”* we
designed a nanogel formulation to deliver three chemical
entities into breast cancer cells. In our designed molecules 10—
12 (Fig. 2), the incorporation of benzimidazole and 1,2,3-tri-
azole rings, well-known anticancer pharmacophores, has been
considered. These rings are often used in medicinal chemistry

© 2025 The Author(s). Published by the Royal Society of Chemistry
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for topoisomerase inhibition and DNA intercalation.*****>5% The
benzimidazole ring acts as a bioisostere of purine,® enabling
interaction with DNA and enzymes. 1,2,3-Triazole provides
metabolic stability and hydrogen bonding capacity, enhancing
binding affinity to biological targets. One of the designed
molecules shows a multiple acetylated sugar unit (a glycosylated
1,2,3-triazole-benzimidazole hybrid conjugate). This glycosyla-
tion is expected to improve water solubility and to allow for
receptor-mediated targeting for the high glucose demand cells
Caco-2 and MDA-MB-231.7>7% It also enhances the selectivity of
tumor cells over normal cells. Acetylation of the sugar moiety
was designed to protect hydroxyl groups and to modulate lip-
ophilicity. This action makes the molecule act as a prodrug,
releasing active compounds upon enzymatic cleavage in the
tumor environment. Finally, the linker region (thioether and
methylene bridge) provides flexibility and spatial orientation
required for optimal binding and proper alignment of phar-
macophores within the target binding site.

2 Results and discussion
2.1 Molecular design rationale

The structural design of compounds 10-12 was guided by
integrating two bioactive heterocycles: benzimidazole and 1,2,3-
triazole, known for their anticancer and enzyme-inhibitory
profiles. The benzimidazole moiety was selected to facilitate
DNA intercalation and topoisomerase inhibition, while the
1,2,3-triazole linker ensured molecular rigidity and additional
hydrogen-bonding capacity. The attachment of glycosyl and
acetyl-protected units was intended to enhance hydrophilicity
and promote selective internalization via glucose transporter
mechanisms in cancer cells. The incorporation of thioether
linkers improved conformational flexibility, supporting optimal
interaction with target binding sites. Together, these rational
modifications balanced hydrophilic-lipophilic properties,
improved nanogel encapsulation, and contributed to the
observed enhancement in biological activity and selectivity of
the nanogel formulations.

2.2 UV-vis spectrophotometric analysis

Fig. 3 displays the UV-Vis absorption spectra of three drug
candidates (10, 11, and 12) in their free form (curve 1) and after
encapsulation within the CPPNs system (10ng, 11ng, and 12ng)
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(curve 2). The UV-Vis spectra provide critical insights into the
molecular interactions between the drug molecules and the
nanogel matrix, as well as the changes in their optical properties
upon encapsulation. The UV-Vis spectra highlighted distinct
structure-dependent behaviors of the free drugs and their
nanogel-encapsulated counterparts. 10ng, with extended
aromatic conjugation and electron-donating substituents,
exhibited strong absorption and a slight bathochromic shift
after encapsulation. This indicates - interactions and stabi-
lization of the drug within the CPPNs network. In contrast,
11ng, which contains fewer conjugated groups and more polar
substituents, showed weaker absorption and a hypsochromic
shift, suggesting restricted electron delocalization within the
polymeric environment. 12ng, characterized by bulky hydro-
phobic substituents, displayed broad absorption bands in its
free form, which became sharper upon encapsulation. This
reflects improved solubilization and reduced aggregation due to
confinement within the nanogel matrix. Finally, Fig. 3 confirms
the successful encapsulation of drug candidates within the
CPPNs system, demonstrating its potential for drug delivery
applications by modulating drug solubility, stability, and
controlled release properties.

2.3 Dynamic light scattering (DLS) analysis

Fig. 4 presents the hydrodynamic diameter distributions of the
three drug-loaded CPPNs (10ng, 11ng, and 12ng) measured
using dynamic light scattering (DLS). DLS is a widely used
technique for determining the size and dispersity of nano-
particles by analyzing their Brownian motion in suspension.
The hydrodynamic diameter obtained from DLS accounts for
the nanoparticle core along with its associated solvation layer,
making it an essential parameter for evaluating colloidal
stability. The intensity-weighted size distribution profiles of all
three drug-loaded nanogels exhibit monomodal peaks, indi-
cating a relatively uniform nanoparticle population with
minimal aggregation. Additionally, the polydispersity index
(PDI) values remain below 0.3, suggesting high formulation
stability and narrow size distribution. Such characteristics are
advantageous for biomedical applications, as they contribute to
consistent drug release kinetics and improved biological
performance.

DLS analysis further confirmed that the hydrodynamic size
and stability of the nanogels were strongly influenced by

Absorbance (A)
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4 / 2 4
0.5 0.5

0.0 T T T T T T T 0.0
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Fig. 3 UV spectrophotometer of 10ng (left), 11ng (middle), and 12ng (right) presented as free samples curve 1 and nanogel curve 2.
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Fig. 4 Dynamic light scattering analyses of 10ng (left), 11ng (middle), and 12ng (right).

molecular structure. 10ng nanogels displayed the smallest size
(~100-150 nm) with a narrow polydispersity index (PDI),
consistent with efficient encapsulation and strong drug-
polymer compatibility. 11ng nanogels were moderately larger
(~180-200 nm) and exhibited a broader PDI, reflecting weaker
interactions with the CPPNs network. 12ng nanogels showed
the largest sizes (~220-250 nm) and the broadest PDI, which
can be attributed to steric hindrance from hydrophobic
substituents and, accordingly, lower tendency for aggregation.

Variations in particle size among the three different formu-
lations may be attributed to differences in drug-polymer
interactions, encapsulation efficiency, and the degree of cross-
linking within the nanogel matrix. Despite these variations,
all three formulations maintain their nanoscale dimensions,
confirming the suitability of the CPPNs for controlled drug
delivery. Their controlled size and stability reinforce their
potential for biomedical applications, particularly in improving
drug solubility, bioavailability, and sustained release. These
findings confirm that extended conjugation and balanced
polarity in 10ng promote tighter nanogel packing and superior
colloidal stability.

2.4 Stability evaluation of nanogels

The dynamic light scattering (DLS) analysis, shown in Fig. 4,
demonstrates that the 12ng exhibits excellent structural integ-
rity during the initial phase of stability testing under physio-
logically relevant conditions. By day 2, the DLS profile revealed
a sharp, monomodal distribution centered around approxi-
mately 183 nm, closely mirroring the characteristics of the
blank sample in Fig. 4 and indicating preserved colloidal
stability, with no significant aggregation or degradation, within
the first 48 hours of incubation in PBS at 37 °C and simulated
body fluids. By Day 5, a slight but discernible shift to the right in
the hydrodynamic diameter was observed, accompanied by
a modest broadening of the size distribution. This change
suggests the onset of minor particle swelling or early-stage
aggregation, likely resulting from gradual relaxation of the
polymer network or electrostatic screening of chitosan's
cationic groups in the high-ionic-strength medium. Despite
these changes, the nanogels maintained a predominantly

47606 | RSC Adv, 2025, 15, 47601-47618

monodisperse profile, confirming their continued stability at
this intermediate time point. On Day 7, a more pronounced
increase in particle size was evident, with the distribution
centering near 200 nm and exhibiting broader polydispersity.
This progression reflects enhanced intermolecular interactions
among nanogel particles, potentially driven by partial polymer
degradation or ion-mediated cross-linking. Although the system
remained within the nanoscale range, the increased heteroge-
neity signaled a noticeable decline in colloidal stability
compared to earlier intervals. By Day 10, a marked shift in the
DLS profile was apparent, with the hydrodynamic diameter
extending toward 205-212 nm and significant tailing in the
distribution, indicative of aggregate formation. This evolution
underscores long-term stability under physiological stress

(Fig. 5).

2.5 Transmission electron microscope (TEM) analysis

Fig. 6 displays high-resolution TEM images of the three drug-
loaded CPPNs (10ng, 11ng, and 12ng), providing critical
insights into their morphology, size distribution, and structural
integrity.” The TEM micrographs reveal spherical nanoparticles
with smooth surfaces and uniform shapes across all formula-
tions, confirming the successful synthesis of well-defined
nanogels. The observed particle sizes in the dry state, as
imaged by TEM, range between 80-150 nm, which is slightly
smaller than the hydrodynamic diameters measured by DLS
(Fig. 4). The TEM images demonstrate homogeneous dispersion
of the nanogels, with no visible aggregates or irregular struc-
tures, aligning with the low polydispersity indices (PDI < 0.3)
observed in the DLS data.

TEM imaging provided morphological confirmation of the
DLS data. All nanogels displayed spherical morphology.
However, the degree of uniformity varied with drug structure.
10ng nanogels were highly monodisperse with smooth, well-
defined boundaries, confirming efficient structural embed-
ding within the PPAN framework. 11ng nanogels were less
uniform, while 12ng nanogels exhibited clustering and aggre-
gation, consistent with steric constraints imposed by bulky
hydrophobic substituents. As expected, TEM sizes were slightly
smaller than DLS values due to the absence of hydration shells.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 DLS stability evaluation of 12ng nanogel in PBS at PH 7.4 for distinct days. (A) After 2 days; (B) after 5 days; (C) after 7 days; (D) after 10 days.

The spherical morphology is consistent with the self-assembly
behavior of CPPNs, where cross-linking during synthesis
promotes the formation of compact, globular structures. Addi-
tionally, the absence of phase separation or distinct drug crys-
tals within the nanogel matrix, evidenced by the lack of dark
spots or irregular contrasts, supports the UV-Vis findings
(Fig. 3), which suggested physical entrapment rather than
chemical bonding or surface adsorption of the drugs. Further
examination of specific samples reveals subtle structural vari-
ations. Sample 10ng exhibits a slightly denser core, suggesting
localized drug accumulation within the nanogel matrix. 11ng

© 2025 The Author(s). Published by the Royal Society of Chemistry

presents a marginally larger particle size (~140 nm), correlating
well with the DLS-derived hydrodynamic diameter (~160 nm),
indicating mild swelling due to drug loading. Sample 12ng
displays uniform contrast across the nanoparticles, implying
even drug distribution within the polymeric network, with no
evidence of surface defects. These observations highlight the
influence of drug encapsulation on nanogel structure.

2.6 Comparative structure—property correlation

The physicochemical characteristics of 10ng, 11ng, and 12ng
were significantly affected by nanogel formulations (Table 2).
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Fig. 6 High-resolution transmission electron microscope images of CPPNs loaded with 10ng (left), 11ng (middle), and 12ng (right).

Table 2 Correlation between the chemical structures of 10ng, 11ng, and 12ng and their physicochemical characteristics

Cpd. Structural features UV-vis behavior DLS results TEM morphology
10ng Extended conjugation; Strong absorption; slight Smallest size (~100-150 Monodisperse, spherical,
balanced hydrophilic— bathochromic shift due to nm), narrow PDI; high smooth surface; highly
lipophilic profile T-T interactions with CPPNs stability uniform
11ng Reduced conjugation; more Weaker absorption; Moderate size (~180-200 Spherical, less uniform;
polar substituents hypsochromic shift nm); broader PDI than 10ng moderate stability
reflecting restricted
delocalization
12ng Bulky hydrophobic Broad peaks in free form; Largest size (~220-250 nm), Spherical with clusters
substituents; steric sharper after encapsulation, broadest PDI; tendency to irregular distribution
hindrance indicating improved aggregate

solubilization

Collectively, all these previous findings highlight the crucial
role of structural features in governing the physicochemical
performance of nanogel formulations. 10ng, with its extended
conjugation and balanced substituents, demonstrated superior
encapsulation, stability, and morphology, making it the most
promising candidate for further biological evaluation. 11ng
showed moderate performance, while 12ng suffered from
aggregation and size heterogeneity due to bulky hydrophobic
substituents. These results underscore the importance of
rational structural design in optimizing nanogel-based drug
delivery systems.

2.7 Cytotoxicity assay

Cytotoxic activity of the target compounds in their nanogel
formulations (10ng, 11ng, and 12ng) was evaluated on two
mucosal and epithelial cancer cells (MDA-MB-231 and Caco-2).
Compared to their free forms (10, 11, and 12), all compounds in
nanogel formulation enhanced the cytotoxic activity in both
cancer cells. In the case of 12ng, the cytotoxicity performance
surpasses that of the reference drug staurosporin. This
enhancement is evident against both cancer cell lines, where
12ng exhibited ICs, values of 3.13 uM and 3.64 uM, against
MDA-MB-231 and Caco-2, respectively, while staurosporin

47608 | RSC Adv, 2025, 15, 47601-47618

displayed ICs, values of 3.57 uM and 4.60 uM. These values
represent substantial potency gain compared to the free form of
compound 12 (16.48 uM and 7.90 pM, respectively). This result
suggested that nanogel encapsulation enhances cellular uptake,
increases aqueous solubility, and possibly prolongs intracel-
lular retention. In parallel, the other couple of compounds obey
the same activity pattern. The nanogel formulation 10ng
showed IC;, values of 5.41 uM and 12.20 pM, against MDA-MB-
231 and Caco-2, respectively, while its free form displayed ICs,
values of 31.44 uM and 43.94 pM. The nanogel formulation
11ng showed ICs, values of 4.10 uM and 8.29 uM, against MDA-
MB-231 and Caco-2, respectively, compared to the free form,
which displayed ICs, values of 68.35 uM and 63.81 uM. This
means that the relative potency of 11ng on MDA-MB-231 and
Caco-2 cells is 16.64-fold and 7.69-fold, respectively, compared
to its' free form, Table 3, Fig. 7.

Cytotoxic activity of the target compounds was also investi-
gated against a non-cancerous cell (HEK-293) to evaluate their
safety and selectivity profiles. Nanogel formulation also
improved the selectivity indices (SI) of the studied compounds.
Regarding MDA-MB-231 cells, the SI of 12ng was found to be
11.74, which is more than fifteen times the SI of the free form
(Table 4). In Caco-2, 12ng showed more than a two-fold SI
compared to its free form.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Cytotoxic activity of the target compounds against different cell lines

Cpd. ICso (M)” s1®
MDA-MB-231 Caco-2 HEK-293 HEK/MDA HEK/Caco-2

10 31.44 + 2.02 43.94 + 1.521 77.58 £+ 3.55 2.47 1.40

11 68.35 £+ 3.099 63.81 £ 1.09 63.41 £ 2.50 0.93 0.93

12 16.48 + 2.01 7.90 + 1.51 12.48 + 1.04 0.76 0.48

10ng 5.41 £+ 0.81 12.20 + 1.67 30.20 £ 1.67 5.58 2.25

11ng 4.10 + 0.54 8.29 £+ 0.51 17.67 £ 1.50 4.30 2.02

12ng 3.13 £ 0.22 3.64 + 0.25 36.86 £+ 2.62 11.74 1.16

CPPNs >100 >100 >100 NA NA

Staur.” 3.57 £ 0.07 4.60 £+ 0.21 11.85 £ 0.75 3.32 1.29

“ 1Cs, values shown here are expressed as the mean values of three experiments and are reported as the mean =+ standard error. All data are reported
for free drugs, nanogels, and free nanogel. ? ST = selectivity index. ¢ Staur. = staurosporin.

2.8 Enzyme assay on topoisomerases I and II and tubulin
polymerization

Both the free and nanogel forms of the benzimidazole-based
anticancer candidates were tested for their potential to inhibit
topoisomerase I (Topo I), topoisomerase II (Topo II), and
tubulin polymerase. Each candidate was tested in both its free
and nanogel-encapsulated forms against two cancer cell lines:
Caco-2 and MDA-MB-231. The detailed percent inhibition

values for all concentrations and formulations are provided in
the SI File (Table S2). Three different concentrations (50, 100,
and 500 ppm) were tested to evaluate the overall inhibitory
potential of the tested anticancer candidates. The geometric
meaning of the percent inhibition values was calculated based
on the obtained percent inhibition values. The geometric mean
was selected as the most appropriate statistical measure due to
its ability to reflect nonlinear changes in biological activity,

100 A

ICso (UM)

10 11 12

10ng

Cell Line
= Caco2
mmm HEK
s MDA

11ng 12ng CPPN Staur

Target compounds

Fig. 7 Cytotoxic activity (ICso, pM) of compounds 10-12, their nanogel formulations (10ng-12ng), and reference agents (CPPN and staur-
osporine) against Caco-2, HEK, and MDA-MB-231 cell lines. Data are presented as mean + SE from three independent experiments. The half-
bracket symbols indicate statistically significant differences between compared groups, where significance levels are represented as *p < 0.05,

**p < 0.01, and **p < 0.001.
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Table 4 Comparison of relative potencies and relative selectivity of
nanogel formulations versus free forms

10ng: 10 11ng:11 12ng:12

Relative potency

MDA-MB-231  5.81 MDA-MB-231 16.64 MDA-MB-231 5.25
Caco-2 3.60 Caco-2 7.69  Caco-2 2.17
Relative selectivity

HEK/Caco-2 1.61 HEK/Caco-2 2.16  HEK/Caco-2 2.42
HEK/MDA 2.26 HEK/MDA 4.64 HEK/MDA 15.51

particularly in dose-response relationships. This approach
minimizes the influence of extreme values and provides a more
representative estimate of the compound's inhibitory efficacy
across the tested concentration range.”””” As revealed in Fig. 8,
the observed percent inhibition values highlight the crucial role
of nanogels in potentiating cytotoxic activity through enzyme
inhibition. Across all three biological targets, nanogels consis-
tently outperformed the free counterparts. This observation
reflects the superior and efficient intracellular uptake of CPPNs
compared to free forms. The enhancement was most
pronounced for 10ng, especially against TOPO I in Caco2 (from
28.65% to 63.22%). 12ng was the most potent overall three
biological targets. It achieved 70.45% of the means of inhibition
of TOPO I compared to 52.55% of its analogous free counterpart
in Caco2. In MDA-MB-231 cells, no significant change has been
detected on the effect of Topo I between nanogels and their
counterparts. 12ng also showed strong activity against TOPO II
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(63.73% compared to free 12 with 53.09% against MDA-MB-231
cells) and pronounced inhibition of Tubulin (41.82% in MDA-
MB-231 cells). While Doxorubicin, the standard drug, remains
the most potent for TOPO I and II, 12ng is comparable for TOPO
I in both cancer cells. Paclitaxel remains the most potent
Tubulin inhibitor, but 12ng and 11ng show partial promising
activity in MDA-MB-231.

2.9 Comparative evaluation with previous studies

The cytotoxicity profiles of 10ng-12ng, particularly 12ng,
compare favorably with previously reported benzimidazole-
1,2,3-triazole hybrids and related heterocycles. Earlier studies
have described triazolo-linked benzimidazoles with IC5, values
in the low micromolar range against breast cancer cell lines,
mainly acting through tubulin polymerization inhibition,
topoisomerase inhibition, and apoptosis induction.***%%*3%6> In
the present work, 12ng exhibited potent cytotoxic activity
against MDA-MB-231 and Caco-2 cells (ICso = 3.13 and 3.64 uM,
respectively), comparable to or better than several of these
previously reported scaffolds, while simultaneously demon-
strating improved safety toward normal HEK-293 cells, as re-
flected by its elevated selectivity indices. Importantly, nanogel
encapsulation led to a marked increase in potency and selec-
tivity compared to the corresponding free drugs, with 10ng,
11ng, and 12ng displaying several-fold reductions in ICs, values
and higher HEK/MDA-MB-231 and HEK/Caco-2 ratios (Tables 3
and 4). These findings are in agreement with earlier reports that
chitosan- and PVP-based nanogels can enhance drug solubility,
protect labile molecules, and promote tumor-targeted delivery,
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Fig. 8 Mean % inhibition activity of compounds 10-12, their nanogel formulations (10ng—-12nq), and reference agents on TOPO |, II, and tubulin

in Caco2 (upper panel) and MDA-MB-231 (lower panel).
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Table 5 Cellular contents (%) of MDA-MB-231 cells after treatment
with 12ng nanogel

Treatment DNA content %

G0/G1 S G2/M
Control (MDA-MB231) 94.36 4.66 0.98
12ng 96.85 2.89 0.26

resulting in amplified anticancer efficacy and reduced systemic
toxicity.?1>20222627:345¢ The superior performance of 12ng may
be attributed to the synergistic integration of benzimidazole
and 1,2,3-triazole pharmacophores, the presence of glycosyl and
acetyl-protected moieties favoring uptake by glucose-hungry
cancer cells, and the CPPN matrix that improves colloidal
stability and intracellular accumulation. Altogether, these
features distinguish the current nanogel-drug system from
previous small-molecule benzimidazole-triazole candidates
and conventional nanocarriers by combining potent multitarget
activity (Topo I/II and tubulin), enhanced selectivity, and an
optimized nanogel-based delivery platform.

2.10 Invitro flow cytometric cell cycle analysis

The cell cycle analysis of MDA-MB-231 cells treated with 12ng
nanogel (IC5, = 3.13 uM) revealed a pronounced arrest in the
G0/G1 phase, with 96.85% of cells accumulating in this phase
compared to 94.36% in the negative control (Table 5). This
effect was accompanied by a reduction in the S and G2/M
cellular contents (Fig. 9), suggesting that 12ng nanogel effec-
tively halts cell cycle progression before DNA synthesis. Cell
cycle arrest may be attributed to the molecular interactions of
12ng with key regulatory proteins involved in cell cycle, such as
CDK4 or p21, which are commonly dysregulated in triple-
negative breast cancer (TNBC) cells like MDA-MB-231.7%7°

2.11 Apoptosis induction analysis

The Annexin V/PI staining assay further rationalizes the cyto-
toxic effect of 12ng nanogel. Treated cells with a concentration
of 3.13 pM; exhibited increased late apoptosis (12.27%) and
necrosis (26.85%) compared to control cells (6.56% and 19.30%,
respectively), while early apoptosis was reduced from 35.00% to
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21.55% (Fig. 10). This pattern suggests that 12ng nanogel may
rapidly drive cells toward irreversible apoptotic and necrotic
pathways. The nanogel formulation likely enhances cellular
uptake and intracellular retention of 12ng, facilitating sus-
tained exposure and interaction with apoptotic targets such as
caspases or mitochondrial membrane components.

Taken together, these findings indicate that 12ng nanogel
exerts its anticancer effects through a dual mechanism:
inducing cell cycle arrest and promoting late-stage apoptosis
and necrosis.

2.12 Molecular docking analysis

Driven by its promising results in biological performance,
including potent cytotoxicity against MDA-MB-231 (IC5, = 3.13
+ 0.22) and Caco-2 (IC5, = 3.64 + 0.25) cancer cell lines, and its
superior percent inhibition of Topo I (70.45%), 12ng has been
selected for molecular docking experiment. These experimental
findings suggested that 12ng is a potential candidate for effi-
cient interaction with Topo I, a validated target in cancer
therapy. The binding energy of 12ng, on one hand, was found to
be —9.50 keal mol ', corresponding to a dissociation constant
(Kq) of approximately 110 nM, indicating a moderate binding
affinity. On the other hand, the native co-crystallized ligand FDF
demonstrated a slightly stronger binding profile, with a binding
energy of —10.5 kecal mol ' and a lower K4 of 20 nM. Docking
simulations displayed that this candidate engages in multiple
stabilizing interactions within the active site of Topo I. It forms
hydrogen bonds with residues DT116 (2.43 A), MET428 (1.94 A),
LYS439 (2.39 A), and LYS587 (2.09 A). Additionally, 12ng
participates in m-cation and m-7 stacking interactions with
DA113 (2.64 A) and TGP11 (4.09 A), respectively (Fig. 11).
Despite its slightly lower binding affinity, 12ng's interaction
profile supports its potential as a Topo I inhibitor, especially
when considered its strong biological activity and the advan-
tages of nanogel-mediated delivery systems. FDF formed
hydrogen bonds with ASP533, LYS532, and ARG364 within
a distance range of 2.64-3.17 A, and exhibited extensive -7
stacking interactions with residues such as DA113, TGP11, and
DC112. Structural alignment of 12ng with FDF showed
a comparable orientation, suggesting that 12ng may mimic key
pharmacophoric features of the native ligand.
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Fig. 9 Histograms of the MDA-MB-231 cells (left) compared with those treated with 12ng nanogel (right) after incubation with (ICsq value) for
24 h. The data is reported as the mean + SD of three independent experiments in triplicate.

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2025, 15, 47601-47618 | 47611


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07972a

Open Access Article. Published on 03 December 2025. Downloaded on 6/17/2026 12:28:30 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

= >
§A1 (6.56%) ) A2(35.00%) e §A1 (12.27%) A2(21.55%)
'oc' = 'OC' -
< 3 < f
g g
TR o
S B
o] 5 o] .
3A3(19.30%) : A4(39.15%) JA3(26.85%) _ A4(39.34%)
T T T T T SRR AL e e e e R e e
0o 108 10t 10° 108 107 o 10° 10t 10° 108 107
Annexin FITC-A Annexin FITC-A

View Article Online

Paper

Fig. 10 Annexin V/PI double staining of control MDA-MB-231 (right), and 12ng-treated cells (left) after incubation with (ICsq value) for 24 h. The
data is reported as the mean + SD of three independent experiments in triplicate.

Fig. 11 2D and 3D binding patterns of the native co-crystallized ligand FDF (upper panel), binding pattern of 12ng (lower left), and molecular

alignment of both ligands in human DNA topoisomerase | (PDB ID: 1T8I).
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3 Conclusion

This study highlights the design and evaluation of multifunc-
tional nanogel systems incorporating benzimidazole-1,2,3-
triazole hybrids for targeted treatment of breast and colorectal
cancers. CPPNs demonstrated enhanced drug delivery capabil-
ities, improving solubility, cellular uptake, and biological
activity of the encapsulated compounds. The nanogel encap-
sulated form of 12ng has emerged as the most effective
formulation, exhibiting potent cytotoxicity, selective inhibition
of topoisomerases and tubulin, and induction of apoptosis.
Molecular docking confirmed its favorable interaction with
topoisomerase I, supporting its mechanism of action. The
integration of pharmacologically active heterocycles with
nanogel carriers presents a synergistic approach to overcoming
drug resistance and improving therapeutic precision. These
results provide a strong foundation for further preclinical
development of nanogel-based anticancer therapies. Overall,
this work introduces a previously unexplored combination of
benzimidazole-1,2,3-triazole hybrids and chitosan/PVP nano-
gels tailored for mucosal and epithelial cancers. By integrating
rational pharmacophore design, glycosylation-based targeting,
and a CPPN carrier, together with a comprehensive mechanistic
evaluation, the present study goes beyond conventional “drug-
in-nanogel” formulations and provides a distinctive nano-
platform with promising translational potential.

4 Experimental section
4.1 Synthesis and characterization of target compounds

Compounds 10, 11, and 12 are structurally distinct
benzimidazole-1,2,3-triazole derivatives and are fully described
and characterized in the supplementary file and as
reported.?388081

4.2 Preparation of chitosan/polyvinyl pyrrolidone (CPPNs)

CPPN nanogels were synthesized by separately dissolving chi-
tosan and PVP in DMSO-based media under controlled stirring
and temperature conditions. Chitosan was dissolved at room
temperature and adjusted to pH 5.8, while polyvinyl pyrrolidone
was heated to 70 °C for complete solubilization. The polymer
solutions were blended gradually under vigorous stirring, fol-
lowed by cross-linking using APS and MBA at 65 °C. The final
product was purified via dialysis and stored at 4 °C under sterile
conditions for further use.*

4.3 Drug loading protocol for CPPNs

Three compounds (10-12) were individually loaded into CPPNs
using a solvent-assisted method. Each sample (150 mg) was
dissolved in DMSO and gradually added to the nanogel
suspension under controlled stirring. The final concentration
was adjusted to 750 ppm. After homogenization and vacuum
treatment, formulations were stored at 4 °C in light-protected
conditions. All preparations were performed aseptically and
characterized within 24 hours to ensure uniformity and
stability.*®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4.4 Characterization of nanogels

The physicochemical and structural properties of the synthe-
sized drug-loaded CPPNs were comprehensively evaluated using
a complementary suite of analytical techniques. UV-Visible
spectrophotometric analysis was conducted on an Agilent
Cary 60 spectrophotometer equipped with a xenon flash lamp
and dual silicon diode detectors. Particle size distribution,
polydispersity, and surface charge characteristics were meticu-
lously determined using a Malvern Zetasizer Nano ZS90
equipped with a 4 mW He-Ne laser (1 = 633 nm) and an
avalanche photodiode detector at a fixed backscattering angle of
173°. Dynamic light scattering measurements were performed
in triplicate at 25 °C after a 120 seconds equilibration period,
with each measurement consisting of 12 runs of 15 seconds
duration. Samples were prepared by diluting the nanogel
suspensions (1:40) in filtered (0.22 pm) ultrapure water,
adjusted to pH 5.5, to achieve an optimal attenuator setting of
6-8 and a count rate of 200-300 keps. A stability study of CPPNs
was conducted using freshly prepared (chitosan/PVP)/TRZS
nanogel suspensions, which were subjected to accelerated
stability studies under physiologically relevant conditions.
Aliquots (2 mL) were diluted 1:40 with sterile phosphate-
buffered saline (PBS, pH 7.4) and simulated body fluid (SBF,
pH 7.4), transferred into sterile Eppendorf tubes, and incubated
at 37 °C in a controlled CO, incubator. These conditions were
selected to mimic the physiological environment and evaluate
the colloidal stability of the nanogels. Samples were withdrawn
at predetermined intervals of 2, 5, 7, and 10 days for subsequent
analysis. Samples were prepared by diluting the nanogel
suspensions (1:40) in filtered (0.22 pm) ultrapure water
adjusted Aliquots (2 mL) were diluted 1:40 with sterile
phosphate-buffered saline (PBS, pH 7.4) and simulated body
fluid (SBF, pH 7.4), transferred into sterile Eppendorf tubes, and
incubated at 37 °C to mimic in vivo conditions. The stability of
the nanogels was evaluated over predetermined intervals of 2, 5,
7, and 10 days.

High-resolution morphological characterization was per-
formed using a JEOL JEM-2100F transmission electron micro-
scope operating at an accelerating voltage of 200 kV with a point
resolution of 0.19 nm. Nanogel suspensions were diluted to
0.01% w/v and deposited onto carbon-coated copper grids (400
mesh).

4.5 Cytotoxicity evaluation using a viability assay

The cytotoxic activity was assessed using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
colorimetric assay as reported previously.®**

4.6 Topoisomerase I/II enzyme assay

The inhibitory activity against topoisomerase I was assessed
using purified enzyme derived from calf thymus, whereas
human-derived topoisomerase II was employed for its corre-
sponding assay. Experimental procedures were conducted
using commercial assay kits obtained from TopoGen Inc. (Port
Orange, FL), following the manufacturer's recommended
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protocol. All mixtures were incubated at 37 °C for 30 minutes in
the presence of dimethyl sulfoxide (DMSO) as the solvent. Post-
incubation samples were subjected to agarose gel electropho-
resis without ethidium bromide. Subsequently, gels were
stained with ethidium bromide, rinsed, and imaged to visualize
DNA relaxation and cleavage patterns.

4.7 Cell cycle analysis

Cell cycle distribution analysis was assessed using the Propi-
dium Iodide Flow Cytometry followed by flow cytometry anal-
ysis.” The DNA contents were determined by a FACS Caliber flow
cytometer. Finally, cell cycle phase distribution was analyzed
using Cell Quest Pro software.

4.8 Quantification of apoptosis

Annexin V-FITC apoptosis assay was performed by using
Annexin V-FITC/PI double staining detection kit.>*® Flow
cytometry analysis was performed using a FACS Caliber flow
cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Annexin V-
FITC was detected through the (FL1) channel, while PI was
detected through the (FL2) channel. Finally, a minimum of 10
000 cells per sample were acquired and analyzed using Cell
Quest Pro software (BD Biosciences).

4.9 Invitro tubulin polymerization assay

The in vitro tubulin polymerization assay was performed
utilizing the nanogels: 10ng, 11ng, and 12ng, compared to free
compounds 10, 11, and 12, using the MD-MBA-231 cell line
according to the manufacturer's instructions (Cytoskeleton,
Cat#t BKOO6P).

4.10 Docking experiments

Molecular docking studies were carried out using AutoDock
Tools,*” while docking simulations were conducted with PyRx.*®
Visualization and analysis of docking interactions were carried
out using Discovery Studio Visualizer. The three-dimensional
crystallographic structure of human DNA topoisomerase I
(PDB ID: 1T8I; https://www.rcsb.org/structure/1T8I)
retrieved from the Protein Data Bank and used as the
macromolecular target. The protein was prepared using
AutoDock Tools by adding hydrogen atoms consistent with
a physiological pH of 7.0 and removing all water molecules.
The binding site was defined based on the coordinates of the
co-crystallized ligand allowing for a comprehensive explora-
tion of the active pocket. Ligand structure for compound 12 was
generated and energy-minimized. Docking simulations were
performed using the Lamarckian Genetic Algorithm (LGA) in
AutoDock, and the most favorable binding conformations were
selected based on binding free energy scores. Post-docking
visualization and interaction analysis were conducted in
PyMOL (version 2.4) to examine hydrogen bonding, hydro-
phobic contacts, and m— stacking interactions. The predicted
poses were compared to the co-crystallized ligand to evaluate
docking accuracy and deduce inhibitory potential. Root Mean
Square Deviation (RMSD) calculated by

was

values were
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superimposing the docked ligands on the co-crystallized refer-
ence structure. For further structural refinement, quantum
mechanical calculations and surface molecular orbital analyses
were performed using the Gaussian 9.0 software, employing the
B3LYP functional for geometry optimization.®
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