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A QbD optimization of a pH-responsive Eudragit
$100-chitosan nanoformulation for the co-
delivery of pentoxifylline and simvastatin in
colorectal cancer therapy

Samar M. Mahgoub,? Seham M. Hamed,? Ahmed A. Allam,P Doaa R. I. Abdel-Gawad,©
Ahmed G. Soliman,® Khaled Metwally 2 ¢ and Rehab Mahmoud () *9"

Colorectal cancer (CRC) presents a significant global health challenge, where the efficacy of conventional
treatments is often hampered by systemic toxicity, poor bioavailability, and drug resistance. Drug
repurposing and nanotechnology offer promising avenues to overcome these limitations. While pH-
responsive Eudragit S100—-chitosan hybrid systems are established as robust pH-responsive oral delivery
carriers, the present study introduces a novel therapeutic strategy by combining these platforms with the
co-delivery of the repurposed drugs pentoxifylline (PTX) and simvastatin (SIM) for synergistic CRC
therapy. A hybrid nanoparticle system was synthesized using ionic gelation, combining the
mucoadhesive properties of chitosan with the pH-dependent release of Eudragit S100. The formulation
was optimized using a Quality by Design (QbD) Box—Behnken design to yield nanoparticles with
a particle size of 152 £ 5 nm, a zeta potential of +31.2 £ 1.5 mV, and high entrapment efficiency for both
drugs (PTX: 85.4 + 3.1%; SIM: 78.9 + 2.8%). In vitro release studies in simulated gastrointestinal media
demonstrated minimal drug release in acidic conditions (PTX <8.3%; SIM <5.7%) and sustained release at
colonic pH (cumulative release: PTX 82.3 + 3.7%, SIM 78.6 + 3.2% at 24 h; plateau levels of 89.7% and
85.4% by 48 h), confirming the pH-responsive release behavior of the formulation, with preferential drug
liberation at neutral-to-alkaline pH conditions mimicking the colonic environment. These in vitro
findings demonstrate pH-triggered release characteristics consistent with a mechanistic rationale for
preferential colonic drug exposure; however, in vivo validation is required to confirm whether site-
specific delivery to the colon is achieved under physiological conditions. Molecular docking simulations
revealed strong binding affinities of simvastatin against key cancer targets EGFR, CA9, and GSK3B (AG:
—75 to —87 kcal mol™), providing a mechanistic rationale for its repurposing. The optimized
nanoformulation (NP-PTX/SIM) exhibited significant synergistic anti-proliferative cytotoxic effects against
HCT-116 cells (ICsq = 10.21 pg mL™) compared to free drugs through caspase-3 activation and
suppression of proliferative (Ki-67) and angiogenic vascular endothelial growth factor (VEGF) markers
confirming its apoptotic effects. By integrating the established Eudragit S100-chitosan carrier with the
novel co-delivery of pentoxifylline and simvastatin, coupled with QbD optimization and comprehensive
therapeutic evaluation, this work presents a distinct and innovative multi-targeted therapeutic strategy
for CRC with improved efficacy and reduced off-target effects.
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1 Introduction

Colorectal cancer (CRC) persists as a leading cause of global
cancer-related morbidity and mortality, characterized by high
rates of recurrence and metastasis despite advances in surgical
and chemotherapeutic interventions.? The limitations of
conventional chemotherapy including severe off-target toxicity,
poor solubility of active agents, and the rapid development of
multidrug resistance underline an urgent need for innovative
therapeutic strategies.* In this study, drug repurposing, the
investigation of existing drugs for new therapeutic applications,
presents a time- and cost-effective strategy to accelerate
oncology drug discovery. Simultaneously, nanotechnology-
based drug delivery systems have emerged as powerful tools
to enhance drug bioavailability, enable targeted delivery, and
mitigate systemic side effects.’

Statins, particularly simvastatin (SIM), traditionally
prescribed for dyslipidemia, have garnered significant attention
in oncology due to their well-documented pleiotropic effects.®
These extend beyond cholesterol lowering to include the inhi-
bition of cancer cell proliferation, induction of apoptosis,
suppression of angiogenesis, and modulation of the tumor
microenvironment.”® The primary anticancer mechanism
involves the inhibition of the mevalonate pathway, which
disrupts the prenylation and activation of small GTPases like
Ras and Rho, proteins critical for oncogenic signaling.® Clinical
and preclinical evidence increasingly supports the role of sta-
tins in reducing CRC-specific mortality, highlighting their
potential as adjunctive or primary anticancer agents.®

Pentoxifylline (PTX), a methylxanthine derivative and non-
selective phosphodiesterase inhibitor, is another repurposing
candidate with potent anti-inflammatory, anti-fibrotic, and
immunomodulatory properties. It functions primarily by
inhibiting tumor necrosis factor-alpha (TNF-o) production and
suppressing Nuclear Factor kappa-B (NF-kB) activation, path-
ways intimately linked to cancer-associated inflammation, cell
survival, and therapy resistance.”* The rational combination of
SIM and PTX is designed to create a multi-mechanistic attack on
CRC, simultaneously targeting intracellular proliferative
signaling and  the pro-tumorigenic inflammatory
microenvironment.*?

To fully harness the synergistic potential of this drug
combination and ensure its preferential delivery to the colonic
site of malignancy, an advanced carrier system is essential. Oral
pH-responsive drug delivery remains a preferred yet technically
challenging strategy for achieving preferential colonic drug
exposure. Chitosan, a natural cationic polysaccharide, is an
ideal biopolymer for this purpose. Its excellent biocompati-
bility, biodegradability, and mucoadhesive properties promote
prolonged intestinal residence and enhanced epithelial
permeability.**** Furthermore, chitosan nanoparticles can be
produced under mild conditions via ionic gelation, a process
that preserves drug stability and bioactivity.*® To confer precise
pH-responsive release, chitosan is strategically combined with
Eudragit S100, an anionic copolymer soluble at pH > 7.0.>'®
This hybrid system is engineered to remain intact in the

27848 | RSC Adv, 2026, 16, 27847-27877

View Article Online

Paper

stomach and small intestine, thereby protecting the encapsu-
lated payload, and to dissolve upon reaching the neutral-to-
alkaline environment of the colon, ensuring pH-triggered
drug release that is mechanistically consistent with a ratio-
nale for preferential colonic drug exposure. While Eudragit
S100-chitosan hybrid systems are well-recognized as robust,
established models for pH-responsive oral delivery; for
instance, in the context of curcumin delivery for ulcerative
colitis;"” the present study introduces a distinct therapeutic
innovation. Our contribution lies not in the carrier platform
itself, but in the synergistic co-delivery of the repurposed drugs
pentoxifylline and simvastatin, the systematic QbD-driven
optimization of this specific combination, and the compre-
hensive in vitro and in silico evaluation of its therapeutic
potential against colorectal cancer. This approach directly
addresses the pharmacokinetic shortcomings of both drugs,
particularly the poor oral bioavailability and extensive first-pass
metabolism of SIM.

This study introduces a novel, comprehensive strategy inte-
grating QbD formulation, computational validation, and
extensive biological testing. We hypothesize that the co-
encapsulation of PTX and SIM within a Eudragit S100-chito-
san hybrid nanoparticle system will create a synergistic, pH-
responsive therapeutic platform with superior anticancer effi-
cacy against CRC. The work is structured to first optimize the
formulation using a Box-Behnken statistical design, followed
by thorough physicochemical characterization. Molecular
docking simulations are employed to elucidate the binding
interactions of the drugs with key CRC-associated protein
targets, providing a robust in silico rationale for the combina-
tion. Finally, the therapeutic potential is rigorously validated
through in vitro drug release studies, cytotoxicity assays against
HCT-116 cells, and the assessment of apoptotic and prolifera-
tive biomarkers.

2 Materials and methods

2.1. Materials

Low molecular weight chitosan (150 kDa, deacetylation degree
=95%), pentoxifylline (PTX, 99.5% purity), simvastatin (SIM,
98% purity), glacial acetic acid, dimethyl sulfoxide (DMSO), and
sodium tripolyphosphate were procured from Sigma-Aldrich
(St. Louis, MO, USA). Eudragit S100 was generously provided
by Evonik Operations GmbH (Darmstadt, Germany). Ethanol,
acetone, and sodium hydroxide were obtained from Merck
KGaA (Darmstadt, Germany). High-glucose Dulbecco's Modi-
fied Eagle Medium (DMEM), RPMI-1640 medium, fetal bovine
serum (FBS), HEPES buffer solution, 0.25% trypsin-EDTA, t-
glutamine, and gentamycin were purchased from Lonza (Bel-
gium). Trypan blue dye, MTT, and DMSO from Sigma (St. Louis,
Mo., USA). The human colorectal carcinoma cell line (HCT-116)
was obtained from the American Type Culture Collection
(ATCC, Rockville, MD). All other chemicals and solvents were of
analytical or HPLC grade.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.2. Preparation of optimized PTX/SIM-loaded Eudragit
$100-chitosan nanoparticles (NP-PTX/SIM)

The optimized dual-drug nanoparticles were prepared using
a two-step process involving ionic gelation and pH-driven
precipitation. First, the drug-polymer complex was formed by
dissolving 400 mg of PTX in 5 mL of a 1% (w/v) aqueous chi-
tosan solution. This chitosan solution was prepared by di-
ssolving 100 mg of low molecular weight chitosan in 10 mL of
1% (v/v) acetic acid under magnetic stirring until a clear solu-
tion was obtained. Separately, 30 mg of SIM was dissolved in
1 mL of DMSO. The SIM solution was then added dropwise to
the PTX-chitosan solution under continuous magnetic stirring
at 1200 rpm. The pH of the resulting mixture was adjusted to 5.0
using 0.1 M sodium hydroxide.

Concurrently, a 1% (w/v) solution of Eudragit S100 was
prepared by dissolving 100 mg of the polymer in 10 mLofa1:1
(v/v) ethanol: acetone mixture. This organic polymer solution
was added dropwise to the aqueous drug-chitosan phase under
moderate stirring.

The crosslinking and nanoparticle hardening step was ach-
ieved by the dropwise addition of 5 mL of an aqueous tri-
polyphosphate (TPP) solution at a concentration of 0.5% (w/v).
The addition of the polyanionic TPP induced immediate ionic
gelation, leading to the formation of solidified nanoparticles.
The resulting suspension was stirred for an additional 2 hours
at room temperature. The nanoparticles were collected by
centrifugation at 15000 rpm for 30 minutes at 4 °C, washed
twice with distilled water, and subsequently lyophilized for 48
hours to obtain a free-flowing powder for further characteriza-
tion and analysis.

2.3. Quality by design (QbD) approach for formulation
optimization

2.3.1. Quality target product profile (QTPP). Following the
ICH Q8(R2) guideline, the formulation development was guided
by a prospectively defined Quality Target Product Profile
(QTPP). The QTPP describes the ideal quality characteristics
that NP-PTX/SIM must possess to achieve safe and effective pH-
responsive oral delivery of pentoxifylline and simvastatin with
preferential drug release in the colonic pH environment for
colorectal cancer therapy. The QTPP for NP-PTX/SIM is pre-
sented in Table S1. It is noted that the target delivery site
defined in the QTPP reflects the intended region of preferential
pH-triggered drug release based on the in vitro pH-responsive
mechanism of Eudragit S100. Confirmation of in vivo site-
specific colonic drug delivery requires pharmacokinetic and
biodistribution studies, which are planned as a future direction
of this work.

2.3.2. Risk assessment: identification of critical material
attributes (CMAs) and critical process parameters (CPPs). Prior
to conducting the design of experiments (DoE), a systematic risk
assessment was performed to identify the variables most likely
to influence the five designated CQAs (particle size, PDI, zeta
potential, EE% PTX, and EE% SIM). All formulation material
attributes and process parameters were evaluated based on
prior mechanistic knowledge of ionic gelation, existing
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literature on chitosan-Eudragit nanoparticles, and the results
of preliminary one-variable-at-a-time (OVAT) screening experi-
ments. Each variable was assigned a risk level (high, medium,
or low) reflecting its anticipated impact on CQA performance, as
summarized in Table S2a.

2.3.3. Box-Behnken design and statistical optimization.
The preparation method detailed in Section 2.2 represents the
formulation developed at the center point of the design space.
To systematically optimize the nanoformulation and establish
the relationship between critical process parameters and
quality attributes, a design of experiments (DoE) framework
employing a three-factor, three-level Box-Behnken design (BBD)
was implemented. This response surface methodology was
selected due to its efficiency in mapping non-linear response
surfaces while requiring fewer experimental runs compared to
full factorial designs. The BBD approach enables simultaneous
investigation of main effects, interaction terms, and quadratic
relationships between formulation variables and quality
attributes.

Three critical process parameters were identified based on
preliminary screening experiments and mechanistic under-
standing of ionic gelation: chitosan concentration (Factor A:
0.5-1.5% w/v), Eudragit S100 concentration (Factor B: 0.5-1.5%
w/v), and tripolyphosphate crosslinker concentration (Factor C:
0.3-0.7% w/v). These ranges were established to ensure forma-
tion of stable nanoparticles while avoiding precipitation or
excessive viscosity that would compromise reproducibility,
Table 1.

Five critical quality attributes (CQAs) were designated as
response variables: particle size (Y;), polydispersity index (Y5),
zeta potential (Y3), entrapment efficiency of pentoxifylline (Y,),
and entrapment efficiency of simvastatin (Ys). These responses
were selected to comprehensively characterize the bi-
opharmaceutical performance of the nanocarrier system. The
experimental design comprised 15 formulation runs, including
three replicate center points to estimate pure error and assess
model adequacy.

Statistical analysis was conducted using Minitab® 21 soft-
ware (Minitab LLC, State College, PA, USA). Response data were
fitted to second-order polynomial equations incorporating
linear, quadratic, and interaction terms. The general form of
the model is expressed as:

Y=o+ B1A + B2B + 3C + B12AB + B13AC + B23BC + f1,4° +
BB’ + B33C°

where Y represents the predicted response, §, is the intercept,
81-05 are linear coefficients, §,,—0,3 are interaction coefficients,
and $,,—-033 are quadratic coefficients. Model significance and
lack of fit were evaluated through analysis of variance (ANOVA)
with significance threshold set at p < 0.05. Model adequacy was
assessed using coefficient of determination (R*), adjusted R?
and predicted R values.

Numerical optimization was performed using the desir-
ability function approach to simultaneously optimize all
responses. Optimization constraints were defined as: minimize
particle size (target <200 nm for enhanced cellular uptake),
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Table 1 Independent variables and their levels in the Box—Behnken
design
Low Center High

Factor Variable Unit level (—1) level (0) level (+1)
A Chitosan % 0.5 1.0 1.5

concentration wiv
B Eudragit S100 % 0.5 1.0 1.5

concentration w/v
C TPP concentration % 0.3 0.5 0.7

wiv

minimize PDI (target <0.25 for homogeneous distribution),
maximize zeta potential (target >+25 mV for colloidal stability),
maximize PTX entrapment efficiency (target > 80%), and maxi-
mize SIM entrapment efficiency (target >75%), Table 2. The
software generated contour plots and three-dimensional
response surface graphs to visualize the relationship between
formulation variables and responses. The optimized formula-
tion parameters identified through this DoE approach
including chitosan concentration 1.0% w/v, Eudragit S100
concentration 1.0% w/v, and TPP concentration 0.5% w/v were
subsequently used to prepare the NP-PTX/SIM formulation
described in Section 2.2. The optimized formulation was
experimentally validated, and the observed responses were
compared with predicted values to confirm model reliability.
2.3.4. Design space establishment. In accordance with ICH
Q8(R2), a design space was established from the BBD-derived
polynomial models. The design space is defined as the multi-
dimensional combination and interaction of CPP values that
have been demonstrated to provide assurance of product
quality; the region of the CPP space within which all five CQA
targets defined in the QTPP are simultaneously satisfied.
Using the second-order regression equations derived for
each CQA, the CPP space was systematically explored to identify
the boundaries within which all five constraints are simulta-
neously met: (i) particle size < 200 nm; (ii) PDI < 0.25; (iii) zeta
potential > +25 mV; (iv) EE% PTX > 80%; (v) EE% SIM > 75%.
The resulting design space, summarized in Table S2b,
defines the proven acceptable ranges (PAR) for each CPP. Any
formulation prepared within these boundaries is predicted to
meet all QTPP quality targets with high confidence. The opti-
mized formulation (chitosan 1.0%, Eudragit S100 1.0%, TPP
0.5%) lies at the center of this design space and was experi-
mentally confirmed as described in Section 3.1.6 and Table S3.
Operation within the design space provides flexibility to

Table 2 Dependent variables and optimization constraints

Response Description Unit Constraint
Y, Particle size nm <200

Y, Polydispersity index — <0.25

Y; Zeta potential mV >+25

Y, Entrapment efficiency (PTX) % >80

Ys Entrapment efficiency (SIM) % >75
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accommodate minor manufacturing variability without
compromising product quality, in full alignment with the ICH
Q8(R2) principle that changes within the design space are not
considered a change requiring regulatory post-approval action.
The design space confirms that the optimized formulation
sits at the center of a well-defined, experimentally validated
quality region. This establishes the robustness of the formula-
tion and provides a scientific basis for manufacturing flexibility
within the established boundaries, fully satisfying the ICH
Q8(R2) requirements for a comprehensive QbD approach.

2.4. Characterization of the optimized formulation

The mean particle size (Z-average), polydispersity index (PDI),
and zeta potential of the optimized NP-PTX/SIM dispersion
were determined by dynamic light scattering (DLS) using
a Zetasizer Nano ZS (Malvern Instruments, UK). The morpho-
logical examination was performed by Transmission Electron
Microscopy (TEM, JEOL JEM-1400, Japan). The entrapment
efficiency (EE%) were quantified indirectly. Briefly, the amount
of unentrapped free drug in the supernatant after the first
centrifugation was analyzed using a validated high-
performance liquid chromatography (HPLC) method. EE%
was calculated using standard formulas.™®

2.5. Invitro drug release study and kinetics modeling

A comparative in vitro release study was conducted to evaluate
the pH-dependent release behavior of PTX and SIM from the
optimized NP-PTX/SIM nanoformulation. The objective was to
obtain complete, independent release profiles in media simu-
lating different gastrointestinal segments to comprehensively
characterize the formulation's pH-responsive release behavior
and to demonstrate the pH-triggered drug liberation mecha-
nism of the Eudragit S100-chitosan hybrid system. These in
vitro data characterize pH-triggered release from the nano-
formulation; they do not, by themselves, constitute proof of in
vivo site-specific delivery to the colon, which would require in
vivo pharmacokinetic and biodistribution investigation.

Three separate, parallel experiments were performed over
a 48-hour duration in the following media, each prepared
according to standard pharmacopeial methods without
enzymes: Simulated Gastric Fluid (SGF, pH 1.2; 0.2% (w/v)
sodium chloride in water, adjusted to pH 1.2 with 1 M hydro-
chloric acid), Simulated Intestinal Fluid (SIF, pH 6.8; 0.68% (w/
v) monobasic potassium phosphate in water, adjusted to pH 6.8
with 0.1 M sodium hydroxide), and Simulated Colonic Fluid
(SCF, pH 7.4; 0.68% (w/v) monobasic potassium phosphate in
water, adjusted to pH 7.4 with 0.1 M sodium hydroxide). The 48-
hour timeframe was selected to ensure that release had reached
a definitive plateau in each medium, allowing for a robust
comparative analysis of the pH-triggered release kinetics. These
media are simple pH-adjusted buffers and do not contain bi-
orelevant components such as bile salts or phospholipids;
therefore, the observed differences in release behavior are
primarily driven by the pH-dependent solubility of the Eudragit
S100 coating and the pH-responsive swelling of the chitosan
matrix.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The administered dose for each experiment was calculated
based on the characterized drug loading of the optimized batch.
To maintain the original drug ratio of the formulation, a target
dose of 4.0 mg of PTX was selected. This was achieved by using
a precisely weighed quantity of 46.8 mg of the lyophilized NP-
PTX/SIM powder. This mass of powder simultaneously deliv-
ered a corresponding dose of 3.7 mg of SIM, preserving the
formulation’s inherent 13.3:1 PTX-to-SIM mass ratio for all
release studies.

The release was assessed using the dialysis bag diffusion
method under sink conditions. For each of the three media, the
weighed 46.8 mg portion of NP-PTX/SIM powder was suspended
in 2 mL of the respective medium via brief vortexing. This
suspension was immediately transferred into a pre-hydrated
dialysis bag (molecular weight cutoff 12-14 kDa). The sealed
bag was then immersed in 200 mL of the corresponding release
medium (SGF, SIF, or SCF), which was maintained at 37 & 0.5 °©
C in a thermostated water bath with constant agitation at
100 rpm.

To provide a meaningful reference baseline and to quanti-
tatively demonstrate the advantage of nanoencapsulation,
parallel in vitro release studies were conducted simultaneously
for the corresponding free drug combination (Free PTX/SIM)
under identical experimental conditions. Equivalent amounts
of free PTX (4.0 mg) and free SIM (3.7 mg) were dissolved in
a minimal volume of DMSO (=<1% v/v of total volume) and
diluted in 2 mL of each release medium (SGF pH 1.2, SIF pH 6.8,
and SCF pH 7.4). The use of DMSO at this minimal concentra-
tion (=1% v/v) was necessitated by the intrinsically poor
aqueous solubility of simvastatin (BCS Class II; 1.45 pg mL ™" in
water at 37 °C (ref. 19 and 20)), which precluded complete
dissolution of the required dose in aqueous media alone. DMSO
at =1% v/v is well within the threshold universally accepted in
pharmaceutical in vitro research as exerting negligible effects on
aqueous media properties, membrane permeability, and drug
diffusion kinetics.?*>* Furthermore, the use of DMSO-dissolved
free drug as a comparative control in nanoparticle release
studies is an established practice.**® These free drug solutions
were placed inside pre-hydrated dialysis bags (MWCO 12-14
kDa) and subjected to the same dialysis bag diffusion method,
agitation speed (100 rpm), temperature (37 £ 0.5 °C), and
sampling schedule as the nanoformulation. The free drug
release data were plotted alongside the nanoformulation
profiles and subjected to the same kinetic modeling analysis to
enable direct mechanistic comparison.

Aliquots of 2 mL were withdrawn from the external release
medium at predetermined time intervals (0.5, 1, 2, 4, 6, 8, 12, 24,
36, and 48 hours). Immediately after each withdrawal, an equal
volume of fresh, pre-warmed corresponding medium was
replenished to maintain constant volume and sink conditions.
The collected samples were filtered through a 0.22 um syringe
filter. The concentrations of PTX and SIM in each sample were
quantified using a validated high-performance liquid chroma-
tography (HPLC) method. The cumulative percentage of drug
release for each compound was calculated and plotted sepa-
rately against time for each of the three media.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The complete 48-hour release datasets from all three media
were independently fitted to four established mathematical
kinetic models to elucidate and compare the underlying release
mechanisms under different pH conditions including:

Zero-order model: Q, = Qg + kot
First-order model: In Q, = In Q, + k¢

Higuchi model (diffusion-based): Q, = kyt

M,
r_ kt"

©

Korsmeyer — Peppas model(power law):

where Q; is the amount of drug released at time ¢, Q, is the
initial amount, k,, k;, and ky are release rate constants, k is
a structural/geometric constant, and # is the release exponent
indicative of the transport mechanism. The model with the
highest correlation coefficient (R*) and the most consistent
residuals for each dataset was considered the best fit.

2.5.1. Orthogonal release study by centrifugal ultrafiltra-
tion. To validate the release profiles obtained using the dialysis
bag method and to eliminate potential artifacts arising from
drug-membrane interactions, an orthogonal release study was
conducted using centrifugal ultrafiltration. The same NP-PTX/
SIM formulation and the same release media (SGF pH 1.2, SIF
pH 6.8, SCF pH 7.4) were used under identical incubation
conditions (37 £ 0.5 °C, 100 rpm agitation). At each pre-
determined time point (0.5, 1, 2, 4, 6, 8,12, 24, 36, and 48 h), 500
uL aliquots of the nanoparticle suspension were withdrawn
from separate incubation vessels and transferred to centrifugal
filter units (Amicon® Ultra-0.5, MWCO 100 kDa, Merck Milli-
pore). The units were centrifuged at 12 000xg for 10 min at 37 °
C. The filtrates, containing the released drug, were collected
and analyzed for PTX and SIM concentrations using the same
validated HPLC method as described in Section 2.5. The
cumulative percentage of drug released was calculated, and the
profiles were compared with those obtained from the dialysis
bag method. All measurements were performed in triplicate (n
= 3). A parallel study was performed with the free PTX/SIM
combination under identical conditions to verify that the
ultrafiltration method itself does not affect the release charac-
teristics of the unencapsulated drugs.

2.6. Molecular docking studies

2.6.1. Ligand and protein preparation. The 3D chemical
structures of simvastatin (CID 54454), pentoxifylline (CID 4740),
and the representative monomer unit of Eudragit S100 were
retrieved from the PubChem database. Ligand energy minimi-
zation was performed using the MMFF94 force field in Avogadro
1.2.0 software. Based on Swiss Target Prediction analysis of the
drugs' SMILES notations, three key proteins implicated in CRC
pathogenesis were selected as targets: Epidermal Growth Factor
Receptor (EGFR, UniProt ID: P00533), Carbonic Anhydrase IX
(CA9, UniProt ID: Q16790), and Glycogen Synthase Kinase-3
Beta (GSK3B, UniProt ID: P49841). The crystal structures of
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EGFR and GSK3B were obtained from the RCSB Protein Data
Bank. As a high-resolution structure for human CA9 was
unavailable, its highly accurate 3D structure was predicted
using the AlphaFold server, a system renowned for achieving
atomic-level accuracy in protein structure prediction. All protein
structures were prepared using AutoDock Tools 1.5.7: water
molecules were removed, polar hydrogens were added, and
Gasteiger charges were assigned.

2.6.2. Active site prediction and docking simulation. The
binding sites for each protein were predicted using the CB-
Dock2 server, which employs cavity detection for blind dock-
ing. Molecular docking simulations were then performed using
Quickvina 2 (QVina2) to evaluate the binding affinities and
interaction modes between the ligands and the target proteins.
The docking protocol was validated by redocking the native co-
crystallized ligand. The resulting complexes were visualized,
and the binding interactions (hydrogen bonds, hydrophobic
contacts, etc.) were analyzed using Discovery Studio Visualizer.

2.7. Anti-proliferative cytotoxicity assay

2.7.1. Cell culture. Human colon carcinoma cell line (HCT-
116) was used for evaluation the cytotoxic effects of the prepared
formulation. They were obtained from the American Type
Culture Collection (ATCC, Rockville, MD).

2.7.2. Determination of the half-maximal cytotoxic effect
(ICso) of different tested substances

2.7.2.1. Cell line propagation. The cells were sub cultured
two to three times/week in RPMI-1640 medium supplemented
with 50 pg per mL gentamycin and 10% inactivated fetal calf
serum followed by incubation in a humidified atmosphere (5%
CO,) at 37 °C.

2.7.2.2. MTT assay. HCT-116 were suspended in RPMI-1640
at concentration 5 x 10* cell per well in Corning® 96-well tissue
culture plates and incubated for 24 h. Six vehicle controls with
media or 0.5% DMSO were run for each 96 well plate as
a control. The tested substances were added to the cultured cells
at different concentrations (7.8, 15.6, 31.25, 62.5, 125, 250, 500,
and 1000 ug mL '), and incubated for 48 h after that the media
were replaced with 100 pl of fresh culture RPMI 1640 medium
without phenol red and 10 pl of the 12 mM MTT stock solution
(5 mg of MTT in 1 mL of PBS) was added to each well including
the untreated controls and incubated in 5% CO, at 37 °C for 4 h.
An 85 pl aliquot of the media was replaced with 50 ul of DMSO
in each well and thorough mixed with the pipette then and
incubated for 10 min at 37 °C. The number of viable cells was
determined via measuring the optical density nm with the
microplate reader (SunRise, TECAN, Inc, USA) at 590 nm.

2.7.2.3. Calculation of ICs, for each tested substance. The
percentage of cell viability was calculated as:
ODy
{ ODC] x 100

where OD; is the mean optical density of wells treated with the
tested substance, OD. is the mean optical density of untreated
cells.
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The relation between surviving cells and the sample
concentration is plotted to get the survival curve of each tumor
cell line after treatment with the specified compound. The ICs,
was estimated from graphic plots of the dose response curve for
each concentration using GraphPad Prism software (San Diego,
CA. USA).272

2.7.3. Microscopic examination of the morphological
changes of HCT-116 following exposure to the tested
substances at different concentration. The cultured HCT-116
cells were treated with different concentrations (31.25, 62.5,
125, 250, 500, and 1000 pg mL ') of the tested materials.
Following treatment the medium was removed through plates
downturn. 300 pl of phosphate buffered saline (pH 7.2) was used
for washing the cells 3 times, then the cells exposed for 15 min to
10% formalin at room temperature for fixation. 100 pl of 0.25%
crystal violet was added to the fixed cells for 20 min for staining.
The excess dye was removed via washing the plates with deion-
ized water, and then the plates were allowed to dry. An inverted
microscope (CKX41; Olympus, Japan) was used for examination
the cellular morphology, to capture the cellular images, the
microscope was equipped with the digital microscopy camera,
the images representing the cytopathic effects (morphological
alterations) in comparison to the control cells at 200x.>

2.7.4. Combination index (CI) determination using the
Chou-Talalay method. To quantitatively assess the nature of the
pharmacological interaction between PTX and SIM when co-
delivered as NP-PTX/SIM, the CI was determined using the
Chou-Talalay method, which is the most widely accepted and
mathematically rigorous framework for quantitative synergy
analysis.*®

The CI was calculated based on the ICs, values of the indi-
vidual free drugs and the combination formulation, using the
following equation:

CI = (D)|/(D,); + (D)2/(D.),

where (D); and (D), are the doses of PTX and SIM, respectively,
present in the NP-PTX/SIM combination at the ICs, effect level;
and (D,); and (Dy), are the ICs, values of free PTX and free SIM
when tested individually. The doses of each drug in the
combination were calculated based on the fixed PTX-to-SIM
mass ratio (13.3:1) established by the formulation's drug
loading and entrapment efficiency values (EE% PTX: 85.4%);
EE% SIM: 78.9%).

Dose-effect analysis and CI calculation were performed using
CompuSyn software (ComboSyn Inc., Paramus, NJ, USA), which
implements the Chou-Talalay algorithm. CI values were inter-
preted according to established criteria: CI < 1 indicates
synergism, CI = 1 indicates additivity, and CI > 1 indicates
antagonism. The degree of synergism was further classified as
follows: CI 0.1-0.3 = strong synergism; CI 0.3-0.7 = synergism;
CI 0.7-0.9 = moderate synergism; CI 0.9-1.1 = nearly additive.
All CI calculations were performed in triplicate (n = 3).

2.8. Assessment of apoptotic and proliferative biomarkers

To elucidate the mechanism of cell death induced by the NP-PTX/
SIM formulation, the expression levels of key apoptotic,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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proliferative, and angiogenic biomarkers were quantitatively
assessed. HCT-116 cells were treated for 24 hours at the ICs,
concentration of each respective test agent: NP-PTX/SIM (IC5, =
10.21 £ 0.69 uM), free simvastatin (free SIM; ICso = 53.61 pM),
free pentoxifylline (free PTX; IC5, = 91.99 uM), and blank nano-
particles (IC5o = 379.50 pM). An untreated control group receiving
vehicle only (0.5% DMSO in complete RPMI-1640 medium) was
included in parallel. Each treatment was administered indepen-
dently to allow direct comparison of the individual pharmaco-
logical contributions of free SIM and free PTX against the co-
encapsulated NP-PTX/SIM formulation and the drug-free carrier.

The activity of caspase-3, a key executioner protease in both
the intrinsic and extrinsic apoptotic pathways, was quantified
using a colorimetric caspase-3 assay kit (Abcam, cat. no.
ab39401) according to the manufacturer's protocol. Briefly,
treated cells were lysed, and the supernatant was incubated with
the caspase-3-specific colorimetric substrate Ac-DEVD-pNA.
Cleavage of the substrate by active caspase-3 releases the chro-
mophore p-nitroaniline (pNA), which was measured spectro-
photometrically at 405 nm. Caspase-3 activity was expressed as
nmol pNA released per mg of total cellular protein per hour
(nmol pNA per mg protein per h), with total protein concen-
tration determined by the Bradford assay.

Additionally, the protein expression levels of the proliferative
marker Ki-67 and the angiogenic factor Vascular Endothelial
Growth Factor (VEGF) were evaluated via enzyme-linked immu-
nosorbent assay (ELISA). Total cellular protein was extracted
from treated cells using ice-cold RIPA lysis buffer supplemented
with protease inhibitor cocktail, followed by centrifugation at 12
000 rpm for 15 minutes at 4 °C to obtain clear lysates. Ki-67 and
VEGF concentrations were determined using commercially
available sandwich ELISA kits specific for human Ki-67 (Abcam,
cat. no. ab253221) and human VEGF (R&D Systems, cat. no.
DVEO0), respectively, performed strictly according to the manu-
facturers' protocols. Absorbance was measured at 450 nm using
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concentrations were interpolated from four-parameter logistic (4
PL) standard curves generated for each assay. All measurements
were performed in triplicate (n = 3), and results are expressed as
mean + standard deviation (SD).

2.9. Statistical analysis

All experiments were performed in triplicate (n = 3), and data
are presented as mean =+ standard deviation (SD). Statistical
analysis was performed using GraphPad Prism 9.0 software.
Differences between multiple groups were analyzed using one-
way analysis of variance (ANOVA) followed by Tukey's post-hoc
test. A p-value of less than 0.05 was considered statistically
significant.

3 Results and discussion

3.1. QbD-based optimization and physicochemical
characterization

The QbD-based optimization framework was implemented in
three sequential steps, fully in line with ICH Q8(R2). First,
a QTPP was established to define the quality targets for NP-PTX/
SIM as a pH-responsive oral nanoformulation (Section 2.3.1,
Table S1). Second, a formal risk assessment was conducted to
identify the CMAs and CPPs most likely to influence product
quality, from which three CPPs were selected for systematic
investigation: chitosan concentration (A), Eudragit S100
concentration (B), and TPP concentration (C) (Section 2.3.2,
Table S2a). Third, a Box-Behnken design (BBD) was employed
to map the design space and identify the optimal CPP combi-
nation that simultaneously satisfies all QTPP-defined CQA
targets (Sections 2.3.3 and 2.3.4).

The Box-Behnken experimental design yielded 15 formula-
tion batches with varying physicochemical properties, as pre-
sented in Table 3. The experimental data were subjected to

a microplate reader (SunRise, TECAN, Inc., USA), and analyte multiple regression analysis to establish polynomial
Table 3 Box-Behnken experimental design matrix with observed responses®
A: Chitosan B: Eudragit C: TPP Y;: Size Y5 ZP Y,: EE% Ys: EE%
Run (% wiv) (% wiv) (% wiv) (nm) Y,: PDI (mv) PTX SIM
1 0.5 0.5 0.5 138.2 0.28 26.8 75.3 72.1
2 1.5 0.5 0.5 175.6 0.26 39.5 87.2 80.4
3 0.5 1.5 0.5 168.4 0.24 24.1 78.9 84.7
4 1.5 1.5 0.5 201.3 0.31 35.8 84.6 88.1
5 0.5 1.0 0.3 124.7 0.22 27.5 73.8 76.2
6 1.5 1.0 0.3 182.9 0.29 38.1 91.4 81.9
7 0.5 1.0 0.7 145.1 0.25 28.9 79.1 78.5
8 1.5 1.0 0.7 193.4 0.27 40.7 88.3 82.7
9 1.0 0.5 0.3 141.5 0.19 32.4 81.2 74.8
10 1.0 1.5 0.3 172.8 0.23 29.6 83.5 86.3
11 1.0 0.5 0.7 158.2 0.21 33.8 82.7 76.1
12 1.0 1.5 0.7 184.6 0.26 30.2 85.9 87.8
13 1.0 1.0 0.5 151.8 0.18 31.5 85.6 79.2
14 1.0 1.0 0.5 152.4 0.17 30.8 85.1 78.5
15 1.0 1.0 0.5 151.6 0.19 31.3 85.5 79.0

“ Runs 13-15 represent center point replicates. EE%: entrapment efficiency; PDI: polydispersity index; PTX: pentoxifylline; SIM: simvastatin; ZP:
zeta potential.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Kinetic modeling parameters for drug release from NP-PTX/SIM at different pH conditions®

pH medium Drug Zero-order (R?) First-order (R?) Higuchi (rR?) Korsmeyer-Peppas (R?) n

PTX/SIM from NP-PTX/SIM

pH 1.2 (SGF) PTX 0.8765 0.9847 0.9124 0.9532 0.42
SIM 0.8542 0.9823 0.9087 0.9478 0.38

PH 6.8 (SIF) PTX 0.9087 0.9245 0.9882 0.9745 0.51
SIM 0.8976 0.9178 0.9865 0.9721 0.48

PH 7.4 (SCF) PTX 0.9124 0.8987 0.9654 0.9924 0.73
SIM 0.9056 0.8921 0.9587 0.9911 0.69

Free PTX/SIM

pH 1.2 (SGF) Free PTX 0.9874 0.9312 0.9187 0.9023 0.19
Free SIM 0.9851 0.9278 0.9143 0.8987 0.17

PH 6.8 (SIF) Free PTX 0.9892 0.9347 0.9214 0.9056 0.21
Free SIM 0.9868 0.9301 0.9176 0.9014 0.18

pH 7.4 (SCF) Free PTX 0.9881 0.9324 0.9198 0.9041 0.23
Free SIM 0.9856 0.9289 0.9152 0.8998 0.20

“ n: release exponent from Korsmeyer-Peppas model. PTX: pentoxifylline; SIM: simvastatin; SGF: simulated gastric fluid; SIF: simulated intestinal

fluid; SCF: simulated colonic fluid.

mathematical relationships between the independent variables
and each response. Statistical analysis revealed that all fitted
quadratic models demonstrated high significance (p < 0.001)
with satisfactory coefficients of determination (R> > 0.98),
indicating excellent correlation between experimental and pre-
dicted values. The lack-of-fit tests were non-significant (p > 0.05)
for all response variables, confirming model adequacy and
appropriateness for navigating the design space.

3.1.1. Effect of formulation variables on particle size.
Particle size is a critical quality attribute that profoundly influ-
ences biodistribution, cellular internalization, and therapeutic
efficacy of nanocarrier systems. The observed particle sizes
across the design space ranged from 124.7 nm to 201.3 nm
(Table 3). Analysis of variance for particle size (Table 4)
demonstrated that the quadratic model was highly significant
(F = 42.18, p < 0.001) with an excellent coefficient of determi-
nation (R* = 0.9870), indicating that 98.7% of the variability in
particle size can be explained by the model. The adjusted R
(0.9636) and predicted R*> (0.9254) values were in reasonable
agreement, confirming model robustness without overfitting.
The non-significant lack of fit (p = 0.328) validated the model's
adequacy for describing the relationship between formulation
factors and particle size.

The regression equation for particle size in terms of coded
factors was derived as:

Y, = 151.93 + 20.174 + 15.23B + 8.99C + 6.81 4B + 5.58AC +
443BC + 9.824% + 7.84B% + 6.43C?

where positive coefficients indicate a synergistic effect on
particle size enlargement. The ANOVA results (Table S4) iden-
tified chitosan concentration (Factor A) as the most influential
variable (F = 180.32, p < 0.001), followed by Eudragit S100
concentration (Factor B, F = 102.81, p < 0.001) and TPP
concentration (Factor C, F = 35.84, p = 0.001). All three linear
terms exhibited strong positive effects, indicating that increases

27854 | RSC Adv, 2026, 16, 27847-27877

in polymer and crosslinker concentrations result in larger
particles. This phenomenon is mechanistically attributable to
the increased availability of polymer chains for matrix forma-
tion and the enhanced extent of ionic crosslinking between
chitosan's protonated amino groups and TPP's polyphosphate
anions.

The quadratic terms A%, B?, and C* were all statistically
significant (p < 0.05), with positive coefficients suggesting
accelerated particle growth at higher concentration levels. The
interaction between chitosan and Eudragit S100 (AB) was
significant (p = 0.021), indicating synergistic effects on particle
size when both polymers are present at elevated concentrations.
The three-dimensional response surface plot (Fig. 1A) and its
corresponding contour plot (Fig. 1B) illustrate the combined
effect of chitosan and Eudragit S100 concentrations on particle
size at a fixed TPP concentration of 0.5% w/v. The surface
exhibits a gradual ascending curvature, with the smallest
particles observed at low concentrations of both polymers.
Similarly, Fig. 1C and D depict the interaction between chitosan
and TPP concentrations, while Fig. 1E and F show the rela-
tionship between Eudragit S100 and TPP concentrations, both
demonstrating comparable positive trends.

3.1.2. Effect of formulation variables on polydispersity
index. Polydispersity index serves as an indicator of particle size
distribution homogeneity, with values below 0.3 generally
considered acceptable for pharmaceutical nanoformulations
and values below 0.2 indicating highly monodisperse systems.
The PDI values obtained across the experimental runs ranged
from 0.17 to 0.31 (Table 3). The quadratic model for PDI was
highly significant (F = 38.65, p < 0.001) with R*> = 0.9865 (Table
5), demonstrating excellent predictive capability. The model's
lack of fit was non-significant (p = 0.286), confirming its
validity.

The regression equation for PDI was established as:

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(A, C and E) Three-dimensional response surface plots and (B, D and F) corresponding contour plots showing the effects of chitosan (A),

Eudragit S100 (B), and TPP (C) concentrations on particle size (Y3). (A and B) Interaction between chitosan and Eudragit S100 at a fixed TPP
concentration (0.5% w/v). (C and D) Interaction between chitosan and TPP. (E and F) Interaction between Eudragit S100 and TPP. In all cases,
increasing polymer and/or crosslinker concentrations resulted in larger particle sizes.

Y, = 0.180 + 0.0334 + 0.024B + 0.019C + 0.0174B + 0.0144C +
0.011BC + 0.0634% + 0.053B% + 0.047C

All three factors exhibited significant linear effects (p < 0.01),
with chitosan concentration demonstrating the strongest
influence (F = 57.82, p < 0.001). Notably, the quadratic terms
(4%, B>, C*) were all highly significant (p < 0.001) with substantial
positive coefficients (Table S5), indicating a pronounced U-
shaped or parabolic relationship between factor levels and
PDI. This curvilinear behavior suggests that intermediate

© 2026 The Author(s). Published by the Royal Society of Chemistry

concentrations of all three formulation components yield the
most uniform particle size distributions, while extreme levels
(either very low or very high) result in increased heterogeneity.
This phenomenon can be rationalized by considering the
particle formation mechanism: at low polymer concentrations,
insufficient matrix material leads to irregular nucleation and
growth, whereas at high concentrations, increased viscosity and
potential aggregation contribute to broadened = size
distributions.
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Table 5 Binding affinity of AG (kcal mol™)

Receptor Ligand Score
EGFR-P00533-3-837- Eudragit —-3.8
EGFR-P00533-3-837- Pentoxifylline —6.4
EGFR-P00533-3-837- Simvastatin —7.5
EGFR-P00533-3-837-model_v6 Adenine —5.2
fold_ca9_q16790_200 Eudragit -3.8
fold_ca9_q16790_200 Pentoxifylline —6.8
fold_ca9_q16790_200 Simvastatin —8.4
fold_ca9_q16790_200_model_0 Glycine —3.4
GSK3B-P49841-2-181 Eudragit —-3.5
GSK3B-P49841-2-181 Pentoxifylline —6.6
GSK3B-P49841-2-181 Simvastatin —8.7
GSK3B-P49841-2-181-model_v6 Imidazole —2.7

The three-dimensional response surface plot (Fig. 2A) and
contour plot (Fig. 2B) for PDI as a function of chitosan and
Eudragit S100 concentrations reveal a distinct minimum region
near the center of the design space. The contour lines form
elliptical patterns converging toward the optimal zone, clearly
demonstrating the existence of an optimal formulation
composition. Similar patterns are observed in the response
surfaces for chitosan-TPP interactions (Fig. 2C and D) and
Eudragit-TPP interactions (Fig. 2E and F), all exhibiting char-
acteristic bowl-shaped surfaces with minimal PDI values ach-
ieved at intermediate factor levels.

3.1.3. Effect of formulation variables on zeta potential.
Zeta potential quantifies the electrical charge at the particle-
liquid interface and serves as a predictor of colloidal stability.
Systems with absolute zeta potential values exceeding +25 mV
are generally considered electrostatically stable due to sufficient
repulsive forces preventing aggregation. The measured zeta
potential values across the formulation design ranged from
+24.1 to +40.7 mV (Table 3), with all formulations exhibiting
positive surface charge. The ANOVA for zeta potential (Table S6)
revealed a highly significant quadratic model (F = 45.82, p <
0.001) with excellent fit quality (R> = 0.9880). The non-
significant lack of fit (p = 0.382) validated the model's adequacy.

The polynomial equation describing zeta potential was:

Y; =31.20 + 6.384 — 2.19B + 1.76C + 2.154B + 1.76 AC +
1.47BC — 2.684% — 2.18B> — 1.89C2

Chitosan concentration emerged as the dominant positive
contributor to zeta potential (F = 275.63, p < 0.001), consistent
with its cationic polyelectrolyte nature. Under the acidic pH
conditions employed during formulation (pH 5.0), the primary
amine groups (-NH,) of chitosan undergo protonation to form
ammonium ions (-NH;"), which are responsible for the positive
surface charge. The positive coefficient (+6.38) for Factor A
indicates that increasing chitosan concentration enhances the
magnitude of positive zeta potential, attributed to greater
availability of cationic functional groups at the particle-solu-
tion interface. Conversely, Eudragit S100 concentration (Factor
B) exhibited a significant negative effect (coefficient: —2.19, p =

27856 | RSC Adv, 2026, 16, 27847-27877
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0.002), which is attributable to the anionic carboxyl and meth-
acrylic acid groups of Eudragit S100 partially neutralizing the
positive charge imparted by chitosan.

The interaction term AB was significant (p = 0.011), sug-
gesting that the combined presence of both polymers influences
surface charge through a complex balance of cationic and
anionic groups. The negative quadratic terms indicate that zeta
potential reaches maximum values at intermediate factor levels
rather than at the extremes. The three-dimensional response
surface plots (Fig. 3A) and corresponding contour plot (Fig. 3B)
for the interaction between chitosan and Eudragit S100
demonstrate a ridge-like maximum zone. Fig. 3C-F illustrate
the effects of chitosan-TPP and Eudragit-TPP interactions,
respectively, both showing that optimal zeta potential is ach-
ieved within the central region of the design space.

3.1.4. Effect of formulation variables on pentoxifylline
entrapment efficiency. Entrapment efficiency is a critical
parameter reflecting the proportion of drug successfully incor-
porated into the nanoparticle matrix. High entrapment effi-
ciency is desirable to maximize therapeutic payload, minimize
drug waste, and reduce the quantity of carrier material required
for achieving therapeutic doses. The entrapment efficiency of
pentoxifylline varied from 73.8% to 91.4% across the experi-
mental runs (Table 3). The quadratic model for PTX entrapment
efficiency was highly significant (F = 52.18, p < 0.001) with
excellent predictive capability (R*> = 0.9895, Table S7). The
model's lack of fit was non-significant (p = 0.365), confirming
its validity.

The regression equation for PTX entrapment efficiency was
established as:

Yy = 85.40 + 7.334 + 3.14B + 2.46C — 2.984B + 2.16AC +
1.76BC — 2.374%> — 1.99B> — 1.63C2

Chitosan concentration exerted the strongest positive influ-
ence on PTX entrapment (F = 305.79, p < 0.001), which is
mechanistically consistent with pentoxifylline's hydrophilic
nature. As a water-soluble methylxanthine derivative, PTX
preferentially partitions into the aqueous chitosan phase
during the formulation process. Higher chitosan concentra-
tions increase the polymer matrix density and viscosity, thereby
enhancing physical entrapment and reducing drug leakage
during particle formation and washing steps. Eudragit S100
(Factor B) and TPP (Factor C) also demonstrated significant
positive effects (p < 0.001 and p = 0.002, respectively), suggest-
ing that both the coating polymer and crosslinker contribute to
retaining the hydrophilic drug within the particle structure.

Interestingly, the interaction term AB exhibited a negative
coefficient (—2.98, p = 0.004), indicating an antagonistic effect
when both chitosan and Eudragit S100 are simultaneously
present at high concentrations. This phenomenon may be
attributed to incompatibility or phase separation between the
cationic chitosan and anionic Eudragit S100 at extreme levels,
potentially creating channels or defects in the particle structure
that facilitate drug leakage. The negative quadratic terms
suggest that PTX entrapment reaches maximum values at

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (A, Cand E) Three-dimensional response surface plots and (B, D and F) corresponding contour plots illustrating the effects of chitosan (A),

Eudragit S100 (B), and TPP (C) concentrations on polydispersity index (PDI, Y>). (A and B) Interaction between chitosan and Eudragit S100; (C and
D) interaction between chitosan and TPP; (E and F) interaction between Eudragit S100 and TPP.

intermediate factor levels. The three-dimensional response
surface plot (Fig. 4A) and contour plot (Fig. 4B) for chitosan and
Eudragit S100 interactions exhibit a dome-shaped surface with
a clear maximum region. Similar patterns are evident in Fig. 4C
and D (chitosan-TPP) and Fig. 4E and F (Eudragit-TPP), all
indicating optimal entrapment at balanced intermediate
concentrations.

3.1.5. Effect of formulation variables on simvastatin
entrapment efficiency. Simvastatin, being a lipophilic BCS class
II drug with poor aqueous solubility, presents distinct entrap-
ment challenges compared to the hydrophilic pentoxifylline.

© 2026 The Author(s). Published by the Royal Society of Chemistry

The entrapment efficiency of simvastatin ranged from 72.1% to
88.1% across the formulation runs (Table 3). The quadratic
model for SIM entrapment was highly significant (F = 48.92, p <
0.001) with strong predictive power (R* = 0.9888, Table S8). The
non-significant lack of fit (p = 0.383) confirmed model
adequacy.

The polynomial equation for SIM entrapment efficiency was:

Ys =78.90 + 4274 + 5.98B + 2.20C — 2.67AB + 1.964C +
1.63BC — 2.174> — 1.89B> — 1.57C?
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(A, C and E) Three-dimensional response surface plots and (B, D and F) corresponding contour plots showing the effects of chitosan (A),

Eudragit S100 (B), and TPP (C) concentrations on zeta potential (Y3). (A and B) Interaction between chitosan and Eudragit S100; (C and D)
interaction between chitosan and TPP; (E and F) interaction between Eudragit S100 and TPP. Increasing chitosan concentration enhanced
positive zeta potential, whereas higher Eudragit S100 levels reduced it due to charge neutralization.

Unlike PTX entrapment, Eudragit S100 concentration (Factor
B) exerted the strongest influence on SIM entrapment (F =
245.04, p < 0.001), surpassing the effect of chitosan (Factor 4, F
= 125.01, p < 0.001). This differential behavior reflects the
complementary roles of the two polymers in accommodating
drugs with contrasting physicochemical properties. Eudragit
$100, being a methacrylic acid copolymer, possesses hydro-
phobic domains that provide favorable microenvironmental
conditions for lipophilic drug solubilization and retention. The
positive coefficient (+5.98) for Factor B indicates that increasing

27858 | RSC Adv, 2026, 16, 27847-27877

Eudragit S100 concentration enhances the hydrophobic char-
acter of the nanoparticle matrix, thereby improving SIM
encapsulation.

Chitosan also contributed positively to SIM entrapment,
likely through physical entrapment mechanisms and by serving
as a structural scaffold that prevents drug crystallization and
aggregation. The negative interaction term AB (p = 0.004)
suggests that excessive concentrations of both polymers may
lead to structural incompatibilities affecting SIM retention,
similar to the observation for PTX. The three-dimensional

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(A, C and E) Three-dimensional response surface plots and (B, D and F) corresponding contour plots showing the effects of chitosan (A),

Eudragit S100 (B), and TPP (C) concentrations on pentoxifylline entrapment efficiency (Y4). (A and B) Interaction between chitosan and Eudragit
S100; (C and D) interaction between chitosan and TPP; (E and F) interaction between Eudragit S100 and TPP. Increasing chitosan concentration
markedly enhanced entrapment efficiency, while Eudragit S100 and TPP also exerted significant positive effects.

response surface plot (Fig. 5A) and contour plot (Fig. 5B)
demonstrate a clear maximum region for SIM entrapment when
chitosan and Eudragit S100 are balanced at intermediate levels.
Fig. 5C-F show comparable trends for chitosan-TPP and
Eudragit-TPP interactions, respectively, with dome-shaped
surfaces indicating optimal entrapment in the central design
region.

3.1.6. Optimization and validation of the nano-
formulation. The response surface plots and contour diagrams
collectively revealed well-defined optimal regions within the
design space where multiple response criteria could be

© 2026 The Author(s). Published by the Royal Society of Chemistry

simultaneously satisfied. To identify the formulation composi-
tion that would yield optimal performance across all five critical
quality attributes, a multi-criteria numerical optimization
approach was employed using the desirability function meth-
odology. Optimization goals were defined as: minimize particle
size (target <200 nm), minimize PDI (target <0.25), maximize
zeta potential (target > +25 mV), maximize PTX entrapment
efficiency (target > 80%), and maximize SIM entrapment effi-
ciency (target > 75%). All responses were assigned equal
importance weights.

RSC Adv, 2026, 16, 27847-27877 | 27859
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(A, C and E) Three-dimensional response surface plots and (B, D and F) corresponding contour plots illustrating the effects of chitosan (A),

Eudragit S100 (B), and TPP (C) concentrations on simvastatin entrapment efficiency (Ys). (A and B) Interaction between chitosan and Eudragit
S100; (C and D) interaction between chitosan and TPP; (E and F) interaction between Eudragit S100 and TPP. Eudragit S100 exerted the strongest
positive influence on simvastatin entrapment, followed by chitosan and TPP.

The optimization algorithm identified the optimal formula-
tion parameters as: chitosan concentration 1.0% w/v, Eudragit
$100 concentration 1.0% w/v, and TPP concentration 0.5% w/v.
This combination corresponded to the center point of the
design space and yielded a composite desirability value of 0.89,
indicating that 89% of the maximum possible desirability was
achieved. The predicted responses at this optimal point were:
particle size 152.0 nm, PDI 0.180, zeta potential +31.2 mV, PTX
entrapment efficiency 85.4%, and SIM entrapment efficiency
78.9%.

27860 | RSC Adv, 2026, 16, 27847-27877

To validate the predictive capability of the developed models,
the optimized formulation was prepared in triplicate under
identical conditions and subjected to comprehensive charac-
terization. The experimental results closely matched the pre-
dicted values (Table S8).

3.2. Characterization of the optimized formulation

TEM micrographs revealed the formation of compact, quasi-
spherical nanocomposites with particle sizes in the range of
125.92-166.72 nm (Fig. 6a-d). The nanoparticles exhibit
a dense, electron-rich core surrounded by a lighter polymeric

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 TEM images illustrating the morphology of the prepared formulations (a—d), with (e) SAED inset confirming the structural characteristics,
(f) dynamic light scattering profile showing a mean particle size of 152 & 5 nm and narrow size distribution (PDI = 0.18 &+ 0.02). (g) Zeta potential
distribution indicating a positive surface charge of +31.2 &+ 1.5 mV, supporting good colloidal stability.

shell, confirming the effective encapsulation of PTX and SIM
within the chitosan-Eudragit S100 polyelectrolyte matrix. The
radially textured internal morphology indicates strong drug-
polymer interactions and microphase separation, which are
characteristic features of core-shell polymer-based drug
delivery systems. The absence of particle agglomeration further
suggests efficient nanoparticle dispersion and good matrix
stability. In addition, the micrographs show a homogeneous
nanogranular background composed of overlapping domains

© 2026 The Author(s). Published by the Royal Society of Chemistry

forming a percolating network, with interconnected lamellar
regions and occasional clear voids, indicative of a relatively
open and less compact polymeric mesh. Moreover, sparsely
distributed spherical dark spots were observed throughout the
matrix (Fig. 6), which can be attributed to localized drug-rich
domains formed through strong interactions between SIM,
PTX, and the polymeric matrix via electrostatic forces, hydrogen
bonding, and possible m-m interactions. These interactions
promote the formation of a more organized and cohesive

RSC Adv, 2026, 16, 27847-27877 | 27861
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colloidal network, thereby enhancing the structural stability of
the nanocomposite system.** The Selected Area Electron
Diffraction (SAED) pattern in Fig. 6e demonstrates the absence
of crystalline diffraction rings, indicating that both drugs are
present in a single-phase amorphous state and are molecularly
dispersed within the chitosan-Eudragit S100 polyelectrolyte
matrix, which is beneficial for improving solubility, dissolution
kinetics, and formulation stability.

Dynamic light scattering measurements confirmed a mean
particle size of 152 + 5 nm (Fig. 6f), virtually identical to the
predicted value. The narrow size distribution (PDI = 0.18 =+
0.02) indicates a highly monodisperse nanoparticle population,
which is advantageous for reproducible pharmacokinetics and
consistent biological performance. The particle size falls within
the optimal range for passive tumor targeting via the enhanced
permeability and retention (EPR) effect, typically observed for
particles between 100-200 nm, while remaining sufficiently
small to avoid rapid clearance by the reticuloendothelial
system.

Zeta potential analysis revealed a strongly positive surface
charge of +31.2 £+ 1.5 mV (Fig. 6g), which significantly exceeds
the £25 mV threshold generally considered necessary for
colloidal stability. This high positive charge confers multiple
functional advantages beyond stability: it enhances mucoad-
hesive properties through electrostatic interaction with nega-
tively charged sialic acid residues and sulfated glycoproteins on
the intestinal mucosa, potentially prolonging gastrointestinal
residence time; it facilitates cellular internalization via electro-
static attraction to the anionic cell membrane phospholipids;
and it provides a favorable surface for potential surface func-
tionalization with targeting ligands or stealth polymers if
desired in future iterations.

Drug entrapment efficiencies were determined as 85.4 =+
3.1% for pentoxifylline and 78.9 + 2.8% for simvastatin, both
closely aligning with model predictions. These high loading
capacities demonstrate successful co-encapsulation of both
hydrophilic and hydrophobic therapeutic agents within the
hybrid polymer matrix, validating the dual-polymer strategy.
The ability to simultaneously entrap drugs with contrasting
solubility characteristics is a significant achievement, as it
enables combination therapy without requiring separate
formulations for each drug. The high entrapment efficiencies
also translate to enhanced therapeutic payload per unit mass of
carrier, improved dose efficiency, and potentially reduced off-
target effects by minimizing free drug in circulation.

3.3. Invitro drug release and kinetics

The in vitro drug release behavior of PTX and SIM from the
optimized NP-PTX/SIM nanoformulation was systematically
evaluated across three physiologically relevant pH conditions to
comprehensively characterize the pH-responsive release
behavior of the Eudragit S100-chitosan hybrid system.
Complete 48-hour release profiles were independently obtained
in simulated gastric fluid (SGF, pH 1.2), simulated intestinal
fluid (SIF, pH 6.8), and simulated colonic fluid (SCF, pH 7.4),
enabling a rigorous comparative analysis of the formulation's

27862 | RSC Adv, 2026, 16, 27847-27877
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pH-triggered release kinetics. These studies characterize the in
vitro pH-responsive release mechanism of the nanoformulation
and do not constitute proof of in vivo site-specific colonic
delivery, which requires pharmacokinetic and biodistribution
investigation.

3.3.1. pH-dependent drug release profiles. The cumulative
release profiles of both drugs exhibited pronounced pH-
dependent behavior, clearly demonstrating the formulation's
protective function in the upper gastrointestinal tract and pH-
triggered drug liberation at neutral-to-alkaline pH conditions
corresponding to the colonic environment (Fig. 7).

The nanoformulation demonstrated exceptional gastric
resistance with minimal drug leakage over the entire 48-hour
study period. The cumulative release of PTX remained below 8.3
+ 1.2% and SIM release was even more restricted at 5.7 £ 0.9%
(Fig. 7). This remarkable gastric stability can be attributed to
multiple synergistic protective mechanisms inherent to the
hybrid polymer architecture. At acidic pH, both chitosan and
Eudragit S100 remain in their non-ionized, insoluble states:
chitosan's amino groups are protonated, creating a dense,
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Fig. 7 Cumulative in vitro release of pentoxifylline (PTX) and simvas-

tatin (SIM) from NP-PTX/SIM in encapsulated and free forms at pH 1.2,
6.8, and 7.4 over 48 h.
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collapsed network, while Eudragit S100's methacrylic acid units
remain unionized and hydrophobic, forming a water-
impermeable coating.**** The ionic crosslinking mediated by
tripolyphosphate further reinforces the structural integrity of
the chitosan core.’ This multi-layered barrier system effectively
sequesters the drug payload, preventing premature release.

Upon transition to simulated intestinal conditions, the
release kinetics accelerated moderately but remained substan-
tially restrained. Over 48 hours, PTX release reached 28.4 +
2.3% while SIM release attained 22.6 + 1.8% (Fig. 7). This
intermediate release behavior reflects the gradual pH-triggered
transition of the polymer matrix. At pH 6.8, chitosan begins
partial deprotonation and swelling, increasing matrix hydration
and porosity.*> However, Eudragit S100 remains largely undis-
solved at this pH, as its carboxylic acid groups require pH > 7.0
for significant ionization.*® The result is a controlled, diffusion-
mediated release mechanism. The differential release rates
between PTX and SIM can be rationalized by their contrasting
physicochemical properties: the hydrophilic PTX exhibits
higher aqueous diffusivity through the swollen hydrophilic
chitosan domains, whereas the lipophilic SIM remains more
tightly sequestered within the hydrophobic Eudragit S100
phase.*”

The most dramatic transformation in release behavior
occurred upon exposure to simulated colonic fluid, where the
formulation exhibited rapid and extensive drug liberation.
Within the first 2 hours at pH 7.4, burst release of 32.7 £ 2.8%
for PTX and 28.4 + 2.1% for SIM was observed. The release
kinetics then transitioned to a more gradual phase, with
cumulative release reaching 82.3 + 3.7% for PTX and 78.6 +
3.2% for SIM at 24 hours, and plateau levels of 89.7 + 2.9% for
PTX and 85.4 + 2.7% for SIM by 48 hours (Fig. 7). The mecha-
nistic basis for this pH-triggered behavior lies in the ionization-
dependent solubility of Eudragit S100. At pH = 7.0, its meth-
acrylic acid groups undergo rapid ionization, causing rapid
dissolution of the coating layer.*®** This exposes the underlying
chitosan core, which also swells in the alkaline environment.
The combination of coating dissolution and core matrix erosion
creates multiple pathways for drug diffusion and release.*® The
sustained release phase following the initial burst is consistent
with Fickian diffusion from a swelling polymer matrix.**

The pronounced selectivity of the release system is quanti-
tatively evident when comparing the release efficiency ratio
between colonic and gastric conditions. At 24 hours, the
colonic-to-gastric release ratio was 10.9:1 for PTX and 14.5:1
for SIM, demonstrating the strong pH-responsiveness of the
system. This in vitro behavior confirms that the Eudragit S100-
chitosan hybrid functions as a pH-triggered release platform,
protecting the drug payload under acidic conditions and liber-
ating it preferentially at higher pH. These results are mecha-
nistically consistent with a rationale for preferential colonic
drug exposure; however, they do not account for enzymatic
degradation, mucus interactions, or absorption dynamics
encountered in vivo. Therefore, in vivo pharmacokinetic and
biodistribution studies are required to establish whether the
pH-triggered release observed in vitro translates to actual site-
specific colonic delivery under physiological conditions. In

© 2026 The Author(s). Published by the Royal Society of Chemistry
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contrast to the pH-gated behavior of the nanoformulation, the
free drug combination (Free PTX/SIM) exhibited rapid and
essentially complete release under all three pH conditions, with
no discriminatory barrier between the simulated GI compart-
ments. Free PTX released 91.4 £ 3.2% and free SIM released
87.6 £ 3.5% of their respective doses within 8 hours at pH 1.2
(SGF), underscoring the vulnerability of unencapsulated drugs
to premature gastric dissolution. Similarly, at pH 6.8 (SIF),
cumulative release of free PTX and free SIM reached 94.2 £
2.8% and 89.3 + 3.1%, respectively, by 12 hours. At pH 7.4
(SCF), both free drugs demonstrated near-complete release
(Free PTX: 96.5 £ 2.4%; free SIM: 92.1 £ 2.7%) within 6 hours.
The absence of pH-selectivity in the free drug profiles confirms
that without the protective nanocarrier architecture, both PTX
and SIM would be subject to extensive absorption and first-pass
metabolism in the upper GI tract before reaching the intended
colonic site of action. These findings provide compelling
quantitative evidence that nanoencapsulation within the
Eudragit S100-chitosan hybrid system is essential for achieving
the pH-triggered, preferential drug release in the colonic envi-
ronment that underpins the therapeutic rationale of this
formulation.

3.3.2. Mathematical modeling of release kinetics. To
elucidate the underlying mechanisms governing drug release,
the experimental release data from all three pH conditions were
systematically fitted to four well-established mathematical
models: zero-order, first-order, Higuchi, and Korsmeyer-Peppas
equations (Table 4). Model discrimination was based primarily
on the correlation coefficient (R?).

For release in SGF, where drug liberation was severely
restricted, the first-order model provided the best fit for both
PTX (R* = 0.9847) and SIM (R* = 0.9823). The first-order kinetics
suggest that the minimal drug release follows a diffusion-
limited process through the intact, non-swelling polymer
matrix.** The very low release rate constants reflect the formi-
dable diffusion barrier. Alternative models, including zero-
order and Higuchi, provided inferior fits.

In SIF, the Higuchi model emerged as the most appropriate
descriptor for both drugs (R* = 0.9882 for PTX; R> = 0.9865 for
SIM). The Higuchi equation describes drug release proportional
to the square root of time and is characteristic of diffusion-
controlled release from matrix systems.**™* The applicability
of this model indicates that drug release proceeds primarily via
Fickian diffusion through an increasingly hydrated but still
structurally coherent polymer matrix. The Korsmeyer-Peppas
model also provided good fits with release exponents (1) of 0.51
for PTX and 0.48 for SIM, values approaching 0.5 which further
support a diffusion-dominated mechanism.***

The most complex release kinetics were observed in SCF,
where the Korsmeyer-Peppas power law model provided supe-
rior fits (R” = 0.9924 for PTX; R = 0.9911 for SIM). The calcu-
lated release exponents were n = 0.73 for PTX and n = 0.69 for
SIM, both falling within the range of 0.5 < n < 1.0, which is
diagnostic of anomalous (non-Fickian) transport mecha-
nisms.**** These intermediate exponent values indicate that
drug release at colonic pH involves a complex interplay of
multiple simultaneous dissolution

processes:  polymer
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(erosion), matrix swelling, and drug diffusion, all occurring
concurrently at comparable rates.”® The initial rapid release
phase corresponds predominantly to Eudragit S100 coating
dissolution and surface drug desorption, followed by a more
gradual release phase driven by progressive chitosan chain
relaxation and diffusion from the swelling gel network.>*

The progressive shift in best-fit models from first-order (pH
1.2) to Higuchi (pH 6.8) to Korsmeyer-Peppas with anomalous
exponents (pH 7.4) provides a kinetically coherent narrative of
the pH-triggered transformation in release mechanisms, vali-
dating the formulation's sophisticated multi-modal respon-
siveness.*>** The zero-order model universally provided poor fits
across all pH conditions, which is expected for matrix-based
formulations.>*

Kinetic analysis of the free PTX/SIM combination showed
that drug release in all three media followed zero-order kinetics
(R* > 0.98), indicating simple passive diffusion through the
dialysis membrane without matrix-controlled resistance. No
pH-dependent changes in the release model or exponent values
were observed for the free drugs. In contrast, the nano-
formulation exhibited a clear shift in release mechanism with
increasing pH (first-order followed by Higuchi followed by
Korsmeyer-Peppas anomalous transport), confirming that the
complex, pH-responsive release behavior arises from the poly-
meric nanocarrier structure rather than the inherent physico-
chemical properties of the drugs. This distinction highlights the
advantage of the nanoformulation in providing controlled, site-
specific drug delivery that cannot be achieved with the free drug
combination.

Overall, the comprehensive pH-dependent release charac-
terization and mechanistic modeling confirm that the NP-PTX/
SIM formulation exhibits the precise release characteristics
required for a pH-responsive oral nanoformulation designed for
preferential drug liberation in the colonic pH environment:
gastric protection, intestinal retention, and pH-triggered drug
release activation at neutral-to-alkaline pH. It is essential to
note that these conclusions are based entirely on in vitro release
data obtained in simplified buffer systems. In vivo pharmaco-
kinetic and biodistribution studies will be required to verify
whether these in vitro pH-triggered release characteristics

(A) pentoxifylline

(B) Simvastatin
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translate into actual site-specific colonic delivery and thera-
peutic benefit in vivo.

3.3.3. Validation of release kinetics by orthogonal centrif-
ugal ultrafiltration. To address the potential limitation of the
dialysis bag method; namely, that drug-membrane interactions
could lead to underestimation of release for lipophilic drugs
such as simvastatin—the pH-dependent release behavior was
reassessed using centrifugal ultrafiltration. This method
directly separates nanoparticles from the release medium
without an intervening dialysis membrane.

The cumulative release profiles obtained by ultrafiltration
were in close agreement with the dialysis bag data for both PTX
and SIM across all three pH conditions. The similarity between
the two methods is quantified in Table S9, which presents the
calculated similarity factor (f;) values and the mean absolute
differences in cumulative release at early (2 h) and late (24 h)
time points. All f, values exceeded the commonly accepted
threshold of 50 (range: 67.3-82.1), confirming good similarity.
The mean absolute differences were =4.2% at 2 h and =1.5% at
24 h, indicating that any minor deviations observed, particu-
larly a slightly faster release of simvastatin in SCF at early time
points, do not alter the overall conclusion that the NP-PTX/SIM
formulation exhibits minimal release in the upper GI tract and
sustained, pH-triggered release in the colonic environment.

The free drug controls showed rapid and complete release
(>95% within 6 h) with both methods, confirming that the
ultrafiltration devices do not impede drug passage. The
orthogonal study therefore validates the reliability of the
dialysis-based release data and strengthens the evidence for the
pH-responsive release capability of the Eudragit S100—-chitosan
hybrid nanoformulation, supporting its rational design as
a platform for preferential drug liberation at colonic pH
conditions in vitro.

3.4. Molecular docking analysis

Molecular docking analysis was performed to evaluate the
binding affinities of simvastatin (CID 54454), pentoxifylline
(CID 4740), and a representative monomer unit of Eudragit S100
against three target proteins: EGFR, CA9, and GSK3B as pre-
dicted from shared proteins extracted from Swiss target

(C) eudragit

37.5%

14.0%

6.2%

6.2%

12.5%

Protease

Fig. 8

(A—C) Pie chart visualization of target prediction of the three compounds; Pi chart visualizes the possible targets for our tested ligands,

when some groups are shared between the three tested drug there are probable shared targets related to anti-cancer pathway.
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Comparative Binding Affinity Analysis
Molecular docking scores across three protein targets
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Fig. 9 Molecular docking binding affinity between the three ligands and proteins; figure represent the different in binding affinity between best
suggested ligand simvastatin (green) and another candidate such pentoxifylline in blue and Eudragit in red bar, the most negative value represents

the most binding favorability according to molecular docking analysis.

prediction shown in Fig. 8. The calculated binding free energies
(AG, kcal mol™") are summarized in (Table 5) and summarized
in Fig. 9 and provide insights into the relative interaction
strengths and potential target preferences of the investigated
ligands.

Overall, the molecular docking results indicated significant
differences in binding affinities among the examined ligands,
with simvastatin exhibiting the most favorable interactions with
all three target proteins, scoring AG values of —7.5, —8.4, and
—8.7 kecal mol™' against EGFR, fold_ca9_q16790_200, and
GSK3B, respectively. These results indicate a favorable and
stable interaction profile, suggesting that simvastatin may
possess a higher propensity to interact with these signaling-
related proteins compared with the other tested compounds.
Notably, the strongest interaction was observed with GSK3B,
implying a potential inhibitory or modulatory role that may
contribute to simvastatin's reported pleiotropic biological
effects beyond its lipid-lowering activity. On the other hand,
pentoxifylline demonstrated moderate binding affinities across
all targets, with docking scores ranging from —6.4 to
—6.8 kcal mol™'. While, the Eudragit exhibited the weakest
binding affinities toward all receptors, with AG values ranging
from —3.5 to —3.8 keal mol ™.

As shown in Table 6, the RMSD values for simvastatin across
all three targets ranged from 1.93 to 2.80 A, with the GSK3p
value (1.93 A) falling below the 2.0 A threshold for excellent
reproducibility. Values for pentoxifylline similarly fell within
acceptable limits (1.93-2.59 A against GSK3B and EGFR,

© 2026 The Author(s). Published by the Royal Society of Chemistry

respectively).”>>” These results confirm that both simvastatin
and pentoxifylline reliably reproduced the -crystallographic
binding orientations, validating the robustness of the docking
protocol for these primary investigational compounds. The

Table 6 RMSD validation of the molecular docking protocol. Values
represent the average RMSD (A) of the lower bound (L.B.) pose ob-
tained by re-docking the native co-crystallized ligand into each
protein binding site. RMSD <2.0 A indicates excellent reproducibility,
RMSD 2.0-3.0 A indicates acceptable accuracy, and RMSD values
approaching ~4.0 A may be considered marginally acceptable for
flexible ligands or induced-fit docking scenarios. RMSD values above
~4.0 A, as observed for certain large or flexible ligands, indicate
unreliable pose reproduction

Average RMSD

Protein Ligand L.B. (A)
EGFR (P00533)

EGFR Eudragit S100 3.99
EGFR Pentoxifylline 2.34
EGFR Simvastatin 2.80
CA9 (Q16790)

CA9 Eudragit S100 2.98
CA9 Pentoxifylline 2.80
CA9 Simvastatin 2.72
GSK3p (P49841)

GSK3p Eudragit S100 6.15
GSK3p Pentoxifylline 2.59
GSK3p Simvastatin 1.93
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RMSD values for Eudragit were notably higher, with EGFR (3.99
A) and GSK3B (6.15 A) exceeding conventional thresholds. While
RMSD values approaching ~4.0 A may be considered marginally
acceptable for flexible ligands or induced-fit docking
scenarios,® the GSK3B-Eudragit value (6.15 A) clearly reflects
unreliable pose reproduction. These elevated values likely result
from Eudragit's large size, structural flexibility, and poor shape
complementarity with the respective binding pockets, and
should not be interpreted as indicative of protocol failure.

Overall, the RMSD validation demonstrates that the docking
protocol is robust and reliable for simvastatin and pentoxifyl-
line across all targets, whereas extreme RMSD values observed
for Eudragit highlight limitations for large or structurally flex-
ible ligands.

Data illustrated in (Table 7) show the interaction analysis for
each of the predicted complexes. The simvastatin establishes
several stabilizing interactions with EGFR as summarized in
Fig. 10 and 11, including standard hydrogen bonds with
SER1070 and THR1074 at distances of 2.71 A and 3.26 A,
respectively. The hydrogen bonds are particularly important
since serine and threonine residues in the EGFR kinase domain
frequently participate in ATP binding and catalytic activity.
Moreover, a carbon-hydrogen bond with PRO1073 at 3.09 A,
together with hydrophobic interactions with ALA920 and
PRO1073, further fortify the ligand-protein complex.

The emergence of these various interaction types along with
the robust binding affinity score suggest that simvastatin can
efficiently occupy the EGFR active site, possibly disrupting the
receptor's kinase function, resulting in inhibitory effects on
receptor phosphorylation and downstream signaling pathways
essential for tumor cell proliferation and survival. The interac-
tion profile of simvastatin with CA9 as figured in Fig. 10 and 12
proved equally compelling, with the highest binding affinity
among all tested combinations at —8.4 kcal mol™". Carbonic
anhydrase IX is a transmembrane enzyme overexpressed in
numerous solid tumors, where it regulates intracellular pH and
facilitates tumor survival in hypoxic microenvironments. The
strong binding affinity observed suggests that simvastatin may

View Article Online
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effectively target this enzyme, potentially disrupting the pH
regulation mechanism that cancer cells exploit for survival and
invasion. The molecular interaction analysis revealed conven-
tional hydrogen bonds with TYR143 and ASN198 at distances of
2.77 A and 2.97 A respectively, both within optimal ranges for
stable hydrogen bonding. Tyrosine and asparagine residues in
the CA9 active site are known to participate in the catalytic
mechanism and substrate coordination, suggesting that sim-
vastatin binding in this region could interfere with enzymatic
function. Furthermore, the pi-alkyl interaction with TRP141 at
4.69 A provides additional stabilization through aromatic
stacking interactions. This multifaceted binding pattern indi-
cates that simvastatin can occupy the CA9 active site in
a manner that may competitively inhibit its catalytic activity,
thereby potentially compromising the ability of cancer cells to
maintain favorable pH gradients necessary for their aggressive
phenotype.

Simvastatin also exhibited remarkable binding affinity
toward GSK3B with a score of —8.7 kcal mol ™, the strongest
binding observed in this study. Glycogen synthase kinase 3 beta
plays a complex and context-dependent role in cancer, with
aberrant GSK3B activity implicated in tumor progression,
metastasis, and therapeutic resistance in various malignancies.
The extensive network of interactions formed between simvas-
tatin and GSK3B provides insights into the structural basis of
this strong binding. The compound established four conven-
tional hydrogen bonds with residues THR8, GLN89, ASN95, and
ARG96, with distances ranging from 2.82 A to 3.13 A, all falling
within the optimal range for hydrogen bonding. These residues
are strategically located within the GSK3B ATP-binding pocket,
suggesting that simvastatin may compete with ATP for binding
to this kinase. Additionally, as summarized in Fig. 10 and
figured in atomic details in Fig. 13; a carbon hydrogen bond
with THRS at 3.58 A and hydrophobic interactions with VAL87
and PHEG67 further enhance binding stability. The dual pi-alkyl
interactions with PHE67 are particularly noteworthy, as
phenylalanine residues in kinase binding pockets often
contribute to selectivity and binding affinity through aromatic

Table 7 Interaction analysis of simvastatin with proteins

Target Interaction Distance Category Type

EGFR A: SER1070:0G - A: simvastatin 1:0 2.70515 Hydrogen bond Conventional hydrogen bond
EGFR A: THR1074:0G1 - A: simvastatin 1:0 3.25707 Hydrogen bond Conventional hydrogen bond
EGFR A: PRO1073:CD - A: simvastatin 1:0 3.08586 Hydrogen bond Carbon hydrogen bond
EGFR A: ALA920 - A: simvastatin 1 4.36341 Hydrophobic Alkyl

EGFR A: PRO1073 - A: simvastatin 1 4.41716 Hydrophobic Alkyl

CA9 A: TYR143:0OH - A: simvastatin 1:0 2.77097 Hydrogen bond Conventional hydrogen bond
CA9 A: ASN198:ND2 - A: simvastatin 1:0 2.97266 Hydrogen bond Conventional hydrogen bond
CA9 A: TRP141 - A: simvastatin 1 4.68598 Hydrophobic Pi-alkyl

GSK3B A: THR8:0G1 - A: simvastatin 1:0 2.82368 Hydrogen bond Conventional hydrogen bond
GSK3B A: GLN89:NE2 - A: simvastatin 1:0 3.0355 Hydrogen bond Conventional hydrogen bond
GSK3B A: ASN95:ND2 - A: simvastatin 1:0 3.07721 Hydrogen bond Conventional hydrogen bond
GSK3B A: ARG96:N - A: simvastatin 1:0 3.12901 Hydrogen bond Conventional hydrogen bond
GSK3B A: simvastatin 1:C - A: THR8:0G1 3.58399 Hydrogen bond Carbon hydrogen bond
GSK3B A: VAL87 - A: simvastatin 1 4.77567 Hydrophobic Alkyl

GSK3B A: PHE67 — A: simvastatin 1 5.33817 Hydrophobic Pi-alkyl

GSK3B A: PHE67 - A: simvastatin 1 5.21435 Hydrophobic Pi-alkyl
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Radial Analysis of Intermolecular Interactions

Faceted by Protein Target (Distances in A)

CA9 EGFR GSK3B
A:VALBT - :Simvastatin 1 Simvastatin 1:C - ATHR8:0G1
ATHR1074:0G1 - :Simvastatin 1:0 A:ALA920 - :Simvastatin 1
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521
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Intermolecular interaction and atomic details between simvastatin and proteins; figure represent the summery of bond formation

between best ligand candidate simvastatin and three proteins that shared in swiss target report between all three ligands, the blue color represent
the presence of H-bond with relative short strong distance, and red color for pi-alkyl interaction while green color alkyl interaction, the orange
color represent the C—H bond, that mention that drug have two properties hydrophobic (alkyl, pi-alkyl) and polar (H-bond, C-H bond)

interactions.
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Internctions

Fig. 11 3D (A) and 2D (B) interaction visualization between EGFR and simvastatin; 3D (A) visualization for interaction between our drug sim-
vastatin and EGFR with red color for a-helix and blue color for B-sheet and 2D interaction (B) represent that drug have polar criteria to form H-

bond in addition to hydrophobic ability to form alkyl bonds.

interactions. This comprehensive interaction profile suggests
that simvastatin can effectively occupy the GSK3B active site,
potentially modulating the kinase activity that influences
multiple cancer-relevant pathways including cell survival,
proliferation, and metabolic regulation.

The consistently poor performance of Eudragit across all
three targets, with binding affinities ranging from —3.5 to
—3.8 kecal mol™, suggests limited therapeutic potential for
direct interaction with these cancer-related proteins. These
weak binding affinities likely reflect insufficient complemen-
tarity between Eudragit's chemical structure and the binding
pockets of the target proteins. Pentoxifylline demonstrated
intermediate binding affinities ranging from —6.4 to

© 2026 The Author(s). Published by the Royal Society of Chemistry

—6.8 keal mol ', indicating moderate potential for interaction
with these targets. While pentoxifylline showed reasonable
binding capabilities, its interactions were not characterized in
detail in this study, leaving questions about the specific
molecular contacts that stabilize these complexes. Nevertheless,
the observed binding affinities suggest that pentoxifylline may
warrant further investigation as a potential adjuvant therapy,
particularly given its established safety profile and anti-
inflammatory properties that could complement anti-cancer
strategies.

The findings of this study contribute significantly to bridging
the gap between computational prediction and therapeutic
repurposing of established drugs. Simvastatin, primarily

RSC Adv, 2026, 16, 27847-27877 | 27867
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Fig.12 3D (A) and 2D (B) interaction visualization between CA9 and simvastatin; 3D (A) visualization for interaction between our drug simvastatin
and CA9 with red color for a-helix and blue color for B-sheet and 2D interaction (B) represent that drug have polar criteria to form H-bond in

addition to hydrophobic ability to form alkyl bonds.
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Fig. 13 3D (A) and 2D (B) interaction visualization between GSK3B and simvastatin; 3D (A) visualization for interaction between our drug sim-
vastatin and GSK3B with red color for a-helix and blue color for B-sheet and 2D interaction (B) represent that drug have polar criteria to form H-
bond in addition to hydrophobic ability to form alkyl bonds when show more H-bond formation capability from compound left side more than

rest of proteins.

prescribed as a lipid-lowering agent, has garnered increasing
attention for its potential pleiotropic effects in cancer preven-
tion and treatment. Epidemiological studies have suggested
associations between statin use and reduced cancer risk or
improved outcomes in certain malignancies, though the
mechanisms underlying these observations have remained
incompletely understood. The present study provides
molecular-level evidence that simvastatin can directly interact
with key oncogenic proteins through favorable binding inter-
actions. The strong binding affinities observed, particularly the
—8.7 keal mol ™" interaction with GSK3B and —8.4 kcal mol ™"
with CA9, are comparable to or exceed those of many known
inhibitors, suggesting genuine potential for therapeutic activity.

27868 | RSC Adv, 2026, 16, 27847-27877

The detailed interaction profiles reveal that simvastatin engages
these targets through networks of hydrogen bonds and hydro-
phobic contacts that span critical functional residues, providing
a structural rationale for potential inhibitory activity.

These computational findings align with and extend
previous research exploring the anti-cancer properties of sta-
tins. Multiple preclinical studies have demonstrated that statins
can inhibit cancer cell proliferation, induce apoptosis, and
suppress metastasis through mechanisms that extend beyond
cholesterol biosynthesis inhibition. The current study provides
a mechanistic framework suggesting that direct binding to
cancer-relevant protein targets may contribute to these
observed effects. The ability of simvastatin to interact favorably

© 2026 The Author(s). Published by the Royal Society of Chemistry
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with EGFR, CA9, and GSK3B simultaneously suggests potential
for polypharmacology, where a single agent modulates multiple
disease-relevant targets. This characteristic could be particu-
larly advantageous in cancer therapy, where tumors often
exhibit redundancy in oncogenic signaling pathways and
develop resistance through compensatory mechanisms when
single targets are inhibited.

The interaction data also illuminate how molecular recog-
nition drives biological activity in the context of protein-ligand
binding. The predominance of hydrogen bonding interactions
in the simvastatin complexes reflects the importance of elec-
trostatic complementarity in achieving high-affinity binding.
Hydrogen bonds provide both specificity and strength to
molecular recognition, with the optimal distances observed in
this study indicating well-matched donor-acceptor geometries.
The supplementary hydrophobic interactions contribute
entropic stabilization by excluding water molecules from the
binding interface and providing van der Waals contacts that
enhance overall binding affinity. For kinases like EGFR and
GSK3B, the positioning of simvastatin interactions within ATP-
binding regions suggests a competitive inhibition mechanism,
where the ligand occupies space normally reserved for the
natural substrate. For CA9, interactions near catalytic residues
imply potential for active site blockade, which would impair the
enzyme's ability to catalyze the conversion of carbon dioxide to
bicarbonate and protons.

The convergence of computational predictions with biolog-
ical plausibility strengthens the translational potential of these
findings. The binding affinities predicted through docking
simulations provide quantitative estimates of interaction
strength that can inform prioritization for experimental vali-
dation. Typically, binding affinities more negative than
—6.0 kcal mol " are considered indicative of meaningful
interactions worthy of further investigation, and simvastatin
exceeded this threshold against all three targets. Moreover, the
consistency of simvastatin's superior performance across
structurally and functionally distinct proteins enhances confi-
dence in the robustness of these predictions. While computa-
tional docking provides valuable initial insights, it represents
only the first step in drug discovery and repurposing pipelines.
Experimental validation through biochemical assays, cellular
studies, and ultimately clinical investigation will be essential to
confirm these computational predictions and translate them
into therapeutic applications.

This study completes an important piece of the puzzle in
understanding how established drugs might be repurposed for
cancer treatment based on molecular interactions with vali-
dated oncogenic targets. By systematically evaluating binding
affinities and characterizing interaction patterns, we have
identified simvastatin as a promising candidate for further
development as a multi-target anti-cancer agent. The molecular
insights gained from interaction analysis provide testable
hypotheses about mechanisms of action and guide the design
of subsequent experimental studies. Furthermore, these find-
ings exemplify the power of computational approaches in
accelerating drug discovery by enabling rapid, cost-effective
screening of compound libraries against multiple therapeutic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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targets before committing resources to extensive experimental
campaigns.

3.5. Anti-proliferative cytotoxic effects (anti-cancer activity)

The maximal anti-proliferative effects were observed in HCT-
116 cells following treatment with the NP-PTX/SIM formula-
tion followed by SIM and PTX. The anti-cancerous effect of the
tested substances was concentration dependent in which the
cytotoxic inhibitory effects increased with increasing the
concentration as shown in Fig. 14. Fig. 15 confirmed the
previous observation in which the ICs, reached about (10.21 pg
mL ™%, 53.61 ug mL ™}, and 91.99 pg mL ") for NP-PTX/SIM, free
simvastatin, and pentoxifylline respectively.

3.5.1. Morphological changes. Fig. 16 showed intact
cellular sheet of purple-stained adherent monolayers of polyg-
onal or rounded shaped HCT116 cells, which are tightly closed
together forming well defined colonies. Upon treatment with
the tested substances, cells undergo apoptosis and became
more shrunken with development of cytoplasmic vacuoles and
pyknotic nuclei subsequently they lose their adherence with
detachment of the cellular sheet. The cytotoxic apoptotic effects
were increased with increasing the concentration and more
obvious in cells treated with NP-PTX/SIM. The high percentage
of the detached cells was observed at the high concentrations of
NP-PTX/SIM followed by SIM and PTX.

To formally establish the nature of the pharmacological
interaction between PTX and SIM in the co-delivery system, the
CI was determined using the Chou-Talalay method as
described in Section 2.7.4. Based on the ICs, values of free PTX
(91.99 pg mL™Y), free SIM (53.61 pg mL™Y), and NP-PTX/SIM
(10.21 ug mL™"), and the fixed PTX-to-SIM mass ratio of 13.3 :
1 in the nanoformulation, the calculated CI at the ICs, effect
level was CI = 0.42. According to established Chou-Talalay
criteria, a CI value in the range of 0.3-0.7 is classified as
synergism. A CI of 0.42 therefore confirms a strong synergistic
interaction between PTX and SIM when co-encapsulated and co-
delivered as NP-PTX/SIM to HCT-116 colorectal cancer cells.
This synergy is mechanistically consistent with the comple-
mentary and convergent anti-cancer pharmacology of the two
drugs: SIM disrupts the mevalonate/Ras/PI3K pro-survival axis,
while PTX simultaneously dismantles the NF-kB/TNF-a. inflam-
matory survival programme, producing a combined pro-
apoptotic stimulus that is substantially greater than the sum
of individual contributions.

It should be noted that the CI analysis was performed
exclusively in HCT-116 cells, which represent a well-
characterized p53 wild-type, KRAS-mutant colorectal cancer
model. Validation of this synergistic interaction in additional
CRC cell lines with distinct molecular profiles (e.g., HT-29:
BRAF-mutant, p53-mutant; SW480: KRAS-mutant, p53-mutant)
is recognized as an important future direction to establish the
generalizability of this finding across the molecular heteroge-
neity of colorectal cancer.

Induction of apoptosis and oxidative stress are the main
mechanisms for the anti-proliferative effect of simvastatin
against HCT116, moreover it has the ability to induce pyroptosis
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through activation of ROS/caspase-1/GSDMD  signaling
pathway.* Liu et al. (2020) linked the apoptotic effect of sim-
vastatin to its ability to inhibit the B-catenin and yes-associated
protein (YAP) through the GGPP-dependent pathway.*

The apoptotic effect of PTX was reported to be the main
mechanism for its anti-proliferative effects against variable
tumor cell lines.®*> Al-Husein et al. explained that the apoptotic
effect of PTX against colorectal cancer cell lines is cell line
dependent, as it produced more apoptotic effect against SW480
cells than HCT-116 cells; furthermore, its apoptotic effect was
caspase-dependent and mediated via the mitochondria.*

PTX was reported to have synergistic effect with other
chemotherapeutic agents as documented in the previous
studies beside its capability to suppress the cell viability.****
This synergistic effect with the anti-cancerous therapies may be
attributed to its ability to suppress the matrix meta-
lloproteinases and P-glycoprotein 65. This effect was docu-
mented clearly in the present study, in which the anti-
proliferative cytotoxic effects of NP-SIM/PTX begun at very low
concentration (7.8 ug mL ') and resulted in the maximal anti-
cancerous activity at very low concentration (10.21 pg mL™ ")
in comparison to free forms of both. The cytotoxic apoptotic
effect of the nanoformulated combination was identified clearly
in the cellular morphology of HCT-116 that representing in

27870 | RSC Adv, 2026, 16, 27847-27877

extensively shrunken cells with cytoplasmic vacuoles and
pyknotic nuclei.

3.6. Assessment of apoptotic and proliferative biomarkers

The illustrated results in Fig. 17a-c, revealed a consistent and
statistically significant hierarchy across all three biomarkers,
with NP-PTX/SIM producing the greatest caspase-3 activation,
the most pronounced Ki-67 suppression, and the lowest VEGF
secretion of all treatment groups (p < 0.001 vs. free SIM, free
PTX, and Eudragit S100 mixed with chitosan for all endpoints),
establishing that the nanoformulation induces genuine multi-
mechanistic programmed cell death rather than passive cyto-
stasis at its remarkably low therapeutic ICs.

3.6.1. Carrier biocompatibility. Eudragit S100 mixed with
chitosan treatment produced no statistically significant alter-
ation in caspase-3 activity (1.19 & 0.11 nmol pNA per mg protein
per h; Fig. 17a), Ki-67 expression (831.6 + 28.9 pg mL; Fig. 17b),
or VEGF secretion (308.5 + 21.2 pg mL™"; Fig. 17¢) relative to
untreated control cells (1.12 + 0.09 nmol pNA per mg protein
per h; 847.4 + 31.6 pg mL ™~ '; 312.8 + 18.4 pg mL ', respectively;
all p > 0.05). These findings are fully consistent with the
Eudragit S100 mixed with chitosan ICjs, of 379.50 ug mL™*
recorded in the MTT assay, a value 37.2-fold greater than the
therapeutic ICs, of NP-PTX/SIM, and confirm that the Eudragit

S100-chitosan carrier exerts no intrinsic cytotoxic, anti-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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proliferative, or anti-angiogenic influence at pharmacologically
relevant concentrations. The totality of biological activity
observed with the drug-loaded formulation is therefore unam-
biguously attributable to the co-encapsulated PTX and SIM,
validating the biocompatibility of the polymer carrier system,
consistent with the well-established safety profiles of chitosan
and Eudragit S100 as pharmaceutical excipients.****

3.6.2. Caspase-3 activation and apoptotic induction. NP-
PTX/SIM elicited the highest caspase-3 activity of all treatment
groups (5.64 + 0.27 nmol pNA per mg protein per h; Fig. 17a),
representing a 5.03-fold increase over Eudragit S100 mixed with
chitosan, a 2.81-fold increase over free PTX (2.01 + 0.08 nmol
pNA per mg protein per h), and a 2.30-fold increase over free
SIM (2.45 + 0.10 nmol pNA per mg protein per h; p <0.001 for all
comparisons), despite being administered at a 9.01- and 5.25-
fold lower molar dose than free PTX and free SIM, respectively.
Notably, free SIM produced significantly greater caspase-3
activation than free PTX (p < 0.05; Fig. 17a), consistent with
simvastatin's direct inhibition of the mevalonate pathway and

and Rho

© 2026 The Author(s). Published by the Royal Society of Chemistry

Concentration (ug/ml)

ICs0 values of the tested substances (Eudragit S100 mixed with chitosan, free pentoxifylline, free simvastatin, and NP-PTX/SIM) against

its stronger docking-predicted engagement with GSK3B (AG =
—8.7 keal mol ™, Section 3.3). This disproportionate caspase-3
induction by NP-PTX/SIM at a sub-11 pg mL ' ICs, estab-
lishes that nanoencapsulation and co-delivery substantially
amplify the apoptotic potency of the drug combination beyond
what either agent achieves independently at their respective
free-drug ICs, doses.

The mechanistic basis of this activation is rooted in the
complementary pro-apoptotic pharmacology of both encapsu-
lated agents. Simvastatin inhibits the mevalonate pathway,
depleting cells of the isoprenoid intermediates required for Ras

GTPase prenylation, thereby disrupting PI3K/Akt and

MAPK pro-survival signaling and disinhibiting the intrinsic
mitochondrial apoptotic cascade.*” This mechanism is directly
reinforced by the molecular docking results of Section 3.3,
where simvastatin demonstrated the highest binding affinity of
all tested ligands against GSK3p (AG = —8.7 kcal mol ). Active
GSK3p promotes phosphorylation and proteasomal degrada-
tion of the anti-apoptotic protein MCL-1 while activating the
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pro-apoptotic BH3-only sensitizer BIM, converging on mito-
chondrial outer membrane permeabilization, cytochrome c
release, and downstream caspase-3 cleavage.” The measured
caspase-3 elevation (Fig. 17a) thus provides direct in vitro
functional validation of the computationally predicted simvas-
tatin—-GSK3p interaction, establishing a coherent mechanistic
bridge between the in silico findings of Section 3.3 and the
cellular biological outcomes reported here. Pentoxifylline
augments this apoptotic program through inhibition of NF-xB
transcriptional activity and TNF-a production, dismantling the
NF-kB-driven expression of Bcl-2, Bel-xL, survivin, and XIAP that
otherwise suppress caspase activation.** The concurrent
removal of NF-kB-mediated anti-apoptotic gene expression by
PTX and Ras/PI3K/Akt survival signaling by SIM produces
a convergent and amplified pro-apoptotic stimulus that is
mechanistically consistent with the strong synergistic Combi-
nation Index of 0.42 established in the cytotoxicity assay, and
concordant with the reported synergistic pro-apoptotic effects
of this drug pair.*?

The superiority of NP-PTX/SIM over both free drugs in
caspase-3 induction at dramatically lower molar doses is prin-
cipally attributable to the nanocarrier-mediated intracellular
delivery advantage. Endocytic nanoparticle internalization
bypasses P-glycoprotein and MRP efflux transporters overex-
pressed in HCT-116 cells, achieving higher intracellular drug
concentrations per unit nominal dose.*® The positive surface
charge of +31.2 + 1.5 mV facilitates electrostatic-driven
membrane adsorption and endocytic uptake,**'* while the
sustained anomalous (non-Fickian) intracellular release
kinetics established in Section 3.2 maintain pro-apoptotic drug
levels within the cell over an extended duration, perpetuating
caspase-3 activation beyond the transient exposure achievable
with either free drug alone.

3.6.3. Ki-67 suppression and anti-proliferative activity. NP-
PTX/SIM reduced Ki-67 expression to 241.7 + 19.3 pg mL "
(Fig. 17Db), representing a 70.9% suppression relative to blank
nanoparticle controls (831.6 + 28.9 pg mL ™ '; p < 0.001). This
was significantly greater than the 20.7% Ki-67 reduction ach-
ieved by free PTX (659.5 + 21.4 pg mL™'; p < 0.001 vs. NP-PTX/
SIM) and the 29.6% reduction by free SIM (585.2 + 18.7 pg
mL™"; p < 0.001 vs. NP-PTX/SIM; Fig. 17b). The significantly
greater Ki-67 suppression by free SIM compared to free PTX (p <
0.05; Fig. 17b) reflects simvastatin's dual inhibitory action on
both Ras/MAPK and Wnt/B-catenin proliferative axes, while
pentoxifylline's anti-proliferative effect operates primarily
through cAMP/PKA-mediated Raf-1 inactivation.” Together in
the nanoformulation, these complementary mechanisms
converge to produce a 70.9% Ki-67 suppression at the remark-
ably low IC5, of 10.21 pg mL™ ", substantially exceeding what
either agent achieves individually at higher free-drug doses.

Ki-67 expression is co-regulated by multiple proliferative
signaling axes directly and convergently targeted by both
encapsulated agents. Simvastatin's blockade of Ras prenylation
suppresses the Ras/RAF/MEK/ERK mitogenic cascade, reducing
transcriptional activation of Ki-67 and its downstream cell cycle
effectors cyclin D1, CDK4, and c-Myc.” Additionally, the high-
affinity simvastatin-GSK3P interaction (AG = —8.7 kcal mol

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Section 3.3) introduces a second orthogonal anti-proliferative
mechanism through GSK3B-mediated B-catenin phosphoryla-
tion and proteasomal degradation, suppressing Wnt/B-catenin-
driven transcription of Ki-67 and cyclin D1 independently of
mevalonate effects.'* Pentoxifylline contributes through phos-
phodiesterase inhibition, elevating intracellular cAMP and
activating PKA, which phosphorylates and inactivates Raf-1,
a critical convergence points on the MAPK proliferative axis.
The simultaneous suppression of Ras/MAPK, Wnt/B-catenin,
and cAMP/PKA-Raf proliferative programs by PTX and SIM
acting together in the nanoformulation accounts for the 70.9%
Ki-67 reduction at the low NP-PTX/SIM ICs, dose (Fig. 17b).
Given that persistent Ki-67 suppression in residual CRC tumor
cells is an established predictor of reduced recurrence and
improved disease-free survival,”® this finding suggests that NP-
PTX/SIM may confer durable anti-tumor benefits extending
beyond the immediate cytotoxic response.

3.6.4. VEGF down regulation and anti-angiogenic activity.
NP-PTX/SIM produced the most potent suppression of VEGF
secretion among all groups (98.2 + 9.7 pg mL™'; Fig. 17¢),
representing a 68.2% reduction relative to Eudragit S100 mixed
with chitosan controls (308.5 + 21.2 pg mL™; p < 0.001),
a 58.1% reduction compared to free PTX (234.6 + 13.2 pg mL™%;
2 <0.001), and a 48.7% reduction compared to free SIM (191.4 +
11.8 pg mL™%; p < 0.001; Fig. 17¢). Free SIM produced signifi-
cantly greater VEGF suppression than free PTX (p < 0.05;
Fig. 17c), consistent with simvastatin's dual HIF-10/CA9-
mediated anti-angiogenic mechanism, which is mechanisti-
cally richer than pentoxifylline's NF-kB/TNF-o-mediated
pathway alone. The NP-PTX/SIM formulation surpassed both
individual free drug responses at a fraction of their molar doses,
establishing that nanoencapsulated co-delivery produces
a synergistic anti-angiogenic outcome that neither agent ach-
ieves independently.

Simvastatin suppresses VEGF transcription through two
convergent mechanisms supported by both pharmacological
and computational evidence. First, mevalonate pathway inhi-
bition reduces constitutive HIF-1o. activation, the principal
transcriptional activator of VEGF under the hypoxic conditions
that characterize the CRC tumor microenvironment.*” Second,
the molecular docking data of Section 3.3 demonstrated that
simvastatin binds CA9 with high affinity (AG = —8.4 keal mol )
through conventional hydrogen bonds with TYR143 and
ASN198 and a stabilizing pi-alkyl interaction with TRP141. CA9
sustains the intracellular alkalinity stabilizing HIF-1a. against
proteasomal degradation in hypoxic conditions; its inhibition
suppresses VEGF transcription through a mechanism inde-
pendent of and additive to Ras/HIF-lo. suppression.® The
measured VEGF reduction by free SIM and its further amplifi-
cation in NP-PTX/SIM (Fig. 17c) therefore provides functional in
vitro corroboration of the computationally predicted CA9 inhi-
bition, directly connecting the docking findings of Section 3.3 to
the cellular anti-angiogenic outcomes reported here. Pentox-
ifylline contributes complementarily through NF-«B and TNF-
o inhibition, dismantling a major transcriptional inducer of
VEGF in CRC cells.>* The concurrent suppression of the HIF-
1a/CA9 angiogenic axis by SIM and the NF-«B/TNF-a. pro-
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angiogenic inflammatory axis by PTX within the same nano-
carrier produces a convergent and complementary VEGF
reduction consistent with the synergistic CI of 0.42. The clinical
significance of the 68.2% VEGF reduction achieved at the low
ICso of 10.21 pg mL™" is considerable: VEGF drives not only
primary tumor neovascularization but also vascular perme-
ability and haematogenous metastatic dissemination in
advanced CRC,>® and its suppression to near-residual levels
portends reduced metastatic potential alongside the direct anti-
tumor cytotoxicity established in the MTT assay.

3.6.5. Integrative mechanistic interpretation. Taken
together, the caspase-3 (Fig. 17A), Ki-67 (Fig. 17B), and VEGF
(Fig. 17C) data reveal a mechanistically unified, three-
dimensional anticancer pharmacology for NP-PTX/SIM that is
directly grounded in and fully consistent with every preceding
section of this manuscript. Across all three biomarker endpoints,
the response hierarchy was consistent: NP-PTX/SIM > free SIM
> free PTX > blank NPs = untreated control, reflecting the
additive-to-synergistic pharmacological interaction between co-
delivered PTX and SIM and the amplifying effect of
nanoparticle-mediated intracellular delivery. The GSK3p binding
affinity (AG = —8.7 keal mol ", Section 3.3) is functionally re-
flected in both caspase-3 activation and Ki-67 suppression; the
CA9 binding affinity (AG = —8.4 kcal mol ", Section 3.3) is
functionally reflected in VEGF suppression; and the synergistic
CI of 0.42 (determined by the Chou-Talalay method in HCT-116
cells, Section 3.4) is mechanistically grounded in the convergent
multi-pathway modulation by PTX and SIM across all three
biomarker axes simultaneously. The consistent superiority of NP-
PTX/SIM over both free drugs at 5.25-9.01-fold lower molar doses
is uniformly explained by the physicochemical and release
properties established in Sections 3.1 and 3.2, notably the 152 £+
5 nm particle size, +31.2 + 1.5 mV zeta potential, high entrap-
ment efficiency, and sustained anomalous release kinetics, which
collectively enable disproportionately high intracellular drug
exposure at a sub-11 pug mL ™' nominal IC5o.**** The complete
pharmacological inertness of blank nanoparticles across all three
assays conclusively attributes this multi-mechanistic activity to
the co-delivered drug payload.**** These findings were obtained
in HCT-116 cells, a well-validated and widely accepted model for
colorectal cancer research. While this represents a standard
starting point for in vitro anticancer evaluation, we acknowledge
that testing in additional CRC cell lines with different mutational
profiles would further strengthen the generalizability of these
mechanistic conclusions. This is identified as a priority objective
for future investigation. Collectively, these findings provide
rigorous and internally consistent mechanistic validation of the
therapeutic strategy, confirming that NP-PTX/SIM operates
through genuine apoptotic induction, anti-proliferative
suppression, and anti-angiogenic activity, and strongly support
its advancement to in vivo pharmacodynamic and antitumor
efficacy evaluation.

4 Conclusion

This study successfully developed, optimized, and evaluated
a novel pH-responsive nanoformulation for the co-delivery of
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pentoxifylline and simvastatin against colorectal cancer. While
the Eudragit S100-chitosan hybrid carrier is an established pH-
responsive oral delivery platform, the innovation of this work
lies in applying it to this specific repurposed drug combination,
supported by systematic QbD optimization and comprehensive
in vitro and in silico validation. The optimized nanoparticles
exhibited suitable physicochemical properties and pH-triggered
release behavior, demonstrating preferential drug liberation at
simulated colonic pH (pH 7.4) in vitro, which is consistent with
a mechanistic rationale for oral delivery with colonic prefer-
ence. These in vitro findings do not constitute proof of in vivo
site-specific colon targeting; confirmation of actual colonic drug
delivery and therapeutic benefit requires future in vivo phar-
macokinetic and biodistribution studies. Molecular docking
further supported a multi-target mechanism for simvastatin
against EGFR, CA9, and GSK3f. The NP-PTX/SIM formulation
demonstrated potent cytotoxicity in HCT-116 colorectal cancer
cells (ICso = 10.21 pug mL™'), with quantitative Chou-Talalay
analysis confirming strong synergism (CI = 0.42), mediated
through caspase-3 - dependent apoptosis and suppression of
Ki-67 and VEGF biomarkers. As these findings were obtained in
a single CRC cell line, the results should be interpreted within
this context, and validation in additional models is warranted to
confirm broader applicability. Overall, this work bridges phar-
maceutical formulation, computational drug discovery, and
experimental oncology, supporting the potential of repurposed
drug combinations delivered via smart polymeric nanocarriers
for colorectal cancer therapy.

Future studies will focus on in vivo pharmacokinetic, bi-
odistribution, and efficacy evaluation to establish whether the
pH-responsive release behavior demonstrated in vitro translates
to effective preferential colonic drug delivery and therapeutic
activity in vivo, as well as assessment of synergistic activity in
additional CRC cell lines with diverse molecular backgrounds.
Beyond PTX/SIM, the Eudragit S100-chitosan ionic gelation
system demonstrates inherent versatility due to its physico-
chemically driven encapsulation mechanism, mild aqueous
preparation, scalable processing, and use of GRAS-designated
excipients. This platform may therefore be extended to other
colorectal cancer chemotherapeutics, including 5-fluorouracil,
oxaliplatin, irinotecan, and capecitabine, while the QbD-
defined design space established in this study provides
a rational framework for rapid optimization of future pH-
responsive combination nanoformulations.
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