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Abstract

Background/objectives: Colorectal cancer (CRC) remains a cause of cancer-related mortal-
ity worldwide, with therapeutic progress hindered by poor tumor selectivity and acquired
drug resistance. This study investigated the anticancer efficacy of simvastatin, admin-
istered as a free drug or encapsulated within mesoporous SBA-16 nanoparticles (NPs),
against HT-29 colorectal cancer cells in two-dimensional monolayer and three-dimensional
spheroid culture models. Methods: SBA-16 NPs achieved drug-loading efficiency of 73.83%
and accelerated cumulative release of 91.93% within 30 min, compared to 35.24% for the
free drug. Cell viability and proliferation were assessed via MTT and clonogenic assays,
while interleukin-6 (IL-6) levels were measured by ELISA to evaluate anti-inflammatory
activity. Results: Simvastatin-loaded SBA-16 NPs reduced the ICs from 27.86 pg/mL to
4.43 ng/mlL, representing a 6.29-fold enhancement in cytotoxic potency (p < 0.001), and
significantly inhibited colony formation and suppressed IL-6 secretion, indicating mod-
ulation of inflammatory pathways implicated in tumor progression. In the 3D spheroid
model, the nanoparticle formulation induced dose-dependent inhibition superior to the
free drug. Conclusions: These findings demonstrate that SBA-16 nanocarriers substantially
amplify simvastatin’s anticancer efficacy through improved drug solubilisation and rapid
release kinetics under sink conditions, with possible—but not directly proven—enhanced
cellular interaction/internalisation and modulation of tumor-associated inflammatory sig-
naling. Direct uptake, penetration, mechanistic cell-death, normal-cell selectivity, and
in vivo studies are warranted to confirm clinical applicability.
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1. Introduction

Cancer remains one of the most formidable global public health challenges of the
21st century. Over the past three decades, advances in cancer treatment strategies have
yielded substantial improvements in five-year survival rates and quality of life for many
patients [1,2]. Nevertheless, despite the availability of numerous chemotherapeutic agents,
achieving definitive cures for many cancers—particularly solid tumors—remains elusive [3].
A fundamental limitation of conventional chemotherapy is its lack of tumor selectivity,
which frequently results in collateral damage to healthy tissues and a spectrum of dose-
limiting toxicities. Furthermore, the emergence of drug resistance in cancer cells substan-
tially compromises the long-term efficacy of many anticancer agents [4,5].

Colorectal cancer (CRC) represents the third most commonly diagnosed malig-
nancy and the second leading cause of cancer-related deaths globally, with an estimated
1.9 million new cases and 935,000 deaths reported in 2020 [6]. Despite incremental improve-
ments in therapeutic strategies, a substantial proportion of patients with advanced CRC
exhibit suboptimal responses to existing treatment modalities. The tumor microenviron-
ment (TME)—comprising diverse cellular and molecular components surrounding the
tumor—plays a pivotal role in modulating treatment efficacy. The TME encompasses cancer-
associated fibroblasts, immune cells, extracellular matrix proteins, and a complex milieu
of cytokines and growth factors that collectively influence tumor progression, metastasis,
and therapeutic resistance [7-10]. Among these factors, interleukin-6 (IL-6) has emerged
as a critical mediator of inflammation-driven carcinogenesis and tumor progression in
CRC [11-15]. Elevated IL-6 levels in the TME promote cancer cell proliferation, inhibit
apoptosis, and facilitate angiogenesis and metastasis through activation of the JAK/STAT3
signaling pathway [16-19]. Consequently, therapeutic strategies that simultaneously target
cancer cell viability and modulate inflammatory signaling pathways hold considerable
promise for improving clinical outcomes in CRC [20-23].

Simvastatin, chemically designated as [(1S,3R,7S,8S,8aR)-8-[2-[(2R 4R)-4-hydroxy-
6-oxooxan-2-yl]ethyl]-3,7-dimethyl-1,2,3,7,8,8a-hexahydronaphthalen-1-yl] 2,2-dimethyl-
butanoate, is a lipophilic statin widely prescribed for the management of hypercholes-
terolemia through competitive inhibition of 3-hydroxy-3-methylglutaryl-coenzyme A
(HMG-CoA) reductase [24]. Beyond their established lipid-lowering effects, accumulating
evidence from epidemiological studies and preclinical investigations suggests that statins
possess pleiotropic anticancer properties, including inhibition of cell proliferation, induc-
tion of apoptosis, suppression of angiogenesis, and attenuation of metastatic potential [25].
Several retrospective cohort studies have reported associations between statin use and
reduced incidence and mortality from various cancers, including CRC [26]. The proposed
mechanisms underlying the anticancer effects of statins include disruption of isoprenoid
synthesis, which impairs the post-translational modification of small GTPases (such as
Ras and Rho) essential for oncogenic signaling, as well as modulation of inflammatory
pathways and induction of cell cycle arrest [27]. Despite these promising attributes, the
clinical translation of simvastatin as an anticancer agent has been hindered by its poor
aqueous solubility, limited bioavailability, and rapid hepatic metabolism, which collectively
restrict its therapeutic efficacy at tolerable doses [28].

Nanotechnology-based drug delivery systems have emerged as a transformative
approach to overcome the pharmacokinetic and pharmacodynamic limitations of con-
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ventional chemotherapeutics. Mesoporous silica nanoparticles (MSNs) have garnered
considerable attention as drug delivery platforms due to their unique physicochemical
properties, including high surface area, tunable pore size and volume, excellent biocompat-
ibility, and facile surface functionalization [29-32]. Among the various MSN architectures,
SBA-16 nanoparticles—characterized by a three-dimensional cubic cage-like pore struc-
ture (Im3m symmetry)—offer distinct advantages over other mesoporous silica materials
such as MCM-41 (hexagonal pore arrangement) and SBA-15 (two-dimensional hexagonal
structure). Specifically, the interconnected cage-like pore network of SBA-16 provides
enhanced drug-loading capacity, improved structural stability, and potentially tunable
release behavior compared to cylindrical pore geometries [33]. Furthermore, the larger pore
entrance dimensions of SBA-16 (typically 5-10 nm) facilitate efficient loading of hydropho-
bic drugs and may be optimized by surface engineering to control release profiles [34]. The
high surface area and pore volume of SBA-16 also permit substantial drug payloads while
maintaining colloidal stability in physiological environments. These structural features
collectively position SBA-16 as a promising nanocarrier for enhancing the delivery and
therapeutic efficacy of poorly soluble anticancer agents such as simvastatin.

Despite the growing body of literature on statin-based anticancer therapies and meso-
porous silica nanoparticle drug delivery systems, a critical knowledge gap persists re-
garding the systematic evaluation of simvastatin-loaded SBA-16 nanoparticles in physio-
logically relevant CRC models. Traditional two-dimensional (2D) monolayer cell culture
systems, while widely employed in cancer research, fail to recapitulate the complex three-
dimensional architecture, cell-cell interactions, and diffusion gradients characteristic of
solid tumors in vivo [35]. In contrast, three-dimensional (3D) spheroid models more accu-
rately mimic the structural organization, hypoxic gradients, and drug penetration barriers
present in clinical tumors, thereby providing a more predictive platform for evaluating
therapeutic efficacy [36]. The integration of both 2D and 3D culture systems enables a
comprehensive assessment of drug activity across complementary experimental paradigms,
bridging the gap between conventional in vitro screening and in vivo preclinical studies.

The present study was designed to address this gap by systematically investigating
the anticancer efficacy of simvastatin-loaded SBA-16 nanoparticles against HT-29 human
colorectal adenocarcinoma cells using both 2D monolayer and 3D spheroid culture mod-
els. Specifically, we aimed to: (1) synthesize and comprehensively characterize SBA-16
nanoparticles with respect to morphology, particle size, surface charge, pore structure,
and drug-loading capacity; (2) evaluate the in vitro release kinetics of simvastatin from
SBA-16 nanoparticles compared to the free drug; (3) assess the cytotoxic efficacy of free
and nanoparticle-encapsulated simvastatin in 2D and 3D HT-29 cell culture models using
MTT and clonogenic assays; and (4) investigate the impact of simvastatin formulations
on IL-6 secretion as a marker of anti-inflammatory activity relevant to tumor progression.
We hypothesized that encapsulation of simvastatin within SBA-16 nanoparticles would
enhance its anticancer potency primarily by improving drug solubilisation and release, with
possible enhancement of cellular interaction/internalisation and inflammatory pathway
modulation; these latter mechanisms require direct experimental validation.

2. Materials and Methods
2.1. Materials

Simvastatin (purity > 98%) was obtained from Sigma-Aldrich (St. Louis, MO, USA).
Tetraethyl orthosilicate (TEOS, 98%), Pluronic F127 (EO19sPO79EO1¢¢, average molecular
weight ~12,600 Da), hydrochloric acid (HCl, 37%), and absolute ethanol (>99.8%) were
purchased from Sigma-Aldrich. HT-29 human colorectal adenocarcinoma cells were ac-
quired from the American Type Culture Collection (ATCC, Manassas, VA, USA). Dulbecco’s
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Modified Eagle Medium (DMEM), fetal bovine serum (FBS), penicillin-streptomycin so-
lution, and trypsin-EDTA were obtained from Gibco (Thermo Fisher Scientific, Waltham,
MA, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent,
dimethyl sulfoxide (DMSQO), and phosphate-buffered saline (PBS, pH 7.4) were purchased
from Sigma-Aldrich. Ultra-low attachment 96-well plates for spheroid culture were ob-
tained from Corning Inc. (Corning, NY, USA). Human IL-6 enzyme-linked immunosorbent
assay (ELISA) kits were procured from R&D Systems (Minneapolis, MN, USA). All other
chemicals and reagents were of analytical grade and used without further purification.
Deionized water (resistivity >18.2 M()-cm) was used throughout all experiments.

2.2. Synthesis of SBA-16 Mesoporous Silica Nanoparticles

SBA-16 mesoporous silica nanoparticles were synthesized via a sol-gel method using
Pluronic F127 as a structure-directing agent, following an established protocol with minor
modifications [37]. Briefly, 4.0 g of Pluronic F127 was dissolved in 150 mL of deionized water
under magnetic stirring at 40 °C until complete dissolution was achieved. Subsequently,
120 mL of 2 M hydrochloric acid was added to the surfactant solution, and stirring was
continued for 1 h at 40 °C to ensure homogeneous mixing. Following acidification, 8.5 mL
of tetraethyl orthosilicate (TEOS) was added dropwise to the reaction mixture over a
period of 10 min under continuous stirring at 500 rpm. The resulting sol-gel mixture
was maintained at 40 °C with stirring at 500 rpm for 24 h to promote hydrolysis and
condensation of the silica precursor. The reaction mixture was then transferred to a Teflon-
lined stainless-steel autoclave and subjected to hydrothermal treatment at 100 °C for 24 h
to facilitate mesoporous structure formation and framework condensation. After cooling to
room temperature, the white precipitate was collected by centrifugation at 10,000 rpm for
15 min, washed extensively with deionized water and ethanol (three cycles each) to remove
residual reactants, and dried overnight at 80 °C in a vacuum oven. To remove the Pluronic
F127 template and generate the mesoporous structure, the dried powder was calcined in a
muffle furnace at 550 °C for 6 h using a heating ramp rate of 2 °C/min to prevent structural
collapse. The resulting white SBA-16 powder was stored in a desiccator until further use.

2.3. Characterization of SBA-16 Nanoparticles

Characterization of SBA-16 Nanoparticles

The morphology and particle size distribution of SBA-16 nanoparticles were examined
by scanning electron microscopy (SEM) using a JEOL scanning electron microscope (JEOL
Ltd., Tokyo, Japan). Samples for SEM analysis were prepared by dispersing SBA-16
nanoparticles in ethanol, sonicating for 10 min, and depositing a drop of the suspension
onto a clean silicon wafer, followed by air drying and sputter-coating with a thin layer
of gold prior to imaging. Hydrodynamic particle size, polydispersity index (PDI), and
zeta potential were determined by dynamic light scattering (DLS) and electrophoretic light
scattering using a Malvern Zetasizer Nano ZS instrument (Malvern Panalytical, Malvern,
UK). Measurements were performed in triplicate at 25 °C using aqueous dispersions of
SBA-16 nanoparticles at a concentration of 0.1 mg/mL. The mesoporous structure and pore
characteristics were analyzed by nitrogen adsorption-desorption isotherms at 77 K using a
Micromeritics ASAP 2020 surface area and porosity analyzer (Micromeritics Instrument
Corporation, Norcross, GA, USA). Prior to analysis, samples were degassed at 150 °C under
vacuum for 6 h. Specific surface area was calculated using the Brunauer-Emmett-Teller
(BET) method in the relative pressure range of 0.05-0.30. Pore size distribution and pore
volume were determined using the Barrett-Joyner-Halenda (BJH) method applied to
the desorption branch of the isotherm. Fourier-transform infrared (FTIR) spectroscopy
was performed using a PerkinElmer Spectrum 100 FTIR spectrometer (PerkinElmer Inc.,
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Waltham, MA, USA) in the wavenumber range of 4000-400 cm~ ! with a resolution of 4 cm ™1
to confirm the chemical structure and surface functional groups of SBA-16 nanoparticles.

2.4. Drug Loading and Encapsulation Efficiency

Simvastatin was loaded into SBA-16 nanoparticles using a solvent impregnation
method. Briefly, 100 mg of calcined SBA-16 nanoparticles were dispersed in 10 mL of
ethanol containing 50 mg of simvastatin. The suspension was sonicated for 30 min to
facilitate drug infiltration into the mesopores, followed by magnetic stirring at room
temperature for 24 h in the dark to prevent photodegradation of simvastatin. The ethanol
was then removed by rotary evaporation at 40 °C under reduced pressure, and the resulting
simvastatin-loaded SBA-16 nanoparticles (Sim-SBA-16 NPs) were dried overnight at 40 °C
in a vacuum oven and stored in a desiccator protected from light. To determine drug
loading content and encapsulation efficiency, 10 mg of Sim-SBA-16 NPs were dispersed
in 10 mL of ethanol and sonicated for 30 min to extract the loaded drug. The suspension
was centrifuged at 12,000 rpm for 10 min, and the supernatant was analyzed by ultraviolet-
visible (UV-Vis) spectrophotometry at 238 nm using a calibration curve prepared with
simvastatin standard solutions in ethanol (R? > 0.999; Figure 1). Drug loading content
(DLC) and encapsulation efficiency (EE) were calculated using the following equations:

Drug Loading Content (%) = (Weight of drug in nanoparticles/Weight of drug-loaded nanoparticles) x 100

Encapsulation Efficiency (%) = (Weight of drug in nanoparticles/Weight of drug initially added) x 100

All measurements were performed in triplicate, and results are expressed as
mean =+ standard deviation (SD).

19 y=29100x + 48275

R%=0.9999
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Figure 1. HPLC calibration curve for simvastatin quantification. Peak area (x10® mAU-min) plotted
against simvastatin concentration (mg/L) across the range 7.813-500 mg/L. Excellent linearity was
observed (R? = 0.9999; y = 29,100x + 48,275), validating the HPLC-UV method (238 nm) for accurate
quantification of simvastatin in drug loading and in vitro release studies.

2.5. In Vitro Drug Release Studies

The release kinetics of simvastatin from SBA-16 nanoparticles were evaluated using a
dialysis method under sink conditions. Sim-SBA-16 NPs (equivalent to 5 mg of simvastatin)
or free simvastatin (5 mg) were dispersed in 5 mL of phosphate-buffered saline (PBS,
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pH 7.4) supplemented with 0.5% (w/v) Tween 80. Tween 80 was included to maintain
sink conditions for poorly water-soluble simvastatin and to allow comparative assessment
of drug liberation from the carrier versus the free drug; however, this medium should
be interpreted as an in vitro pharmacotechnical condition rather than a direct simulation
of plasma or tumor interstitial fluid. The dispersion was transferred into dialysis bags
(molecular weight cut-off: 12-14 kDa) and immersed in 100 mL of release medium (PBS
pH 7.4 with 0.5% Tween 80) maintained at 37 °C under magnetic stirring at 100 rpm. At
predetermined time intervals (5, 10, 15, 20, 25, and 30 min), 1 mL aliquots of the release
medium were withdrawn and immediately replaced with an equal volume of fresh medium
to maintain constant volume. The concentration of released simvastatin in each aliquot was
quantified by UV-Vis spectrophotometry at 238 nm using a calibration curve. Cumulative
drug release was calculated as a percentage of total drug content, and experiments were
performed in triplicate. Release profiles were compared using two-way analysis of variance
(ANOVA) followed by Bonferroni post hoc testing.

2.6. Cell Culture

HT-29 human colorectal adenocarcinoma cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% (v/v) heat-inactivated fetal bovine serum
(FBS), 100 U/mL penicillin, and 100 pg/mL streptomycin. Cells were maintained in a
humidified incubator at 37 °C with 5% CO, atmosphere. Culture medium was replaced
every 2-3 days, and cells were passaged upon reaching 80-90% confluence using 0.25%
trypsin-EDTA. Cells between passages 5 and 15 were used for all experiments to ensure
consistency and reproducibility.

2.7. MTT Cell Viability Assay (2D Monolayer Culture)

The cytotoxic effects of free simvastatin and Sim-SBA-16 NPs on HT-29 cells were
assessed using the MTT [3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide]
colorimetric assay. HT-29 cells were seeded in 96-well plates at a density of 5 x 103 cells
per well in 100 pL of complete DMEM and allowed to adhere overnight. The following day,
cells were treated with various concentrations of free simvastatin or Sim-SBA-16 NPs (0,
5,10, 15, 20, 30, 40, 50, and 60 pg/mL) prepared in complete medium. Free simvastatin
was dissolved in DMSO (final DMSO concentration <0.5% ©v/v in culture medium to
avoid solvent toxicity), while Sim-SBA-16 NPs were dispersed in PBS and sonicated for
10 min before dilution in culture medium. Control wells received vehicle only (DMSO
or PBS at equivalent concentrations). After 48 h of incubation at 37 °C, 10 uL of MTT
solution (5 mg/mL in PBS) was added to each well, and plates were incubated for an
additional 4 h at 37 °C to allow formazan crystal formation. The culture medium was
then carefully aspirated, and 100 uL. of DMSO was added to each well to dissolve the
formazan crystals. Absorbance was measured at 570 nm using a microplate reader (BioTek
Instruments, Winooski, VI, USA), with a reference wavelength of 630 nm to correct for
background absorbance. Cell viability was calculated as a percentage of the untreated
control, and half-maximal inhibitory concentration (ICsp) values were determined by
nonlinear regression analysis using GraphPad Prism software (version 9.0, GraphPad
Software Inc., San Diego, CA, USA). All experiments were performed in triplicate with
six technical replicates per condition.

2.8. Clonogenic Assay (Colony Formation Assay)

The long-term cytotoxic effects and reproductive integrity of HT-29 cells following
treatment with free simvastatin or Sim-SBA-16 NPs were evaluated using the clonogenic
assay. HT-29 cells were seeded in 6-well plates at a density of 500 cells per well and allowed
to adhere overnight. Cells were then treated with free simvastatin or Sim-SBA-16 NPs at
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concentrations of 15, 30, and 60 pg/mL for 48 h. Following treatment, the medium was
aspirated, cells were washed twice with PBS, and fresh complete medium without drug
was added. Cells were cultured for an additional 10-14 days to allow colony formation,
with medium changes every 3 days. Colonies were fixed with 4% paraformaldehyde for
15 min at room temperature, washed with PBS, and stained with 0.5% crystal violet solution
in 25% methanol for 30 min. Excess stain was removed by gentle washing with distilled
water, and plates were air-dried. Colonies consisting of >50 cells were counted manually
under a light microscope. Colony formation efficiency was calculated as a percentage of
the untreated control. Experiments were performed in triplicate, and statistical analysis
was conducted using two-way ANOVA followed by Bonferroni post hoc test.

2.9. Three-Dimensional (3D) Spheroid Culture and Viability Assessment

Three-dimensional tumor spheroids were generated using the liquid overlay technique
in ultra-low attachment 96-well plates (Corning Inc.). HT-29 cells were seeded at a density
of 5 x 103 cells per well in 200 pL of complete DMEM and centrifuged at 1000 rpm for
10 min to promote cell aggregation. Spheroids were allowed to form and mature for 3 days
at 37 °C with 5% CO;, with medium changes every 2 days. Spheroid formation and
morphology were monitored daily using an inverted phase-contrast microscope. Once
compact spheroids with well-defined boundaries were established (typically by day 3),
they were treated with free simvastatin or Sim-SBA-16 NPs at concentrations of 15, 30, and
60 ug/mL. After 48 h of treatment, spheroid viability was assessed using the MTT assay
adapted for 3D cultures. Briefly, 20 uL of MTT solution (5 mg/mL in PBS) was added
to each well, and spheroids were incubated for 4 h at 37 °C. The medium was carefully
removed, and 100 pL of DMSO was added to dissolve the formazan crystals. Plates were
incubated on an orbital shaker for 15 min to ensure complete dissolution, and absorbance
was measured at 570 nm with background correction at 630 nm. Spheroid viability was
expressed as a percentage of untreated control spheroids. Experiments were performed in
triplicate with five technical replicates per condition. Statistical comparisons were made
using two-way ANOVA followed by Bonferroni post hoc test.

2.10. Interleukin-6 (IL-6) Quantification by ELISA

To evaluate the anti-inflammatory effects of simvastatin formulations, IL-6 secretion
by HT-29 cells was quantified using a human IL-6 enzyme-linked immunosorbent assay
(ELISA) kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s
instructions. HT-29 cells were seeded in 24-well plates at a density of 1 x 10° cells per well
and allowed to adhere overnight. Cells were then treated with free simvastatin or Sim-SBA-
16 NPs at concentrations of 15 and 30 pug/mL for 48 h. Untreated cells served as controls.
Following treatment, cell culture supernatants were collected, centrifuged at 3000 rpm for
10 min to remove cellular debris, and stored at —80 °C until analysis. IL-6 concentrations
in the supernatants were determined by ELISA with a detection range of 9.38-600 pg/mL
and a sensitivity of <0.70 pg/mL. Absorbance was measured at 450 nm with wavelength
correction at 540 nm using a microplate reader. IL-6 concentrations were calculated from a
standard curve generated using recombinant human IL-6 standards provided in the kit.
All samples were analyzed in triplicate, and results are expressed as pg/mL. Statistical
analysis was performed using two-way ANOVA followed by Bonferroni post hoc test.

2.11. Statistical Analysis

All experiments were performed in triplicate with multiple technical replicates as
specified for each assay. Data are presented as mean =+ standard deviation (SD). Statistical
analyses were conducted using GraphPad Prism software (version 9.0, GraphPad Software
Inc., San Diego, CA, USA). Comparisons between two groups were performed using
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unpaired Student’s t-test, while comparisons among multiple groups were analyzed using
one-way or two-way analysis of variance (ANOVA) followed by Bonferroni post hoc test
for pairwise comparisons. ICsj values were determined by nonlinear regression analysis
using a four-parameter logistic model. Effect sizes were calculated using Cohen’s d, with
values of 0.2, 0.5, and 0.8 representing small, medium, and large effects, respectively. Partial
eta-squared (n?) was calculated to quantify the proportion of variance explained by each
factor in ANOVA models. Statistical significance was defined as * p < 0.05, ** p < 0.01, and
*** p < 0.001. All graphs were generated using GraphPad Prism software.

3. Results
3.1. Characterization of SBA-16 Nanoparticles

The synthesized SBA-16 mesoporous silica nanoparticles were comprehensively char-
acterized to confirm their structural properties and suitability as drug delivery carriers.
Scanning electron microscopy (SEM) analysis revealed that SBA-16 nanoparticles exhibited
a spherical morphology with relatively uniform particle size distribution and well-ordered
cubic mesoporous structure characteristic of the Im3m space group symmetry; represen-
tative SEM micrographs are provided in Figure 2A. The cubic Im3m mesostructure was
further confirmed by small-angle X-ray diffraction (SAXD), which exhibited characteristic
(110), (200), and (211) reflections at 26 values of 0.87°, 1.23°, and 1.51°, corresponding to
d-spacings of 10.14, 7.17, and 5.85 nm, respectively, and a unit cell parameter ag = 14.34 nm
consistent with SBA-16 (Figure 3B). Dynamic light scattering (DLS) measurements indicated
a mean hydrodynamic diameter of 31.67 &+ 3.30 nm with a polydispersity index (PDI) of
0.324 (Figure 2B,C), consistent with the SEM-derived mean diameter of 31.39 £ 3.30 nm
(n = 75 particles) (Figure 2B,C), suggesting a narrow size distribution favorable for biologi-
cal evaluation. The zeta potential of SBA-16 nanoparticles in aqueous dispersion (pH 7.4)
was measured as —18.5 & 2.1 mV (Figure 2D), indicating sufficient electrostatic repulsion
to maintain colloidal stability and prevent aggregation in physiological media. This moder-
ately negative surface charge may support cellular interaction/internalisation, but direct
uptake studies were not performed and are therefore presented as a future mechanistic
priority. Colloidal stability was confirmed over an 8-week storage period at both 25 °C and
4 °C, with no significant changes in hydrodynamic diameter or PDI (Figure 2E,F). Batch-
to-batch reproducibility was assessed across three independent synthesis runs, yielding
consistent particle size (31.2 £ 2.8 nm, 31.9 & 3.1 nm, and 30.8 & 2.9 nm), PDI (0.318-0.331),
zeta potential (—17.9 to —19.2 mV), and encapsulation efficiency (72.1-75.4%), confirming
the reproducibility of the synthesis protocol.

Nitrogen adsorption—desorption isotherm analysis revealed a type IV isotherm with
a distinct H2-type hysteresis loop, characteristic of mesoporous materials with cage-like
pore structures. The Brunauer—-Emmett-Teller (BET) specific surface area was calculated as
742 m? /g, providing an extensive surface for drug adsorption and loading. The Barrett-
Joyner-Halenda (BJH) pore size distribution analysis indicated a narrow pore size distri-
bution centered at approximately 6.8 nm, with a total pore volume of 0.58 cm?/g. These
structural parameters—high surface area, large pore volume, and uniform pore size—are
highly favorable for efficient loading of hydrophobic drugs such as simvastatin (Figure 4).

Fourier-transform infrared (FTIR) spectroscopy confirmed the successful synthesis and
calcination of SBA-16 nanoparticles (Figure 5B). The FTIR spectrum exhibited characteristic
absorption bands at approximately 1080 cm ! (asymmetric Si—O-Si stretching), 800 cm ™!
(symmetric Si-O-Si stretching), and 460 cm~! (Si-O-Si bending), confirming the silica
framework structure. A broad absorption band centered around 3400 cm~! and a band
at 1630 cm~! were attributed to O-H stretching and bending vibrations, respectively,
arising from surface silanol groups (Si-OH) and adsorbed water molecules. The absence of
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characteristic C-H stretching bands (2800-3000 cm ™) associated with the Pluronic F127
template confirmed the complete removal of the surfactant during calcination, ensuring
the availability of mesopores for drug loading (Figure 5C).
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Figure 2. Physicochemical characterization and colloidal stability of SBA-16 nanoparticles.

(A) Scanning electron micrograph showing predominantly spherical morphology with a subset
of cubic/faceted particles consistent with the Im3m cubic mesostructure; (B) DLS intensity-weighted
particle size distribution with a monomodal peak at 31.67 nm (PDI = 0.324); (C) SEM-derived
particle size distribution (1 = 75 particles) with a mean diameter of 31.39 £ 3.30 nm; (D) Zeta po-
tential distribution showing a mean surface charge of —18.5 = 2.1 mV from deprotonated silanol
groups; (E) hydrodynamic diameter stability over 8 weeks at 25 °C and 4 °C (n = 3, Mean + SD);
(F) PDI stability over the same storage period, confirming maintained colloidal uniformity under
refrigerated conditions.
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Figure 3. (A) XRD pattern of pure simvastatin exhibiting sharp Bragg diffraction peaks characteristic

of a crystalline solid; (B) XRD pattern of blank SBA-16 nanoparticles showing a broad amorphous
halo with a low-angle (110) reflection indicative of an ordered mesoporous structure; (C) XRD pattern
of simvastatin-loaded SBA-16 nanoparticles showing the disappearance of crystalline drug peaks,

confirming amorphization and mesopore confinement of simvastatin.
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Figure 5. FTIR spectra of simvastatin, SBA-16, and simvastatin-loaded SBA-16 nanoparticles.
(A) FTIR spectrum of pure simvastatin confirming characteristic O-H, C=0 lactone, and C-O stretch-
ing bands; (B) FTIR spectrum of blank SBA-16 nanoparticles showing Si-O-Si asymmetric stretching
band (~1085 cm~1) and Si-OH bending band (~960 cm~1); (C) FTIR spectrum of simvastatin-loaded
SBA-16 nanoparticles demonstrating attenuation of the simvastatin carbonyl band while retaining

the characteristic Si-O-Si framework, confirming successful drug encapsulation.

https://doi.org/10.3390 / pharmaceutics18070841


https://doi.org/10.3390/pharmaceutics18070841

Pharmaceutics 2026, 18, 841

12 of 32

3.2. Drug Loading and Encapsulation Efficiency

Simvastatin was successfully loaded into SBA-16 nanoparticles using a solvent im-
pregnation method. Quantitative analysis by UV-Vis spectrophotometry revealed a drug-
loading content (DLC) of 31.47 £ 1.9% (w/w) and an encapsulation efficiency (EE) of
73.83 £ 3.5%. These values indicate high drug-loading capacity, which can be attributed
to the large specific surface area (742 m?/g), high pore volume (0.58 cm?3/g), and favor-
able pore size (6.8 nm) of SBA-16 nanoparticles. The hydrophobic nature of simvastatin
facilitates strong adsorptive interactions with the silica surface through hydrogen bonding
and van der Waals forces, contributing to the high encapsulation efficiency. The loading
mechanism of simvastatin into SBA-16 nanoparticles is governed by a combination of
physicochemical interactions that collectively account for the high encapsulation perfor-
mance observed. First, capillary condensation within the uniform mesopores (~6.8 nm)
creates a thermodynamic driving force for drug infiltration from the ethanol solution into
the pore channels, a phenomenon well-documented for hydrophobic molecules in meso-
porous silica systems. Second, the silanol groups (Si-OH) densely populating the SBA-16
inner surface provide multiple hydrogen bond acceptor/donor sites that interact favor-
ably with the hydroxyl and carbonyl functionalities of simvastatin (MW 418.57 g/mol), as
confirmed by the attenuation of the simvastatin carbonyl band in the FTIR spectrum of
Sim-SBA-16 NPs (Figure 5C). Third, the hydrophobic methyl and decalin ring system of sim-
vastatin engages in van der Waals and hydrophobic interactions with the silica pore walls,
particularly in regions of partial surface dehydroxylation following calcination at 550 °C.
Fourth, the solvent impregnation method employed here promotes drug loading via capil-
lary action: upon sonication in ethanol (a solvent that wets mesoporous silica efficiently),
simvastatin in solution penetrates deep into the three-dimensional interconnected cage-like
pore network of SBA-16; subsequent solvent removal by rotary evaporation drives further
drug deposition as the ethanol evaporates, concentrating simvastatin within the pores and
preventing its recrystallization as a bulk phase. The XRD data (Figure 5C) confirms this
amorphization of simvastatin upon mesopore confinement—the disappearance of sharp
crystalline diffraction peaks in Sim-SBA-16 NPs relative to pure simvastatin (Figure 5A) in-
dicates that the drug exists in a molecularly dispersed or amorphous state within the pores
rather than as a crystalline deposit. This amorphous confinement is a critical contributor to
the high EE, as it eliminates the energetic barrier of crystal lattice disruption during loading
and enhances solubilization. The drug-to-carrier ratio of 1:2 (w/w) employed in this study
(50 mg simvastatin per 100 mg SBA-16) was selected to approach, without exceeding, the
theoretical pore capacity calculated from the pore volume (0.58 cm®/g) and the molecular
volume of simvastatin (~700 A3 /molecule), thereby maximizing occupancy while avoiding
surface deposition as excess crystalline drug outside the mesopores. The 24 h stirring period
under dark conditions further ensured equilibrium adsorption and uniform drug distri-
bution throughout the pore network. Together, these synergistic mechanisms—capillary
condensation, hydrogen bonding, hydrophobic interactions, solvent-driven pore filling,
and amorphous confinement—explain the high EE of 73.83% and position the SBA-16
solvent impregnation approach as an efficient strategy for loading poorly soluble lipophilic
drugs. The substantial drug payload achieved with SBA-16 nanoparticles is advanta-
geous for reducing the required nanoparticle dose while maintaining therapeutic drug
concentrations, thereby minimizing potential carrier-related toxicity.

3.3. In Vitro Drug Release Kinetics

The release profiles of simvastatin from SBA-16 nanoparticles and free drug were
evaluated under physiological conditions (PBS pH 7.4, 37 °C) to assess the impact of
nanoparticle encapsulation on drug release kinetics. As presented in Table 1, simvastatin-
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loaded SBA-16 nanoparticles exhibited markedly accelerated release kinetics compared to
the free drug. Within the first 5 min, Sim-SBA-16 NPs released 38.20% of the encapsulated
drug, whereas free simvastatin released only 5.10%. This rapid initial release (burst release)
can be attributed to drug molecules adsorbed on the external surface and near the pore
entrances of SBA-16 nanoparticles, which are readily accessible to the release medium.
The burst release phase was followed by a more gradual release, with cumulative release
reaching 91.93% for Sim-SBA-16 NPs and 35.24% for free simvastatin at 30 min.

Table 1. Cumulative release of Simvastatin from SBA-16 nanoparticles and free drug.

Time (min) SBA-16 NPs (%) Free Drug (%)

0.00 0.00

38.20 5.10
10 58.60 9.30
15 72.40 13.80
20 82.10 18.20
25 88.50 21.90
30 91.93 35.24

The substantially enhanced release rate of simvastatin from SBA-16 nanoparticles
compared to the free drug can be attributed to several factors. First, encapsulation within
the mesoporous structure increases the effective surface area of simvastatin exposed to
the aqueous medium, facilitating dissolution. Second, the hydrophilic silica framework
promotes wetting and penetration of the release medium into the pores, enhancing drug
solubilization. Third, the interconnected cage-like pore network of SBA-16 provides mul-
tiple diffusion pathways, enabling efficient drug release. The poor release of free simvas-
tatin (35.24% at 30 min) reflects its intrinsically low aqueous solubility (approximately
0.03 mg/mL), which limits dissolution and bioavailability. The enhanced release kinetics
observed with Sim-SBA-16 NPs may contribute to the higher functional potency observed
in cell-based assays by increasing the amount of dissolved drug available to cells. However,
direct intracellular uptake and drug-accumulation studies were not performed; therefore,
enhanced uptake should be considered a mechanistic hypothesis rather than a demon-
strated finding. It is also important to note that the near-complete release (91.93%) within
the short 30 min observation window is predominantly a rapid-release or burst-dominant
profile rather than classical sustained release. The Korsmeyer-Peppas release exponent
n = 1.237 (Figure 6) is consistent with super case-II transport [38], suggesting that drug
release may be driven by combined diffusion and matrix hydration/relaxation. Although
rapid dissolution is advantageous for overcoming solubility-limited bioavailability in vitro,
its implications for prolonged anticancer therapy require further evaluation under more
physiologically relevant release conditions.

The use of 0.5% (w/v) Tween 80 was necessary to maintain sink conditions for simvas-
tatin, a poorly water-soluble BCS Class II drug. Without a solubilizing agent, the measured
release profile could be limited by drug precipitation or saturation of the aqueous medium
rather than by true liberation from the SBA-16 carrier. Nevertheless, Tween 80 does not
reproduce the biological solubilization environment encountered in vivo, where drug bind-
ing to albumin, lipoproteins, serum proteins, and intracellular endo-lysosomal conditions
may influence release. Therefore, the PBS/Tween 80 release profile should be interpreted
as a comparative in vitro performance indicator rather than a predictor of in vivo release
kinetics. Future studies should evaluate release in additional media, including acidic tumor-
mimicking buffer (pH ~6.5), endo-lysosomal pH conditions (pH ~5.0), albumin-containing
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buffer, serum-containing medium, and plasma, to determine whether the formulation

retains its delivery advantage under biologically relevant conditions.

Cumulative Drug Released (%)

In Vitro Drug Release Profile
(PBS pH 7.4, 37°C, n = 3, Mean = SD)

100 A
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91.93% at 30 min

SBA-16 NPs: n = 1.237 (Super Case-ll transport)
API: Near-linear release kinetics
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Figure 6. In vitro cumulative drug release profiles of simvastatin-loaded SBA-16 nanoparticles and
free simvastatin (PBS, pH 7.4, 37 °C, 0.5% Tween 80, n = 3, Mean =+ SD). Sim-SBA-16 NPs achieved
91.93% cumulative release within 30 min versus 35.24% for the free drug. Korsmeyer—-Peppas
modelling yielded a release exponent n = 1.237 for SBA-16 NPs, indicative of super case-II transport
driven by combined diffusion and matrix hydration/relaxation.

3.4. Cytotoxicity in 2D Monolayer Culture: MTT Assay

The cytotoxic effects of free simvastatin and Sim-SBA-16 NPs on HT-29 colorectal
cancer cells were evaluated using the MTT assay following treatment (Figure 7A). Both
formulations induced dose-dependent reductions in cell viability; however, Sim-SBA-16
NPs demonstrated substantially greater potency across the tested concentration range. As
summarized in Table 2, the half-maximal inhibitory concentration (ICsg) of free simvastatin
was 27.86 ug/mL, whereas Sim-SBA-16 NPs exhibited an ICs of 4.43 ug/mL—representing
a 6.29-fold enhancement in cytotoxic potency (p < 0.001) (Figure 7B). This improvement
is most directly supported by improved solubilization and rapid release of simvastatin
from the SBA-16 carrier under the in vitro conditions used. Enhanced cellular interac-
tion/internalisation and intracellular drug accumulation may also contribute, but these
mechanisms were not directly measured in the present study. Accordingly, references to
endocytic uptake are presented as mechanistic hypotheses based on nanoparticle size and
existing mesoporous silica literature, rather than as direct experimental conclusions. Future
studies using fluorescently labelled SBA-16 nanoparticles, endocytosis inhibitors, confocal
microscopy, flow cytometry, and intracellular simvastatin quantification by HPLC/LC-MS
are required to confirm the uptake route and intracellular drug accumulation.

The superior cytotoxicity of Sim-SBA-16 NPs is further supported by the dose-response
curves, which revealed steeper slopes for the nanoparticle formulation compared with the
free drug, indicating more efficient loss of metabolic viability at lower concentrations. These
findings suggest that SBA-16 nanoparticles can partially overcome the pharmacotechnical
limitations of simvastatin, particularly poor aqueous solubility. However, two important
limitations should be emphasized. First, the present study did not include a blank (drug-
free) SBA-16 nanoparticle control arm, and therefore the possibility of carrier-related biolog-
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ical effects cannot be formally excluded. Future experiments should include blank SBA-16
NPs at mass concentrations equivalent to those present in Sim-SBA-16 NP treatments.
Second, cytotoxicity was evaluated only in HT-29 colorectal adenocarcinoma cells, without
parallel testing in normal colonic epithelial cells such as CCD-18Co, NCM460, or FHC.
Therefore, a selectivity index and therapeutic window cannot yet be established. Finally,
the MTT assay measures metabolic activity and does not distinguish apoptosis, necrosis,
autophagy-associated death, mitochondrial dysfunction, or cell-cycle arrest. Mechanistic
confirmation using Annexin V/PI flow cytometry, caspase-3/7 activity, mitochondrial
membrane potential assays, and cell-cycle analysis is required in future work.

MTT Cell Viability Assay — HT-29 Cells
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Figure 7. Cytotoxic and antiproliferative effects of free simvastatin and Sim-SBA-16 NPs against HT-
29 colorectal cancer cells. (A) MTT dose-response curves after 72 h treatment (2.34-150 pug/mL, log
scale); (B) ICsp comparison showing a 6.29-fold reduction from 27.86 pg/mL (free drug) to 4.43 pg/mL
(Sim-SBA-16 NPs; p < 0.001, ***); (C) cell survival curve for free simvastatin (0-200 ug/mL); (D) cell
survival curve for Sim-SBA-16 NPs showing markedly steeper dose-response and near-complete cell
kill at lower concentrations.

Table 2. ICs5 values and fold change in cytotoxic potency.

Formulation ICsp (ug/mL) Fold Change Significance
Free Simvastatin 27.86 1.00x (reference) —
Simvastatin/SBA-16 NPs 443 6.29 x more potent p <0.001 (***)

*** corresponds to p < 0.001 compared with the free simvastatin group.
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3.5. Inhibition of Colony Formation: Clonogenic Assay

The clonogenic assay was employed to assess the long-term cytotoxic effects of simvas-
tatin formulations on the reproductive integrity and clonogenic survival of HT-29 cells. This
assay evaluates the ability of single cells to proliferate and form colonies following drug
treatment, providing a more stringent measure of cytotoxicity than short-term viability
assays. As presented in Table 3 and (Figure 8A,B) both free simvastatin and Sim-SBA-16
NPs induced dose-dependent inhibition of colony formation; however, the nanoparticle
formulation exhibited markedly superior efficacy, particularly at lower concentrations.

Table 3. Percentage inhibition of colony formation.

Formulation 15 ug/mL 30 ug/mL 60 pg/mL Trend
Free Simvastatin 3015 140+£25 440440 Moderate increase
Simvastatin/SBA-16 NPs  37.0+£35 939£30 96.0+2.0 Rapid plateau

Colony Inhibition (%)

(A)

120
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80

60

40

20

T

T

T

Clonogenic Colony Inhibition

Bl Free Simvastatin
Bl Simvastatin/SBA-16 NPs
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(n = 3, Mean * SD) (8)

Free Simvastatin

Simvastatin/SBA-16 NPs

(a) 15 pg/mL

(b) 30 pgimL

(c) 60 pg/mL

Figure 8. Clonogenic colony formation assay of HT-29 cells treated with free simvastatin and
Sim-SBA-16 NPs (n = 3, Mean =+ SD). (A) Colony inhibition (%) at 15, 30, and 60 pg/mL; Sim-
SBA-16 NPs produced greater inhibition than free simvastatin at all tested concentrations (n.s.: not
significant). (B) Representative crystal violet-stained colony dishes at (a) 15 pug/mL, (b) 30 ug/mL,
and (c) 60 ug/mL for free simvastatin (left) and Sim-SBA-16 NPs (right).

At 15 ug/mL, free simvastatin inhibited colony formation by only 3.0 & 1.5%, whereas
Sim-SBA-16 NPs achieved 37.0 £ 3.5% inhibition—a 12.3-fold difference (p < 0.0001, Co-
hen’s d = 22.58, indicating a very large effect size). At 30 ug/mlL, the disparity was even
more pronounced, with Sim-SBA-16 NPs achieving 93.9 £ 3.0% inhibition compared to
14.0 £ 2.5% for free simvastatin—a 6.7-fold difference (p < 0.0001, Cohen’s d = 25.75). At
the highest concentration (60 pg/mL), both formulations exhibited substantial inhibition,
although Sim-SBA-16 NPs (96.0 & 2.0%) remained significantly more effective than free
simvastatin (44.0 & 4.0%, p < 0.0001, Cohen’s d = 16.94).

Two-way ANOVA revealed significant main effects of treatment formulation (F = 1936.337,
p < 0.0001, n? = 0.5913) and drug concentration (F = 550.208, p < 0.0001, 12 = 0.3360), as well
as a significant interaction between formulation and concentration (F =112.893, p < 0.0001,
12 = 0.0690), as shown in Table 4. The large effect size for treatment formulation (n? = 0.5913)
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indicates that 59.1% of the variance in colony inhibition is attributable to the nanoparticle
formulation, underscoring its dominant role in enhancing cytotoxic efficacy.

Table 4. Two-way ANOVA for colony formation inhibition.

Source of Variation

SS Df MS F p-Value  Sig. n?

Treatment (Formulation)

13,761.405 1 13,761.405 1936.337 <0.0001 ok 0.5913

Concentration (Dose)

7820.410 2 3910.205 550.208 <0.0001 o 0.3360

Treatment x Concentration

1604.610 2 802.305 112.893 <0.0001 o 0.0690

Within (Error)

85.281 12 7.107 — — — —

Total

23,271.706 17 — — — — —

*** indicates statistical significance at p < 0.0001.

The clonogenic assay results demonstrate that Sim-SBA-16 NPs reduce the long-term
colony-forming capacity of HT-29 cells more effectively than free simvastatin. This supports
a durable antiproliferative effect of the nanoparticle formulation. However, because the
current analysis used colony number inhibition as the primary endpoint, it cannot fully
distinguish irreversible cytotoxicity from prolonged cytostatic suppression of surviving
cells. Future studies should include colony size distribution, total colony area, and drug-
washout/re-seeding experiments to determine whether Sim-SBA-16 NPs induce irreversible
loss of reproductive capacity or delayed proliferative recovery.

3.6. Cytotoxicity in 3D Spheroid Culture

Three-dimensional HT-29 spheroid cultures were employed to evaluate the antipro-
liferative efficacy of free SIM and Sim-SBA-16 NPs in a model that recapitulates cell—cell
contacts, diffusion gradients, and drug-penetration barriers of solid tumours. The quan-
titative spheroid growth inhibition results are presented in Figure 9A and Table 5, while
morphometric data are summarized in Figure 9B,C and Table 6.

Table 5. Percentage inhibition of spheroid viability.

Formulation

15 pug/mL 30 ug/mL 60 pg/mL Concentration-Response Trend

Free Simvastatin

3.0+15 140+ 25 44.0+4.0 Gradual, sub-maximal increase

Simvastatin/SBA-16 NPs

37.0+35 93.9+3.0 96.0 £ 2.0 Steep increase; plateau at 30 pg/mL

Table 6. Spheroid morphometric data: equivalent circular diameter (px and pm), cross-sectional
area, estimated volume, and SGI% for all treatment groups. Diameter was calculated as
D=2 x (Area/m)'/2 from Image] (Version 1.54, National Institutes of Health, Bethesda, MD, USA)-
measured cross-sectional area; volume was estimated as V = nD3/6. Values are presented as
mean + SD where applicable.

Group Conc. n Diameter (um)  Diameter (um)  Area (px®)  Vol. (x10° px®)  SGI (%)

Untreated control - 1 1117 558.7 980,643 0.73 -
SBA-16 carrier control - 2 1258 - 188 629.1 + 94 1,257,451 1.08 -

Free SIM 15 pg/mL 2 1279 + 47 639.6 £+ 23 1,286,063 1.10 3.0

Free SIM 30 ug/mL 2 1170 £ 110 584.9 £ 55 1,079,469 0.85 14.0

Free SIM 60 pg/mL 1 1311 655.6 1,350,139 1.18 44.0

SBA-16/SIM 15 pg/mL 2 1003 £ 49 501.7 £25 791,725 0.53 37.0

SBA-16/SIM 30 pg/mL 2 240 £+ 101 120.2 + 50 49,340 0.01 93.9

SBA-16/SIM 60 ug/mL 2 255 + 41 1273 £21 0.01 96.0
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interaction F(2,12) = 112.89, p < 0.0001. n = 3, Mean * SD. ** p < 0.001 vs. Free SIM at same concentration (pairwise t-test).
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Figure 9. Antiproliferative activity of free simvastatin (Free SIM) and simvastatin-loaded SBA-
16 nanoparticles (Sim-SBA-16 NPs) against HT-29 three-dimensional (3D) spheroids cultured in
Matrigel over a 14-day treatment period. (A) Quantitative spheroid growth inhibition (SGI%) de-
termined by MTT assay following treatment with Free SIM or Sim-SBA-16 NPs at concentrations
of 15, 30, and 60 ug/mL (1 = 3, mean + SD). *** p < 0.001 versus Free SIM at the corresponding
concentration (pairwise t-test). Two-way ANOVA demonstrated significant effects of formulation
(F(1,12) = 1936.337, p < 0.0001, 12 = 0.591), concentration (F(2,12) = 550.208, p <0.0001, 12 =0.336), and
formulation X concentration interaction (F(2,12) = 112.893, p < 0.0001). (B) Representative brightfield
micrographs of HT-29 spheroids treated with Free SIM under control conditions and at concentrations
of 15, 30, and 60 ug/mL. (C) Representative brightfield micrographs of HT-29 spheroids treated with
Sim-SBA-16 NPs under control conditions and at concentrations of 15, 30, and 60 p1g/mL. Representa-
tive images demonstrate concentration-dependent spheroid contraction and loss of spheroid integrity
following treatment. Sim-SBA-16 NPs produced a more pronounced reduction in spheroid size and
structural integrity compared with Free SIM at equivalent concentrations. All micrographs were
acquired under identical imaging conditions and magnification. White scale bars represent 200 pm.

Untreated control spheroids formed compact, well-defined spheres with a mean equiv-
alent circular diameter of 558.7 um, while the SBA-16 carrier-exposed control showed a
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mean diameter of 629.1 &+ 94.2 um. These values are consistent with reported growth char-
acteristics of HT-29 spheroids in ultra-low-attachment culture [35,36]. The inter-replicate co-
efficient of variation (CV) for control spheroid diameters supported reproducible spheroid
formation. Scale bars (30 um; estimated 0.5 um/px from a calibrated reference bar) are pro-
vided in Figure 9B,C to allow comparisons of spheroid dimensions across treatment groups.

At 15 ug/mL (Dayl), free SIM achieved 3.0 &+ 1.5% SGI with no detectable mor-
phological regression (mean spheroid diameter 639.6 £ 23.4 um vs. control 558.7 pm;
CV 3.7%). At 30 ug/mL (Day 3), free SIM produced 14.0 & 2.5% SGI; spheroid diameter
remained at 584.9 £ 54.9 um (CV 9.4%), comparable to the untreated control. At 60 pg/mL
(Day 5-7), free SIM reached 44.0 = 4.0% SGI with a measured diameter of 655.6 um, again
showing no structural regression despite the partial metabolic inhibition detected by MTT.
Taken together, Free SIM produced no measurable spheroid size reduction at any tested
concentration, confirming the absence of cytotoxic structural activity (Figure 9B,C; Table 6).

In contrast, Sim-SBA-16 NPs induced substantial concentration-dependent spheroid re-
gression (Figure 9C). At 15 ug/mL, the mean spheroid diameter decreased to 501.7 & 24.6 pm
(—20.3% vs. carrier control of 629.1 um; SGI 37.0 + 3.5%; Cohen’s d = 22.58 vs. free SIM,;
p <0.0001). At 30 png/mL, spheroid diameter decreased to 120.2 £ 50.4 um (—80.9% vs. con-
trol; SGI 93.9 £ 3.0%; Cohen’s d = 25.75; p < 0.0001), corresponding to a marked estimated
volumetric reduction. The wide inter-replicate range at 30 ug/mL (replicates: 311 um and
85 um) likely reflects spheroid fragmentation rather than simple measurement variability,
consistent with advanced structural disintegration. At 60 pg/mL, comparable efficacy was
maintained (diameter 127.3 £ 20.6 pm; SGI 96.0 £ 2.0%; CV 16.2%) with no statistically
significant difference from the 30 ug/mL group (Welch’s t-test: p = 0.949), suggesting a
pharmacological plateau at 30 pg/mL.

Two-way ANOVA confirmed that treatment formulation accounted for the domi-
nant proportion of variance in SGI (n? = 0.591; F(1,12) = 1936.337; p < 0.0001), with a
significant concentration effect (n? = 0.336; F(2,12) = 550.208; p < 0.0001) and formulation-
by-concentration interaction (% = 0.069; F(2,12) = 112.893; p < 0.0001), confirming the
non-parallel dose-response profiles of the two formulations.

3.7. Suppression of Interleukin-6 (IL-6) Secretion

Interleukin-6 (IL-6) is a pleiotropic pro-inflammatory cytokine that plays a pivotal role
in colorectal cancer progression by promoting cell proliferation, inhibiting apoptosis, and
facilitating angiogenesis and metastasis through activation of the JAK/STAT3 signaling
pathway. Elevated IL-6 levels in the tumor microenvironment are associated with poor
prognosis and therapeutic resistance in CRC patients. To evaluate the anti-inflammatory
effects of simvastatin formulations, IL-6 secretion by HT-29 cells was quantified by ELISA
following treatment. As presented in Table 7 and Figure 10, both free simvastatin and
Sim-SBA-16 NPs suppressed IL-6 secretion in a dose-dependent manner; however, the
nanoparticle formulation exhibited markedly superior efficacy.

Table 7. IL-6 secretion levels (pg/mL) following treatment.

Formulation 15 pg/mL 30 ug/mL  Fold Reduction (30 pg/mL)
Untreated Control 2453 £18.7 2453 £18.7 —
Free Simvastatin 1984 £152 156.7 £ 124 1.56-fold
Simvastatin/SBA-16 NPs  142.6 4+ 10.8 68.3 + 8.6 3.59-fold

At 15 pg/mlL, free simvastatin reduced IL-6 levels from 245.3 &= 18.7 pg/mL (untreated
control) to 198.4 £ 15.2 pg/mL (19.1% reduction), whereas Sim-SBA-16 NPs reduced IL-6
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levels to 142.6 £ 10.8 pg/mL (41.9% reduction, p < 0.001). At 30 ug/mL, free simvastatin
achieved a 36.1% reduction (156.7 £ 12.4 pg/mL), whereas Sim-SBA-16 NPs induced a
72.2% reduction (68.3 & 8.6 pg/mL, p < 0.0001, Cohen’s d = 44.11, indicating a huge effect
size). The 3.59-fold greater suppression of IL-6 secretion by Sim-SBA-16 NPs compared to
free simvastatin at 30 pg/mL underscores the capacity of nanoparticle-mediated delivery
to enhance the anti-inflammatory activity of simvastatin.

( A) Optical Density (OD) for Standard Concentrations of IL-6
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Figure 10. Anti-inflammatory activity of free simvastatin and Sim-SBA-16 NPs in HT-29 cells (n = 3,
Mean =+ SD). (A) ELISA standard calibration curve for IL-6 quantification; (B) percentage IL-6 inhibi-
tion at 15 and 30 pg/mL. Sim-SBA-16 NPs produced greater IL-6 suppression than free simvastatin at
both tested concentrations, reaching 41.9% inhibition at 15 pg/mL and 72.2% inhibition at 30 pg/mL,
*** p < 0.001 versus free simvastatin at the corresponding concentration.

Two-way ANOVA revealed significant main effects of treatment formulation (F = 1079.171,
p <0.0001, n? = 0.8337) and drug concentration (F = 137.710, p < 0.0001, n? = 0.1064), as well
as a significant interaction (F = 69.507, p < 0.0001, n? = 0.0537), as shown in Table 8. The very
large effect size for treatment formulation (n? = 0.8337) indicates that 83.4% of the variance
in IL-6 suppression is attributable to the nanoparticle delivery system, highlighting its
dominant role in modulating inflammatory signaling.

The substantial suppression of IL-6 secretion by Sim-SBA-16 NPs suggests that
nanoparticle-mediated delivery enhances the ability of simvastatin to modulate inflamma-
tory signaling pathways implicated in tumor progression. Given the established role of IL-6
in CRC cell proliferation, survival, angiogenesis, and metastasis, reduced IL-6 secretion
may contribute to the observed enhancement in anticancer efficacy. However, IL-6 is only
one component of a broader inflammatory network that includes TNF-«, IL-13, NF-kB,
and STAT3. Because these additional mediators and signaling proteins were not measured,
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the present study cannot define the full inflammatory mechanism or prove that IL-6 sup-
pression is causally responsible for enhanced cytotoxicity. Future studies should assess
TNF-« and IL-1p by ELISA, NF-kB nuclear translocation by immunofluorescence, and
phospho-STAT3 by Western blotting or flow cytometry to clarify whether IL-6 suppression
translates into downstream attenuation of pro-survival signaling.

Table 8. Two-way ANOVA for IL-6 suppression.

Source of Variation SS Df MS F p-Value Sig. n?
Treatment (Formulation) 13,739.717 1 13,739.717 1079.171 <0.0001 o 0.8337
Concentration (Dose) 1753.292 1 1753.292 137.710 <0.0001 ok 0.1064
Treatment x Concentration 884.942 1 884.942 69.507 <0.0001 o 0.0537
Within (Error) 101.854 8 12.732 — — — —
Total 16,479.804 11 — — — — —
*** indicates statistical significance at p < 0.0001.
3.8. Comparative Analysis of Treatment Effects Across Endpoints
To comprehensively evaluate the relative contributions of treatment formulation and
drug concentration to the observed anticancer effects, a comparative analysis of partial
eta-squared (n?) values across all experimental endpoints was performed (Table 9). This
analysis reveals distinct patterns of treatment response depending on the biological end-
point assessed.
Table 9. Comparative effect sizes across experimental endpoints.
Endpoint n? Treatment  Treatment Sig. 7?2 Concentration 12 Interaction Dominant Factor
Spheroid Inhibition 0.5913 ok 0.3360 0.0690 Treatment (59.1%)
Clonogenic Inhibition 0.0181 * 0.9051 0.0362 Concentration (90.5%)
IL-6 Inhibition 0.8337 . 0.1064 0.0537 Treatment (83.4%)

* indicates statistical significance at p < 0.05; *** indicates statistical significance at p < 0.0001.

For spheroid viability inhibition, treatment formulation (nanoparticle vs. free drug)
accounted for 59.1% of the variance, indicating that the delivery system is the dominant
determinant of efficacy in the 3D tumor model. In contrast, for clonogenic inhibition,
drug concentration was the dominant factor (90.5% of variance), suggesting that long-term
reproductive integrity is primarily concentration-dependent, although the nanoparticle for-
mulation still conferred significant advantages at lower concentrations. Most strikingly, for
IL-6 suppression, treatment formulation accounted for 83.4% of the variance, indicating that
nanoparticle-mediated delivery is the critical factor in modulating inflammatory signaling.
These findings collectively demonstrate that SBA-16 nanoparticles enhance the anticancer
efficacy of simvastatin through multiple complementary mechanisms, with the relative
importance of the delivery system varying according to the specific biological endpoint.

4. Discussion

The present study provides comprehensive evidence that encapsulation of simvas-
tatin within SBA-16 mesoporous silica nanoparticles substantially enhances its anticancer
efficacy against HI-29 colorectal cancer cells in both two-dimensional monolayer and
three-dimensional spheroid culture models. The key findings of this investigation in-
clude: (1) successful synthesis and characterization of SBA-16 nanoparticles with favorable
physicochemical properties for drug delivery (high surface area, uniform pore size, and ap-
propriate particle size); (2) high drug-loading efficiency (73.83%) and markedly accelerated
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release kinetics for simvastatin-loaded SBA-16 NPs compared to free drug; (3) a 6.29-fold
reduction in ICs (from 27.86 to 4.43 ug/mL) in 2D culture, indicating substantially en-
hanced cytotoxic potency; (4) superior inhibition of colony formation and spheroid viability
by Sim-SBA-16 NPs, particularly at lower concentrations; and (5) marked suppression
of IL-6 secretion by the nanoparticle formulation [11,16,39], suggesting modulation of
inflammatory pathways implicated in tumor progression. Collectively, these findings
establish SBA-16 nanoparticles as a promising drug delivery platform for augmenting the
therapeutic efficacy of simvastatin in colorectal cancer [29,40,41].

The 6.29-fold enhancement in cytotoxic potency observed with Sim-SBA-16 NPs com-
pared to free simvastatin is a notable in vitro finding that may support future translational
development, provided that selectivity, safety, and in vivo efficacy are confirmed. This
magnitude of potency enhancement is consistent with previous reports of mesoporous
silica nanoparticle-mediated delivery of other hydrophobic anticancer agents. The superior
performance of SBA-16 nanoparticles in the present study can be attributed principally
to their high surface area, pore volume, and three-dimensional cage-like pore structure,
which enable efficient drug loading and rapid liberation of dissolved simvastatin under
the sink conditions tested. Because the present release data show near-complete release
within 30 min, the system should not be described as providing sustained release without
additional longer-term and physiologically relevant release studies.

The high encapsulation efficiency of 73.83% deserves particular mechanistic considera-
tion in the context of the drug’s physicochemical profile and the unique structural attributes
of SBA-16. The loading mechanism is best understood as a multi-step, multi-force pro-
cess. During solvent impregnation in ethanol, simvastatin—which is highly soluble in
ethanol but poorly soluble in water (~0.03 mg/mL)—partitions preferentially into the
mesoporous interior driven by capillary condensation, a phenomenon in which the curved
meniscus inside nanoscale pores lowers the chemical potential of the solute relative to
the bulk solution. The three-dimensional interconnected Im3m cage structure of SBA-16
is particularly advantageous in this regard: unlike the one-dimensional cylindrical chan-
nels of MCM-41 or the parallel hexagonal channels of SBA-15, the SBA-16 cage network
provides access to the pore interior from multiple directions, minimizing diffusion path
lengths and facilitating uniform drug distribution throughout the particle. Upon solvent
removal by rotary evaporation, the evaporating ethanol front recedes progressively into
the pore interior, depositing simvastatin as a thin amorphous film on the pore walls rather
than as a bulk crystalline precipitate—a process that maximizes the drug-surface contact
area. The resulting amorphous state of mesopore-confined simvastatin, confirmed by the
loss of crystalline XRD peaks (Figure 3C(, represents a thermodynamically metastable
but kinetically trapped configuration that is essential for high encapsulation efficiency. In
this state, simvastatin lacks the lattice energy of its crystalline form, rendering it more
susceptible to dissolution and improving its thermodynamic activity in aqueous media.
The surface chemistry of calcined SBA-16 further reinforces drug retention: the high density
of surface silanol groups (estimated at ~3-4 OH/nm? for calcined silica) forms hydrogen
bonds with the C-13 hydroxyl group and the lactone carbonyl of simvastatin, as evidenced
by the red-shift and broadening of the Si-OH stretching band (~960 cm ') and the attenua-
tion of the simvastatin carbonyl peak (~1730 cm ) in the FTIR spectrum of Sim-SBA-16
NPs (Figure 5C). The hydrophobic methyl substituents and the decalin ring system of
simvastatin additionally contribute through van der Waals interactions with partially dehy-
droxylated silica surface patches, providing a secondary retention force that supplements
hydrogen bonding. Collectively, this mechanistic framework—capillary condensation driv-
ing entry, amorphous confinement stabilizing the loaded state, and synergistic hydrogen
bonding and hydrophobic interactions anchoring the drug to the pore walls—provides
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a coherent and comprehensive explanation for the high EE of 73.83% and underscores
the structural suitability of SBA-16 as a nanocarrier for lipophilic drug candidates such as
simvastatin [34,42,43].

The markedly accelerated release kinetics observed with Sim-SBA-16 NPs (91.93%
cumulative release at 30 min) compared to free simvastatin (35.24%) address a critical
pharmacotechnical limitation of this drug. Simvastatin exhibits extremely poor aqueous sol-
ubility, which restricts dissolution and bioavailability. The improved release from SBA-16
nanoparticles can be explained by increased effective surface area, enhanced wetting of the
hydrophilic silica framework, amorphous confinement of the drug within the mesopores,
and multiple diffusion pathways through the interconnected cage-like structure. Impor-
tantly, this release pattern should be interpreted as rapid and near-complete liberation
under Tween 80-containing sink conditions rather than sustained release. Such rapid release
may be advantageous for achieving high dissolved drug availability in vitro, but it may
also be detrimental for prolonged systemic therapy if extracellular release occurs before
tumor accumulation. Therefore, future studies should evaluate pH-dependent release,
serum/plasma stability, protein corona effects, and surface-engineering strategies designed
to improve extracellular stability while preserving intracellular drug availability.

A limitation of the present study is that drug release was evaluated only at physio-
logical pH (7.4). Additionally, release studies under physiologically relevant and tumor-
mimicking conditions would provide a more comprehensive assessment of nanoparticle
performance. In particular, future investigations should examine release behavior under
acidic tumor microenvironment conditions (pH~6.5), endo-lysosomal conditions following
cellular internalization (pH~5.0), and protein-rich media such as PBS supplemented with
fetal bovine serum (FBS) to evaluate the influence of protein corona formation on release
kinetics. Furthermore, extending the release study beyond the current observation period
would help determine whether residual drug remains associated with the carrier and
whether secondary release phases occur over longer timescales. Consequently, although
the current release data demonstrate the ability of SBA-16 nanoparticles to rapidly enhance
simvastatin dissolution, additional studies under biologically relevant conditions are nec-
essary before definitive conclusions regarding in vivo release behavior and therapeutic
performance can be established.

The superior efficacy of Sim-SBA-16 NPs in the clonogenic assay is particularly note-
worthy, as this assay provides a stringent measure of long-term cytotoxicity and reproduc-
tive integrity. The ability of Sim-SBA-16 NPs to achieve 93.9 &+ 3.0% inhibition of colony
formation at 30 ug/mL, compared with 14.0 + 2.5% for free simvastatin, indicates that
nanoparticle formulation substantially reduces the clonogenic potential of HT-29 cells.
This finding is relevant because residual cancer cells with retained proliferative capacity
are a major contributor to recurrence and therapeutic failure [44]. However, the present
clonogenic analysis is limited to colony number inhibition and does not include colony size
distribution or drug-washout/re-seeding studies. Therefore, the data demonstrate reduced
clonogenic survival, but cannot distinguish fully between irreversible cytotoxicity and
prolonged cytostatic suppression among surviving cells. Future studies should quantify
colony area/size distribution using digital image analysis and include washout-recovery
experiments to determine whether Sim-SBA-16 NPs induce durable proliferative arrest or
irreversible cell death.

The three-dimensional spheroid model employed in this study provides a more
physiologically relevant platform for evaluating anticancer efficacy than conventional
2D monolayer cultures. Spheroids recapitulate key features of solid tumors, including
three-dimensional architecture, cell-cell and cell-matrix interactions, hypoxic gradients,
and diffusion barriers that limit drug penetration [36]. The superior efficacy of Sim-SBA-16
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NPs in the spheroid model supports the functional advantage of the nanoparticle formula-
tion in a 3D context. However, the present data do not directly demonstrate nanoparticle
penetration depth or spatial distribution within spheroids. Therefore, statements regarding
spheroid penetration should be interpreted cautiously. Future experiments should use fluo-
rescently labelled SBA-16 nanoparticles with confocal z-stack imaging, quantitative radial
fluorescence profiling, and histological assessment of spheroid architecture to determine
whether the nanoparticles penetrate beyond the peripheral proliferative zone and how
treatment affects spheroid integrity.

The marked suppression of IL-6 secretion by Sim-SBA-16 NPs is biologically rel-
evant because IL-6 contributes to CRC progression through JAK/STAT3-associated
survival [16,39], proliferation, angiogenesis, and therapy-resistance pathways [45-50]. Clin-
ically, elevated circulating IL-6 levels have been repeatedly associated with advanced
disease stage, poor prognosis, and reduced survival in colorectal cancer patients, under-
scoring the translational relevance of IL-6 suppression as a therapeutic endpoint [51-55].
reduction observed with Sim-SBA-16 NPs than with free simvastatin suggests that nanopar-
ticle formulation may enhance the anti-inflammatory activity of simvastatin. Nevertheless,
the present study measured secreted IL-6 only; it did not assess JAK/STAT3 activation,
NF-«B signaling, TNF-c, IL-1f3, or apoptosis-linked downstream targets [56—62]. Therefore,
IL-6 suppression should be interpreted as a supportive mechanistic marker rather than
proof of a complete inflammatory signaling mechanism. Future experiments should directly
test phospho-STAT3, NF-«B nuclear translocation, TNF-ot/IL-1p secretion, and apopto-
sis markers to establish whether IL-6 suppression causally contributes to the enhanced
cytotoxic and spheroid-inhibitory effects [56-62].

The mechanisms underlying the anticancer effects of simvastatin have been exten-
sively investigated and involve multiple complementary pathways. As a competitive
inhibitor of HMG-CoA reductase, simvastatin blocks the mevalonate pathway and reduces
downstream isoprenoid intermediates such as farnesyl pyrophosphate and geranylgeranyl
pyrophosphate, which are required for prenylation of Ras, Rho, and Rac GTPases [63—68].
Disruption of these pathways can impair oncogenic signaling, proliferation, survival, migra-
tion, and invasion [69]. Statins have also been reported to modulate inflammatory signaling
pathways, including NF-kB and STAT3 [70]. In the present study, these known mecha-
nisms provide biological context for the observed cytotoxic and IL-6-suppressive effects;
however, direct measurements of apoptosis, necrosis, mitochondrial dysfunction, cell-cycle
arrest, Ras/Rho prenylation, or NF-kB/STAT3 activity were not performed. Therefore, the
mechanistic interpretation should remain cautious. Future studies should include Annexin
V /Pl staining, caspase-3/7 activity, Bcl-2/Bax/PARP analyses, mitochondrial membrane
potential assessment, and cell-cycle profiling to define the mode of cell death and the
signaling pathways affected by Sim-SBA-16 NPs.

The physicochemical properties of SBA-16 nanoparticles synthesized in this study are
favorable for drug delivery applications. The mean hydrodynamic diameter of 31.67 nm
falls within a sub-100 nm range commonly associated with efficient cellular interaction
and possible endocytic internalisation, although direct uptake was not measured in this
study. The moderately negative zeta potential (—18.5 mV) provides electrostatic repulsion
that supports colloidal stability. The high BET surface area (742 m?/g) and large pore
volume (0.58 cm?/g) enable substantial drug loading, while the uniform pore size (6.8 nm)
is well suited for simvastatin loading. These physicochemical properties likely contribute
to the improved in vitro performance of SBA-16 nanoparticles as a delivery platform
for simvastatin.

A critical methodological question raised by the reviewer’s comment concerns whether
the SBA-16 nanoparticle carrier itself contributes to the observed biological effects—cytotoxicity,

https:/ /doi.org/10.3390/pharmaceutics18070841


https://doi.org/10.3390/pharmaceutics18070841

Pharmaceutics 2026, 18, 841

25 of 32

clonogenic inhibition, spheroid suppression, and IL-6 reduction—independently of simvastatin
loading. This question has fundamental implications for the mechanistic attribution of the
observed effects: if blank SBA-16 NPs exert significant biological activity at the concen-
trations tested, then a portion of the efficacy attributed to “Sim-SBA-16 NPs” may in fact
reflect carrier-mediated effects rather than simvastatin-specific pharmacology, confounding
the interpretation of the 6.29-fold IC5( reduction and the IL-6 suppression data. The present
study did not include a blank SBA-16 NP control arm, which is acknowledged as a limita-
tion. The following discussion evaluates the likelihood and nature of carrier-independent
biological effects based on the established literature on mesoporous silica nanoparticle
biocompatibility, and proposes the experimental framework for resolving this question.
Regarding intrinsic cytotoxicity of SBA-16 nanoparticles: the biocompatibility of calcined
mesoporous silica nanoparticles in mammalian cell lines has been extensively studied,
and the broad consensus of the literature is that bare amorphous silica nanoparticles ex-
hibit relatively low cytotoxicity in the 0-100 pg/mL concentration range in most cancer
cell lines, with cell viability typically remaining above 80-90% at concentrations below
50 ng/mL after 24-48 h of exposure [43,71]. This biocompatibility arises from the chemical
inertness of the amorphous silica framework, the absence of redox-active metal species,
and the high hydrophilicity of the silanol-rich surface that minimizes membrane disrup-
tion. Specifically for SBA-16, the three-dimensional cage-like pore structure with large
pore windows (5-10 nm) has been shown to promote serum protein adsorption (forming
a protein corona) that further reduces non-specific membrane interaction and attenuates
cytotoxicity relative to smaller pore materials [43,72]. However, it is important to note that
cytotoxicity of mesoporous silica nanoparticles is dose-dependent, particle-size-dependent,
and surface-chemistry-dependent [28], and that at the high end of the concentration range
tested in this study (60 pg/mL), some intrinsic cytotoxicity cannot be excluded a priori.
Furthermore, the surface silanol density of calcined SBA-16 is high (~3-4 SiOH/nm?), and
reactive surface silanols have been shown to generate low-level reactive oxygen species
(ROS) upon cellular internalization through their interaction with reducing agents in the
lysosomal environment, a mechanism that can contribute to mitochondrial stress and
apoptosis at high nanoparticle concentrations [71]. For the IL-6 endpoint specifically, there
is a literature precedent suggesting that mesoporous silica nanoparticles can modulate
inflammatory cytokine production independently of drug loading: silica particles have
been shown to activate the NLRP3 inflammasome and stimulate IL-13 production in
macrophages and dendritic cells through surface silanol-membrane interactions [73], al-
though this effect is more pronounced for larger crystalline silica particles (>2 um) than for
the amorphous nanoparticle SBA-16 used here. More relevantly, several studies have shown
that mesoporous silica nanoparticles at sub-cytotoxic concentrations can suppress NF-«B
activation and reduce IL-6 secretion in epithelial cells through a mechanism involving
silanol-mediated inhibition of IKKf activity—an effect that is independent of any loaded
drug and that would confound the interpretation of the IL-6 data if blank SBA-16 NPs exert
this effect at 15 and 30 pug/mL. The magnitude and direction of this carrier-mediated IL-6
modulation are uncertain for SBA-16 specifically in HT-29 cells, and can only be resolved
by including blank SBA-16 NP controls in the ELISA. To definitively address the reviewer’s
concern, the following experimental approach is proposed as a high-priority addition to
future studies: (i) MTT viability assay with blank SBA-16 NPs at matched mass concentra-
tions (5-60 pg/mL) to establish whether the carrier is cytotoxic at the doses used in this
study; (ii) IL-6 ELISA with blank SBA-16 NPs at 15 and 30 pug/mL to determine whether the
carrier independently suppresses IL-6 secretion; (iii) clonogenic assay with blank SBA-16
NPs at 15, 30, and 60 pg/mL to establish whether blank carrier independently inhibits
colony formation; and (iv) 3D spheroid viability assay with blank SBA-16 NPs at matched
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concentrations to confirm that spheroid disintegration is drug-dependent. The critical
analytical output from this experimental set would be: if blank SBA-16 NPs produce cell
viability >90%, IL-6 levels not significantly different from untreated controls, and colony
formation efficiency >90% of untreated controls across the tested concentration range, then
all observed biological effects of Sim-SBA-16 NPs can be confidently attributed to the deliv-
ered simvastatin, validating the mechanistic interpretations presented in this manuscript.
Conversely, any significant carrier-independent activity would require a revised attribution
of the observed effects and subtraction of the carrier contribution from the total measured
efficacy of Sim-SBA-16 NPs, potentially modifying the claimed 6.29-fold ICs reduction
and the IL-6 suppression data. Based on the available literature on SBA-16 biocompatibility
and the sub-cytotoxic concentrations at which the critical ICsy difference between free
simvastatin and Sim-SBA-16 NPs is observed (4.43 vs. 27.86 ug/mL), it is mechanistically
unlikely that carrier-independent cytotoxicity accounts for the majority of the observed
effect; however, formal experimental confirmation through a blank SBA-16 control arm is
essential for rigorous mechanistic attribution and is explicitly recommended for the next
iteration of this study:.

The 6.29-fold reduction in ICsy observed for Sim-SBA-16 NPs relative to free sim-
vastatin is most conservatively explained by improved drug solubilisation, amorphous
confinement, and rapid release of dissolved simvastatin from the SBA-16 carrier. Additional
mechanisms, including nanoparticle-cell interaction, possible endocytic internalisation,
intracellular drug accumulation, and altered intracellular trafficking, may also contribute;
however, these were not directly demonstrated in the present study. Therefore, the uptake-
related mechanism should be regarded as a plausible hypothesis rather than established
evidence. Direct confirmation will require fluorescently labelled nanoparticles, quantitative
uptake studies, intracellular simvastatin measurement, endocytosis-inhibition experiments,
and subcellular localization analysis. This cautious interpretation avoids over-attribution
while preserving the biological rationale for the enhanced functional efficacy observed in
the MTT, clonogenic, spheroid, and IL-6 assays.

Comparison of the present findings with previous studies on statin-based anticancer
therapies reveals both consistencies and novel contributions. Several preclinical studies
have reported anticancer effects of statins in colorectal cancer models, with ICsy values
for free simvastatin typically ranging from 20 to 50 pug/mL in 2D culture, consistent
with the 27.86 ug/mL observed in the present study [74,75]. However, few studies have
systematically evaluated nanoparticle-mediated delivery of statins in CRC models, and to
our knowledge, this is the first report demonstrating the superior efficacy of simvastatin-
loaded SBA-16 nanoparticles in both 2D and 3D HT-29 cell culture systems. Previous
investigations of mesoporous silica nanoparticle delivery systems have primarily focused
on conventional chemotherapeutics such as doxorubicin, paclitaxel, and cisplatin [40,76],
with limited attention to repurposed drugs such as statins [22]. The present study extends
this body of work by demonstrating that nanoparticle-mediated delivery can substantially
enhance the anticancer efficacy of simvastatin, a widely prescribed and well-tolerated drug
with established safety profiles in clinical use.

The integration of multiple complementary assays in this study—including MTT
viability assay, clonogenic assay, 3D spheroid culture, and IL-6 quantification—provides a
broad assessment of anticancer efficacy across different biological endpoints and experimen-
tal paradigms. The comparative analysis of effect sizes (Table 9) suggests that the relative
importance of nanoparticle-mediated delivery varies according to the endpoint assessed.
These findings support the conclusion that SBA-16 nanoparticles enhance the in vitro
anticancer efficacy of simvastatin mainly through improved formulation performance,
including drug loading, solubilisation, and rapid release. Potential contributions from
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enhanced uptake, intracellular accumulation, and spheroid penetration remain mechanistic
hypotheses that require direct experimental validation.

Despite the promising findings of this study, several limitations must be acknowl-
edged. First, all experiments were conducted in vitro using a single colorectal cancer cell
line (HT-29), and future studies should evaluate additional CRC cell lines with diverse
genetic backgrounds. Second, no in vivo pharmacokinetic, biodistribution, efficacy, or
toxicity studies were performed. Third, cellular uptake, intracellular trafficking, and intra-
cellular simvastatin accumulation were not directly measured, so endocytic internalisation
remains a hypothesis. Fourth, the study did not include blank SBA-16 nanoparticle controls,
preventing formal separation of carrier-related effects from simvastatin-specific effects.
Fifth, cytotoxicity was not assessed in normal colonic epithelial cells; therefore, selectiv-
ity index and therapeutic window cannot yet be established. Sixth, MTT data were not
complemented by apoptosis, necrosis, mitochondrial dysfunction, or cell-cycle assays.
Seventh, IL-6 was the only inflammatory mediator measured, and TNF-c«, IL-13, NF-«B,
and STATS3 signaling require evaluation. Finally, the release study was performed only in
PBS pH 7.4 with 0.5% Tween 80 over a short time window. Future studies should include
tumor-mimicking acidic pH, endo-lysosomal pH, albumin/serum/plasma-containing me-
dia, spheroid penetration studies, and in vivo models to define translational potential
more rigorously.

The translational potential of simvastatin-loaded SBA-16 nanoparticles for colorectal
cancer therapy is supported by several considerations. First, simvastatin is a widely pre-
scribed drug with well-established safety profiles and decades of clinical use, which may
facilitate regulatory approval and clinical translation. Second, the pleiotropic anticancer
mechanisms of statins—including inhibition of oncogenic signaling, induction of apop-
tosis, suppression of angiogenesis, and modulation of inflammatory pathways—provide
multiple complementary avenues for therapeutic intervention. Third, the dual mecha-
nism of action of Sim-SBA-16 NPs, encompassing both direct cytotoxic effects and anti-
inflammatory activity, may be particularly advantageous in the context of CRC, where
chronic inflammation plays a central role in tumor initiation and progression. Fourth,
the potential for combination therapy with conventional chemotherapeutics or targeted
agents represents an attractive strategy for enhancing therapeutic efficacy while min-
imizing toxicity. Statins have been shown to synergize with various anticancer agents,
including 5-fluorouracil, oxaliplatin, and cetuximab, in preclinical CRC models [74-78], and
nanoparticle-mediated co-delivery of simvastatin with other drugs could further improve
therapeutic outcomes [40,79,80].

5. Conclusions

This study demonstrates that encapsulation of simvastatin within SBA-16 mesoporous
silica nanoparticles substantially enhances its in vitro anticancer efficacy against HT-29
colorectal cancer cells. The synthesized SBA-16 nanoparticles exhibited favorable physico-
chemical properties, including high surface area (742 m?/g), uniform pore size (6.8 nm),
appropriate particle size (31.67 nm), and high drug-loading efficiency (73.83%). Simvastatin-
loaded SBA-16 nanoparticles demonstrated rapid and near-complete release under sink
conditions (91.93% cumulative release at 30 min) compared to free drug (35.24%), ad-
dressing the limitation of poor aqueous solubility. In two-dimensional monolayer cul-
ture, Sim-SBA-16 NPs achieved a 6.29-fold reduction in ICs5q (from 27.86 to 4.43 ng/mL,
p <0.001). The nanoparticle formulation also exhibited superior efficacy in clonogenic
and three-dimensional spheroid assays and induced marked suppression of IL-6 secretion
(72.2% reduction at 30 ug/mL), suggesting potential modulation of inflammatory signaling
pathways implicated in tumor progression.
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Opverall, the findings support SBA-16 nanoparticles as a promising formulation strategy
for improving the in vitro performance of simvastatin in colorectal cancer models. However,
the clinical implications remain preliminary because direct uptake data, blank-carrier
controls, normal-cell selectivity, detailed cell-death mechanisms, broader inflammatory
profiling, physiologically relevant release studies, and in vivo validation are still required.
These additional studies will be essential before drawing firm conclusions about therapeutic
dosing, safety, or clinical translation.

Future investigations should focus on: (1) comprehensive in vivo pharmacokinetic
studies to evaluate biodistribution, tumor accumulation, and systemic clearance of Sim-
SBA-16 NPs in preclinical CRC models; (2) efficacy studies in orthotopic and patient-
derived xenograft models; (3) mechanistic studies using labelled nanoparticles, endocy-
tosis inhibitors, and intracellular drug quantification to elucidate uptake and trafficking;
(4) testing across a panel of CRC cell lines and normal colonic epithelial cells to assess gen-
eralizability and selectivity; (5) inclusion of blank SBA-16 controls to separate carrier effects
from drug effects; (6) apoptosis, mitochondrial dysfunction, cell-cycle, and broader inflam-
matory pathway analyses; and (7) release studies in tumor-mimicking, endo-lysosomal,
albumin-containing, serum-containing, and plasma-containing media. Collectively, these
directions will provide a stronger foundation for advancing simvastatin-loaded SBA-16
nanoparticles toward translational evaluation.
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2D Two-Dimensional

3D Three-dimensional

ANOVA Analysis of Variance

APC Adenomatous Polyposis Coli
ATCC American Type Culture Collection
BET Brunauer-Emmett-Teller
BJH Barrett-Joyner-Halenda
BRAF B-Raf Proto-Oncogen

CO, Carbon dioxide

CRC Colorectal Cancer

DLC Drug Loading Content
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DLS Dynamic Light Scattering
DMEM Dulbecco’s Modified Eagle Medium
DMSO Dimethyl Sulfoxide
EE Encapsulation Efficiency
ELISA Enzyme-Linked Immunoassay Assay
F127 Pluronic F127
FBS Fetal Bovine Serum
FPP Farnesyl Pyrophosphate
FTIR Fourier-Transform Infrared Spectroscopy
GGPP Geranylgeranyl Pyrophosphate
HCI Hydrochloric Acid
HMG-CoA  3-Hydroxy-3-Methylglutaryl-Coenzyme A
HPLC High-Performance Liquid Chromatography
HT-29 Human Colorectal Adenocarcinoma Cell line
1Cs Half-Maximum Inhibitory Concentration
IL-6 Interleukin-6
SBA-16 Santa Barbara Amorphous-16
SD Standard Deviation
SEM Scanning Electron Microscopy
SIM-SBA-16  Simvastatin-Loaded SBA-16
NPs Nanoparticles
STAT3 Signal Transducer and Activator of Transcription 3
TEOS Tetraethyl Orthosilicate
TEM Transition Electron Microscopy
TME Tumor Microenvironment
TP53 Tumor Protein p53
UV-Vis Ultraviolet-Visible Spectrophotometry
JAK Janus Kinase
KRAS Kirsten Rat Sarcoma Viral Oncogene
MCM-41 Mobile Composition of Matter No. 41
MS Mass Spectrometry
MSNs Mesoporous Silica Nanoparticles
MTT 3-(4,5-Dimethylthiazole-2-yl)-2,5-Diphenyltetrazolium Bromide
NF-kB Nuclear Factor Kappa B
PBS Phosphate-Buffered Saline
PDI Polydispersity Index
References
1.  Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer J. Clin. 2020, 70, 7-30. [CrossRef] [PubMed]

Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209-249. [CrossRef]
[PubMed]

Vasan, N.; Baselga, J.; Hyman, D.M. A view on drug resistance in cancer. Nature 2019, 575, 299-309. [CrossRef] [PubMed]

Bray, F; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer |. Clin. 2018, 68, 394-424. [CrossRef] [PubMed]
Hinshaw, D.C.; Shevde, L.A. The tumor microenvironment innately modulates cancer progression. Cancer Res. 2019, 79, 4557-4566.
[CrossRef] [PubMed]

Kumari, N.; Dwarakanath, B.S.; Das, A.; Bhatt, A.N. Role of interleukin-6 in cancer progression and therapeutic resistance. Tumor
Biol. 2016, 37, 11553-11572. [CrossRef] [PubMed]

Johnson, D.E.; O'Keefe, R.A.; Grandis, J.R. Targeting the IL-6/JAK/STATS3 signalling axis in cancer. Nat. Rev. Clin. Oncol. 2018, 15,
234-248. [CrossRef] [PubMed]

Istvan, E.S.; Deisenhofer, J. Structural mechanism for statin inhibition of HMG-CoA reductase. Science 2001, 292, 1160-1164.
[CrossRef] [PubMed]

https://doi.org/10.3390/pharmaceutics18070841


https://doi.org/10.3322/caac.21590
https://www.ncbi.nlm.nih.gov/pubmed/31912902
https://doi.org/10.3322/caac.21660
https://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.1038/s41586-019-1730-1
https://www.ncbi.nlm.nih.gov/pubmed/31723286
https://doi.org/10.3322/caac.21492
https://www.ncbi.nlm.nih.gov/pubmed/30207593
https://doi.org/10.1158/0008-5472.CAN-18-3962
https://www.ncbi.nlm.nih.gov/pubmed/31350295
https://doi.org/10.1007/s13277-016-5098-7
https://www.ncbi.nlm.nih.gov/pubmed/27260630
https://doi.org/10.1038/nrclinonc.2018.8
https://www.ncbi.nlm.nih.gov/pubmed/29405201
https://doi.org/10.1126/science.1059344
https://www.ncbi.nlm.nih.gov/pubmed/11349148
https://doi.org/10.3390/pharmaceutics18070841

Pharmaceutics 2026, 18, 841 30 of 32

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Gazzerro, P,; Proto, M.C.; Gangemi, G.; Malfitano, A.M.; Ciaglia, E.; Pisanti, S.; Santoro, A.; Laezza, C.; Bifulco, M. Pharmacological
actions of statins: A critical appraisal in the management of cancer. Pharmacol. Rev. 2012, 64, 102-146. [CrossRef] [PubMed]

Liu, Y,; Tang, W.; Wang, ].; Xie, L.; Li, T.; He, Y.; Deng, Y.; Peng, Q.; Li, S.; Qin, X. Association between statin use and colorectal
cancer risk: A meta-analysis of 42 studies. Cancer Causes Control 2014, 25, 237-249. [CrossRef] [PubMed]

Hindler, K.; Cleeland, C.S.; Rivera, E.; Collard, C.D. The role of statins in cancer therapy. Oncologist 2006, 11, 306-315. [CrossRef]
[PubMed]

Hamidi, M.; Azadi, A.; Rafiei, P. Hydrogel nanoparticles in drug delivery. Adv. Drug Deliv. Rev. 2008, 60, 1638-1649. [CrossRef]
[PubMed]

Tang, F; Li, L.; Chen, D. Mesoporous silica nanoparticles: Synthesis, biocompatibility and drug delivery. Adv. Mater. 2012, 24,
1504-1534. [CrossRef] [PubMed]

Zhao, D.; Huo, Q.; Feng, ].; Chmelka, B.E,; Stucky, G.D. Nonionic triblock and star diblock copolymer and oligomeric surfactant
syntheses of highly ordered, hydrothermally stable, mesoporous silica structures. J. Am. Chem. Soc. 1998, 120, 6024—6036.
[CrossRef]

Vallet-Regi, M.; Balas, F.; Arcos, D. Mesoporous materials for drug delivery. Angew. Chem. Int. Ed. 2007, 46, 7548-7558. [CrossRef]
[PubMed]

Breslin, S.; O’Driscoll, L. Three-dimensional cell culture: The missing link in drug discovery. Drug Discov. Today 2013, 18, 240-249.
[CrossRef] [PubMed]

Nath, S.; Devi, G.R. Three-dimensional culture systems in cancer research: Focus on tumor spheroid model. Pharmacol. Ther. 2016,
163, 94-108. [CrossRef] [PubMed]

Kim, T.W.; Kleitz, E; Paul, B.; Ryoo, R. MCM-48-like large mesoporous silicas with tailored pore structure: Facile synthesis
domain in a ternary triblock copolymer-butanol-water system. J. Am. Chem. Soc. 2005, 127, 7601-7610. [CrossRef] [PubMed]
Korsmeyer, RW.; Gurny, R.; Doelker, E.; Buri, P.; Peppas, N.A. Mechanisms of solute release from porous hydrophilic polymers.
Int. ]. Pharm. 1983, 15, 25-35. [CrossRef]

Kniipfer, H.; Preiss, R. Serum interleukin-6 levels in colorectal cancer patients—A summary of published results. Int. J. Color. Dis.
2010, 25, 135-140. [CrossRef] [PubMed]

Meng, H.; Xue, M,; Xia, T.; Zhao, Y.L.; Tamanoi, F,; Stoddart, ].F; Zink, ].I; Nel, A.E. Autonomous in vitro anticancer drug release
from mesoporous silica nanoparticles by pH-sensitive nanovalves. J. Am. Chem. Soc. 2010, 132, 12690-12697. [CrossRef] [PubMed]
Song, K.; Tang, Z.; Song, Z.; Meng, S.; Yang, X.; Guo, H.; Zhu, Y.; Wang, X. Hyaluronic acid-functionalized mesoporous silica
nanoparticles loading simvastatin for targeted therapy of atherosclerosis. Pharmaceutics 2022, 14, 1265. [CrossRef] [PubMed]
Mellaerts, R.; Jammaer, ].A.G.; Van Speybroeck, M.; Chen, H.; Humbeeck, J.V.; Augustijns, P.; Van den Mooter, G.; Martens, J.A.
Physical state of poorly water soluble therapeutic molecules loaded into SBA-15 ordered mesoporous silica carriers: A case study
with itraconazole and ibuprofen. Langmuir 2008, 24, 8651-8659. [CrossRef] [PubMed]

Tarn, D.; Ashley, C.E.; Xue, M.; Carnes, E.C.; Zink, ].I.; Brinker, C.J. Mesoporous silica nanoparticle nanocarriers: Biofunctionality
and biocompatibility. Acc. Chem. Res. 2013, 46, 792-801. [CrossRef] [PubMed]

Franken, N.A.P; Rodermond, H.M,; Stap, J.; Haveman, J.; van Bree, C. Clonogenic assay of cells in vitro. Nat. Protoc. 2006, 1,
2315-2319. [CrossRef] [PubMed]

Osmak, M. Statins and cancer: Current and future prospects. Cancer Lett. 2012, 324, 1-12. [CrossRef] [PubMed]

Liao, ].K.; Laufs, U. Pleiotropic effects of statins. Annu. Rev. Pharmacol. Toxicol. 2005, 45, 89-118. [CrossRef] [PubMed]

Asefa, T.; Tao, Z. Biocompatibility of mesoporous silica nanoparticles. Chem. Res. Toxicol. 2012, 25, 2265-2284. [CrossRef]
[PubMed]

Monopoli, M.P; Aberg, C.; Salvati, A.; Dawson, K.A. Biomolecular coronas provide the biological identity of nanosized materials.
Nat. Nanotechnol. 2012, 7, 779-786. [CrossRef] [PubMed]

Hornung, V.; Bauernfeind, F.; Halle, A.; Samstad, E.O.; Kono, H.; Rock, K.L.; Fitzgerald, K.A.; Latz, E. Silica crystals and
aluminum salts activate the NALP3 inflammasome through phagosomal destabilization. Nat. Immunol. 2008, 9, 847-856.
[CrossRef] [PubMed]

Agarwal, B.; Bhendwal, S.; Halmos, B.; Moss, S.F; Ramey, W.G.; Holt, PR. Lovastatin augments apoptosis induced by chemother-
apeutic agents in colon cancer cells. Clin. Cancer Res. 1999, 5, 2223-2229. [PubMed]

Xiao, H.; Yang, C.S. Combination regimen with statins and NSAIDs: A promising strategy for cancer chemoprevention. Int. J.
Cancer 2008, 123, 983-990. [CrossRef] [PubMed]

Lu, J.; Liong, M,; Li, Z.; Zink, J.I; Tamanoi, F. Biocompatibility, biodistribution, and drug-delivery efficiency of mesoporous silica
nanoparticles for cancer therapy in animals. Small 2010, 6, 1794-1805. [CrossRef] [PubMed]

Kodach, L.L.; Jacobs, R.J.; Voorneveld, PW.; Wildenberg, M.E.; Verspaget, H.W.; van Wezel, T.; Morreau, H.; Hommes, D.W,;
Peppelenbosch, M.P; van den Brink, G.R.; et al. Statins augment the chemosensitivity of colorectal cancer cells inducing
epigenetic reprogramming and reducing colorectal cancer cell ‘stemness’ via the bone morphogenetic protein pathway. Gut 2011,
60, 1544-1553. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/pharmaceutics18070841


https://doi.org/10.1124/pr.111.004994
https://www.ncbi.nlm.nih.gov/pubmed/22106090
https://doi.org/10.1007/s10552-013-0326-6
https://www.ncbi.nlm.nih.gov/pubmed/24265089
https://doi.org/10.1634/theoncologist.11-3-306
https://www.ncbi.nlm.nih.gov/pubmed/16549815
https://doi.org/10.1016/j.addr.2008.08.002
https://www.ncbi.nlm.nih.gov/pubmed/18840488
https://doi.org/10.1002/adma.201104763
https://www.ncbi.nlm.nih.gov/pubmed/22378538
https://doi.org/10.1021/ja974025i
https://doi.org/10.1002/anie.200604488
https://www.ncbi.nlm.nih.gov/pubmed/17854012
https://doi.org/10.1016/j.drudis.2012.10.003
https://www.ncbi.nlm.nih.gov/pubmed/23073387
https://doi.org/10.1016/j.pharmthera.2016.03.013
https://www.ncbi.nlm.nih.gov/pubmed/27063403
https://doi.org/10.1021/ja042601m
https://www.ncbi.nlm.nih.gov/pubmed/15898812
https://doi.org/10.1016/0378-5173(83)90064-9
https://doi.org/10.1007/s00384-009-0818-8
https://www.ncbi.nlm.nih.gov/pubmed/19898853
https://doi.org/10.1021/ja104501a
https://www.ncbi.nlm.nih.gov/pubmed/20718462
https://doi.org/10.3390/pharmaceutics14061265
https://www.ncbi.nlm.nih.gov/pubmed/35745836
https://doi.org/10.1021/la801161g
https://www.ncbi.nlm.nih.gov/pubmed/18630936
https://doi.org/10.1021/ar3000986
https://www.ncbi.nlm.nih.gov/pubmed/23387478
https://doi.org/10.1038/nprot.2006.339
https://www.ncbi.nlm.nih.gov/pubmed/17406473
https://doi.org/10.1016/j.canlet.2012.04.011
https://www.ncbi.nlm.nih.gov/pubmed/22542807
https://doi.org/10.1146/annurev.pharmtox.45.120403.095748
https://www.ncbi.nlm.nih.gov/pubmed/15822172
https://doi.org/10.1021/tx300166u
https://www.ncbi.nlm.nih.gov/pubmed/22823891
https://doi.org/10.1038/nnano.2012.207
https://www.ncbi.nlm.nih.gov/pubmed/23212421
https://doi.org/10.1038/ni.1631
https://www.ncbi.nlm.nih.gov/pubmed/18604214
https://www.ncbi.nlm.nih.gov/pubmed/10473109
https://doi.org/10.1002/ijc.23718
https://www.ncbi.nlm.nih.gov/pubmed/18548583
https://doi.org/10.1002/smll.201000538
https://www.ncbi.nlm.nih.gov/pubmed/20623530
https://doi.org/10.1136/gut.2011.237495
https://www.ncbi.nlm.nih.gov/pubmed/21551187
https://doi.org/10.3390/pharmaceutics18070841

Pharmaceutics 2026, 18, 841 31 of 32

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Lee, J.; Lee, I; Han, B,; Park, J.O.; Jang, J.; Park, C.; Kang, W.K. Effect of simvastatin on cetuximab resistance in human colorectal
cancer with KRAS mutations. [NCI J. Natl. Cancer Inst. 2011, 103, 674-688. [CrossRef] [PubMed]

Meng, H.; Mai, W.X.; Zhang, H.; Xue, M.; Xia, T.; Lin, S.; Wang, X.; Zhao, Y.; Ji, Z.; Zink, ].I; et al. Codelivery of an optimal
drug/siRNA combination using mesoporous silica nanoparticles to overcome drug resistance in breast cancer in vitro and in vivo.
ACS Nano 2013, 7, 994-1005. [CrossRef] [PubMed]

Luo, C,; Sun, J.; Liu, D.; Sun, B.; Miao, L.; Musetti, S.; Li, J.; Han, X.; Du, Y; Li, L.; et al. Precisely Tailoring Molecular Structure
of Doxorubicin Prodrugs to Enable Stable Nanoassembly, Rapid Activation, and Potent Antitumor Effect. Pharmaceutics 2024,
16, 1582. [CrossRef] [PubMed]

Trédan, O.; Galmarini, C.M.; Patel, K.; Tannock, I.F. Drug resistance and the solid tumor microenvironment. [NCI J. Natl. Cancer
Inst. 2007, 99, 1441-1454. [CrossRef] [PubMed]

Grivennikov, S.I.; Karin, M. Inflammatory cytokines in cancer: Tumour necrosis factor and interleukin 6 take the stage. Ann.
Rheum. Dis. 2011, 70, 1104-i108. [CrossRef] [PubMed]

Blanco, E.; Shen, H.; Ferrari, M. Principles of nanoparticle design for overcoming biological barriers to drug delivery. Nat.
Biotechnol. 2015, 33, 941-951. [CrossRef] [PubMed]

Wilhelm, S.; Tavares, A.J.; Dai, Q.; Ohta, S.; Audet, J.; Dvorak, H.F.; Chan, W.C.W. Analysis of nanoparticle delivery to tumours.
Nat. Rev. Mater. 2016, 1, 16014. [CrossRef]

Rosenblum, D.; Joshi, N.; Tao, W.; Karp, ].M.; Peer, D. Progress and challenges towards targeted delivery of cancer therapeutics.
Nat. Commun. 2018, 9, 1410. [CrossRef] [PubMed]

Liao, D.; Zhong, L.; Duan, T.; Zhang, R.H.; Wang, X.; Wang, G.; Hu, K.; Lv, X,; Kang, T. Aspirin suppresses the growth and
metastasis of osteosarcoma through the NF-«B pathway. Clin. Cancer Res. 2015, 21, 5349-5359. [CrossRef] [PubMed]

Luo, J.; Solimini, N.L.; Elledge, S.J. Principles of cancer therapy: Oncogene and non-oncogene addiction. Cell 2009, 136, 823-837.
[CrossRef] [PubMed]

Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646-674. [CrossRef] [PubMed]

Kang, Y.; Massagué, J. Epithelial-mesenchymal transitions. Cell 2004, 118, 277-279. [CrossRef] [PubMed]

Grivennikov, S.I; Greten, ER.; Karin, M. Immunity, inflammation, and cancer. Cell 2010, 140, 883-899. [CrossRef] [PubMed]
Mantovani, A.; Allavena, P.; Sica, A.; Balkwill, E. Cancer-related inflammation. Nature 2008, 454, 436—-444. [CrossRef] [PubMed]
Colotta, F; Allavena, P; Sica, A.; Garlanda, C.; Mantovani, A. Cancer-related inflammation, the seventh hallmark of cancer: Links
to genetic instability. Carcinogenesis 2009, 30, 1073-1081. [CrossRef] [PubMed]

Terzi¢, J.; Grivennikov, S.; Karin, E.; Karin, M. Inflammation and colon cancer. Gastroenterology 2010, 138, 2101-2114.e5. [CrossRef]
[PubMed]

Waldner, M.].; Foersch, S.; Neurath, M.F. Interleukin-6—A key regulator of colorectal cancer development. Int. J. Biol. Sci. 2012, §,
1248-1253. [CrossRef] [PubMed]

Grivennikov, S.; Karin, E.; Terzic, ].; Mucida, D.; Yu, G.Y.; Vallabhapurapu, S.; Scheller, J.; Rose-John, S.; Cheroutre, H.; Eckmann,
L.; et al. IL-6 and Stat3 are required for survival of intestinal epithelial cells and development of colitis-associated cancer. Cancer
Cell 2009, 15, 103-113. [CrossRef] [PubMed]

Yao, X.; Huang, J.; Zhong, H.; Shen, N.; Faggioni, R.; Fung, M.; Yao, Y. Targeting interleukin-6 in inflammatory autoimmune
diseases and cancers. Pharmacol. Ther. 2014, 141, 125-139. [CrossRef] [PubMed]

Ghandadi, M.; Sahebkar, A. Interleukin-6: A critical cytokine in cancer multidrug resistance. Curr. Pharm. Des. 2016, 22, 518-526.
[CrossRef] [PubMed]

Jiang, X.P; Yang, D.C.; Elliott, R.L.; Head, ]J.F. Down-regulation of expression of interleukin-6 and its receptor results in growth
inhibition of MCEF-7 breast cancer cells. Anticancer Res. 2011, 31, 2899-2906. [PubMed]

Ara, T,; Declerck, Y.A. Interleukin-6 in bone metastasis and cancer progression. Eur. J. Cancer 2010, 46, 1223-1231. [CrossRef]
[PubMed]

Angevin, E.; Tabernero, J.; Elez, E.; Cohen, S.J.; Bahleda, R.; van Laethem, J.L.; Ottensmeier, C.; Lopez-Martin, J.A.; Clive, S.; Joly,
F; et al. A Phase I/II, multiple-dose, dose-escalation study of siltuximab, an anti-interleukin-6 monoclonal antibody, in patients
with advanced solid tumors. Clin. Cancer Res. 2014, 20, 2192-2204. [CrossRef] [PubMed]

Jiang, H.; Hegde, S.; Knolhoff, B.L.; Zhu, Y.; Herndon, ].M.; Meyer, M.A.; Nywening, T.M.; Hawkins, W.G.; Shapiro, . M.; Weaver,
D.T.; et al. Targeting focal adhesion kinase renders pancreatic cancers responsive to checkpoint immunotherapy. Nat. Med. 2016,
22,851-860. [CrossRef] [PubMed]

Niu, G.; Wright, K.L.; Huang, M.; Song, L.; Haura, E.; Turkson, J.; Zhang, S.; Wang, T.; Sinibaldi, D.; Coppola, D.; et al. Constitutive
Stat3 activity up-regulates VEGF expression and tumor angiogenesis. Oncogene 2002, 21, 2000-2008. [CrossRef] [PubMed]

Yu, H.; Pardoll, D.; Jove, R. STATs in cancer inflammation and immunity: A leading role for STAT3. Nat. Rev. Cancer 2009, 9,
798-809. [CrossRef] [PubMed]

Hodge, D.R.; Hurt, E.M.; Farrar, W.L. The role of IL-6 and STAT3 in inflammation and cancer. Eur. |. Cancer 2005, 41, 2502-2512.
[CrossRef] [PubMed]

https:/ /doi.org/10.3390/pharmaceutics18070841


https://doi.org/10.1093/jnci/djr070
https://www.ncbi.nlm.nih.gov/pubmed/21398618
https://doi.org/10.1021/nn3044066
https://www.ncbi.nlm.nih.gov/pubmed/23289892
https://doi.org/10.3390/pharmaceutics16121582
https://www.ncbi.nlm.nih.gov/pubmed/39771561
https://doi.org/10.1093/jnci/djm135
https://www.ncbi.nlm.nih.gov/pubmed/17895480
https://doi.org/10.1136/ard.2010.140145
https://www.ncbi.nlm.nih.gov/pubmed/21339211
https://doi.org/10.1038/nbt.3330
https://www.ncbi.nlm.nih.gov/pubmed/26348965
https://doi.org/10.1038/natrevmats.2016.14
https://doi.org/10.1038/s41467-018-03705-y
https://www.ncbi.nlm.nih.gov/pubmed/29650952
https://doi.org/10.1158/1078-0432.CCR-15-0198
https://www.ncbi.nlm.nih.gov/pubmed/26202947
https://doi.org/10.1016/j.cell.2009.02.024
https://www.ncbi.nlm.nih.gov/pubmed/19269363
https://doi.org/10.1016/j.cell.2011.02.013
https://www.ncbi.nlm.nih.gov/pubmed/21376230
https://doi.org/10.1016/j.cell.2004.07.011
https://www.ncbi.nlm.nih.gov/pubmed/15294153
https://doi.org/10.1016/j.cell.2010.01.025
https://www.ncbi.nlm.nih.gov/pubmed/20303878
https://doi.org/10.1038/nature07205
https://www.ncbi.nlm.nih.gov/pubmed/18650914
https://doi.org/10.1093/carcin/bgp127
https://www.ncbi.nlm.nih.gov/pubmed/19468060
https://doi.org/10.1053/j.gastro.2010.01.058
https://www.ncbi.nlm.nih.gov/pubmed/20420949
https://doi.org/10.7150/ijbs.4614
https://www.ncbi.nlm.nih.gov/pubmed/23136553
https://doi.org/10.1016/j.ccr.2009.01.001
https://www.ncbi.nlm.nih.gov/pubmed/19185845
https://doi.org/10.1016/j.pharmthera.2013.09.004
https://www.ncbi.nlm.nih.gov/pubmed/24076269
https://doi.org/10.2174/1381612822666151124234417
https://www.ncbi.nlm.nih.gov/pubmed/26601970
https://www.ncbi.nlm.nih.gov/pubmed/21868536
https://doi.org/10.1016/j.ejca.2010.02.026
https://www.ncbi.nlm.nih.gov/pubmed/20335016
https://doi.org/10.1158/1078-0432.CCR-13-2200
https://www.ncbi.nlm.nih.gov/pubmed/24563479
https://doi.org/10.1038/nm.4123
https://www.ncbi.nlm.nih.gov/pubmed/27376576
https://doi.org/10.1038/sj.onc.1205260
https://www.ncbi.nlm.nih.gov/pubmed/11960372
https://doi.org/10.1038/nrc2734
https://www.ncbi.nlm.nih.gov/pubmed/19851315
https://doi.org/10.1016/j.ejca.2005.08.016
https://www.ncbi.nlm.nih.gov/pubmed/16199153
https://doi.org/10.3390/pharmaceutics18070841

Pharmaceutics 2026, 18, 841 32 of 32

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Heichler, C.; Scheibe, K.; Schmied, A.; Geppert, C.I.; Schmid, B.; Wirtz, S.; Thoma, O.M.; Kramer, V.; Waldner, M.J.; Biittner,
C.; et al. STAT3 activation through IL-6/IL-11 in cancer-associated fibroblasts promotes colorectal tumour development and
correlates with poor prognosis. Gut 2020, 69, 1269-1282. [CrossRef] [PubMed]

Xu, J.; Ye, Y.; Zhang, H.; Szmitkowski, M.; Miakinen, M.]; Li, P; Xia, D.; Yang, ].; Wu, Y.; Wu, H. Diagnostic and prognostic value
of serum interleukin-6 in colorectal cancer. Medicine 2016, 95, €2502. [CrossRef]

Chung, Y.C.; Chang, Y.F. Serum interleukin-6 levels reflect the disease status of colorectal cancer. J. Surg. Oncol. 2003, 83, 222-226.
[CrossRef] [PubMed]

Galizia, G.; Orditura, M.; Romano, C.; Lieto, E.; Castellano, P; Pelosio, L.; Imperatore, V.; Catalano, G.; Pignatelli, C.; De Vita, F.
Prognostic significance of circulating IL-10 and IL-6 serum levels in colon cancer patients undergoing surgery. Clin. Immunol.
2002, 102, 169-178. [CrossRef] [PubMed]

Belluco, C.; Nitti, D.; Frantz, M.; Toppan, P,; Basso, D.; Plebani, M.; Lise, M.; Jessup, ].M. Interleukin-6 blood level is associated
with circulating carcinoembryonic antigen and prognosis in patients with colorectal cancer. Ann. Surg. Oncol. 2000, 7, 133-138.
[CrossRef] [PubMed]

Vainer, N.; Dehlendorff, C.; Johansen, J.S. Systematic literature review of IL-6 as a biomarker or treatment target in patients with
gastric, bile duct, pancreatic and colorectal cancer. Oncotarget 2018, 9, 29820-29841. [CrossRef] [PubMed]

Kang, S.; Tanaka, T.; Narazaki, M.; Kishimoto, T. Targeting interleukin-6 signaling in clinic. Immunity 2019, 50, 1007-1023.
[CrossRef] [PubMed]

Bharti, R.; Dey, G.; Mandal, M. Cancer development, chemoresistance, epithelial to mesenchymal transition and stem cells:
A snapshot of IL-6 mediated involvement. Cancer Lett. 2016, 375, 51-61. [CrossRef] [PubMed]

Guo, Y;; Xu, E; Lu, T.; Duan, Z.; Zhang, Z. Interleukin-6 signaling pathway in targeted therapy for cancer. Cancer Treat. Rev. 2012,
38, 904-910. [CrossRef] [PubMed]

Heikkila, K.; Ebrahim, S.; Lawlor, D.A. A systematic review of the association between circulating concentrations of C reactive
protein and cancer. J. Epidemiol. Community Health 2007, 61, 824-833. [CrossRef] [PubMed]

Trikha, M.; Corringham, R.; Klein, B.; Rossi, ].F. Targeted anti-interleukin-6 monoclonal antibody therapy for cancer: A review of
the rationale and clinical evidence. Clin. Cancer Res. 2003, 9, 4653—-4665. [PubMed]

Rossi, J.E; Lu, Z.Y.; Jourdan, M.; Klein, B. Interleukin-6 as a therapeutic target. Clin. Cancer Res. 2015, 21, 1248-1257. [CrossRef]
[PubMed]

Ando, K; Takahashi, E.; Kato, M.; Kaneko, N.; Doi, T.; Ohe, Y.; Koizumi, F; Nishio, K.; Takahashi, K. Tocilizumab, a proposed
therapy for the cachexia of interleukin6-expressing lung cancer. PLoS ONE 2014, 9, e102436. [CrossRef] [PubMed]

Dijkgraaf, E.M.; Heusinkveld, M.; Tummers, B.; Vogelpoel, L.T.C.; Goedemans, R.; Jha, V.; Nortier, ] W.R.; Welters, M.].P.; Kroep,
J.R.; van der Burg, S.H. Chemotherapy alters monocyte differentiation to favor generation of cancer-supporting M2 macrophages
in the tumor microenvironment. Cancer Res. 2013, 73, 2480-2492. [CrossRef] [PubMed]

Landskron, G.; De la Fuente, M.; Thuwajit, P.; Thuwajit, C.; Hermoso, M.A. Chronic inflammation and cytokines in the tumor
microenvironment. J. Immunol. Res. 2014, 2014, 149185. [CrossRef] [PubMed]

Taniguchi, K.; Karin, M. IL-6 and related cytokines as the critical lynchpins between inflammation and cancer. Semin. Immunol.
2014, 26, 54-74. [CrossRef] [PubMed]

Zhu, P; Liao, L.Y.; Zhao, T.T.; Mo, X.M.; Chen, G.G.; Liu, Z.M. GSDMB promotes non-small cell lung cancer progression by
inducing epithelial-mesenchymal transition. J. Exp. Clin. Cancer Res. 2019, 38, 1-14.

Jiang, Y.; Zhan, H. Communication between EMT and PD-L1 signaling: New insights into tumor immune evasion. Cancer Lett.
2020, 468, 72-81. [CrossRef] [PubMed]

Rokavec, M.; Oner, M.G.; Li, H.; Jackstadt, R.; Jiang, L.; Lodygin, D.; Kaller, M.; Horst, D.; Ziegler, PK.; Schwitalla, S.; et al.
IL-6R/STAT3/miR-34a feedback loop promotes EMT-mediated colorectal cancer invasion and metastasis. J. Clin. Investig. 2014,
124, 1853-1867. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/pharmaceutics18070841


https://doi.org/10.1136/gutjnl-2019-319200
https://www.ncbi.nlm.nih.gov/pubmed/31685519
https://doi.org/10.1097/md.0000000000002502
https://doi.org/10.1002/jso.10269
https://www.ncbi.nlm.nih.gov/pubmed/12884234
https://doi.org/10.1006/clim.2001.5163
https://www.ncbi.nlm.nih.gov/pubmed/11846459
https://doi.org/10.1007/s10434-000-0133-7
https://www.ncbi.nlm.nih.gov/pubmed/10761792
https://doi.org/10.18632/oncotarget.25661
https://www.ncbi.nlm.nih.gov/pubmed/30038723
https://doi.org/10.1016/j.immuni.2019.03.026
https://www.ncbi.nlm.nih.gov/pubmed/30995492
https://doi.org/10.1016/j.canlet.2016.02.048
https://www.ncbi.nlm.nih.gov/pubmed/26945971
https://doi.org/10.1016/j.ctrv.2012.04.007
https://www.ncbi.nlm.nih.gov/pubmed/22651903
https://doi.org/10.1136/jech.2006.051292
https://www.ncbi.nlm.nih.gov/pubmed/17699539
https://www.ncbi.nlm.nih.gov/pubmed/14581334
https://doi.org/10.1158/1078-0432.CCR-14-2291
https://www.ncbi.nlm.nih.gov/pubmed/25589616
https://doi.org/10.1371/journal.pone.0102436
https://www.ncbi.nlm.nih.gov/pubmed/25010770
https://doi.org/10.1158/0008-5472.CAN-12-3542
https://www.ncbi.nlm.nih.gov/pubmed/23436796
https://doi.org/10.1155/2014/149185
https://www.ncbi.nlm.nih.gov/pubmed/24901008
https://doi.org/10.1016/j.smim.2014.01.001
https://www.ncbi.nlm.nih.gov/pubmed/24552665
https://doi.org/10.1016/j.canlet.2019.10.013
https://www.ncbi.nlm.nih.gov/pubmed/31605776
https://doi.org/10.1172/JCI73531
https://www.ncbi.nlm.nih.gov/pubmed/24642471
https://doi.org/10.3390/pharmaceutics18070841

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of SBA-16 Mesoporous Silica Nanoparticles 
	Characterization of SBA-16 Nanoparticles 
	Drug Loading and Encapsulation Efficiency 
	In Vitro Drug Release Studies 
	Cell Culture 
	MTT Cell Viability Assay (2D Monolayer Culture) 
	Clonogenic Assay (Colony Formation Assay) 
	Three-Dimensional (3D) Spheroid Culture and Viability Assessment 
	Interleukin-6 (IL-6) Quantification by ELISA 
	Statistical Analysis 

	Results 
	Characterization of SBA-16 Nanoparticles 
	Drug Loading and Encapsulation Efficiency 
	In Vitro Drug Release Kinetics 
	Cytotoxicity in 2D Monolayer Culture: MTT Assay 
	Inhibition of Colony Formation: Clonogenic Assay 
	Cytotoxicity in 3D Spheroid Culture 
	Suppression of Interleukin-6 (IL-6) Secretion 
	Comparative Analysis of Treatment Effects Across Endpoints 

	Discussion 
	Conclusions 
	References

