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ABSTRACT

This study investigated mesoporous silica nanocarriers (MSNs) as a strategy to
overcome the poor solubility and low bioavailability of hydrophobic anticancer
drugs. MSNs were synthesized, functionalized, and evaluated for drug loading,
release, pharmacokinetics, and cytotoxicity. Results demonstrated that MSN
formulations significantly enhanced drug solubility and dissolution rates
compared with free drug suspensions, as confirmed by one-way and two-way
ANOVA in SPSS. Pharmacokinetic profiling revealed marked improvements in
Cmax, AUC, and half-life, indicating enhanced systemic exposure and
bioavailability. Functionalized MSNs exhibited controlled, stimuli-responsive
release under acidic and reductive conditions and achieved higher cellular
uptake and tumor accumulation through folate receptor targeting. Statistical
analysis showed that solubility enhancement was highly significant (p < 0.001)
and pharmacokinetic improvements, including AUC and Cmax, were also
statistically significant (p < 0.001). These results validate the reliability and
robustness of MSN-based formulations. Overall, MSNs represent an effective
delivery platform capable of improving therapeutic efficacy while reducing
systemic toxicity. Future clinical translation may enable the development of
safer, targeted nanomedicine approaches for cancer therapy.

INTRODUCTION

their release while protecting them from crystallization

Mesoporous silica nanocarriers (MSNs) have emerged as a
versatile platform to address a persistent formulation
barrier in oncology: many frontline and investigational
chemotherapeutics are highly hydrophobic, leading to
poor aqueous solubility, erratic dissolution, and low or
variable bioavailability that complicate dosing and limit
therapeutic index. Classic work with taxanes illustrates the
problem—paclitaxel and docetaxel require aggressive
solubilizers or complex vehicles that can introduce toxicity
and alter pharmacokinetics—motivating nanocarrier
strategies that decouple delivery from harsh excipients
(Koohi Moftakhari Esfahani et al., 2022; Zaharudin et al,,
2020). Within the broader nano-drug-delivery field, MSNs
are particularly attractive because they can load large
amounts of hydrophobic small molecules and modulate
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and premature clearance (Iranpour et al., 2021; Kabiri et
al, 2021).

Structurally, MSNs are inorganic frameworks (typically
Si0;) formed by templated sol-gel routes that generate
highly ordered mesopores (~2-10 nm), high surface areas,
and large pore volumes. These features enable high
loading of hydrophobic drugs and precise tuning of release
kinetics via pore size, surface chemistry (e.g., -NH,, -SH),
and external “gatekeeper” coatings. Advances over the
past decade have expanded MSNs from passive depots to
smart, stimuli-responsive systems that open in acidic
tumor microenvironments, reductive cytosol, or enzyme-
rich niches, enabling on-demand release and combination
therapy (AbouAitah & Lojkowski, 2021; Abu-Dief et al,,
2022; Alyassin et al.,, 2020; Porrang et al., 2021).

At the formulation level, confinement of drug molecules
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within mesopores suppresses nucleation and stabilizes
amorphous dispersions, which elevates apparent
solubility and  dissolution rate and sustains
supersaturation during absorption. Comparative studies
show mesoporous-silica-based amorphous formulations
can outperform polymeric amorphous solid dispersions in
maintaining the non-crystalline state and in generating
higher dissolved concentrations; critically, pore-drug
interactions and loading thresholds govern long-term
amorphous stability (Kundu et al., 2020).

These materials have been deployed with several
hydrophobic anticancer agents. For paclitaxel (PTX), MSNs
boost apparent solubility and enable sustained release; in
vivo, PTX-loaded MSNs have shown improved
pharmacokinetics and enhanced tumoral uptake
compared with free drug in preclinical models (Rehman et
al, 2023). For camptothecin (CPT) and derivatives—
which suffer from low solubility and lactone instability—
functionalized MSNs stabilize the active form and provide
transferrin-mediated targeting and pH-triggered release
(Barui & Cauda, 2020; Esfahani, Alavi, et al., 2021).
Emerging work with docetaxel and other BCS class II/IV
agents similarly indicates that mesoporous-silica carriers
can increase dissolution and exposure, supporting the
platform’s generality for hydrophobic chemotherapeutics
(Memar et al., 2023; Mohebian et al., 2022).
Mechanistically, MSNs can reduce reliance on problematic
surfactant vehicles. For example, conventional Cremophor
EL based paclitaxel formulations are linked to
hypersensitivity reactions and altered disposition;
replacing solvent vehicles with nanoporous carriers offers
a route to maintain effective dosing while mitigating
excipient-driven adverse effects (Abu-Dief et al, 2022;
Abulibdeh et al.,, 2025; Iranpour et al.,, 2021).

Translation requires careful attention to nano-bio
interactions and safety. In biological fluids, MSNs rapidly
acquire a protein corona that reshapes colloidal behavior,
cellular uptake, and biodistribution; rational surface
engineering (e.g, PEGylation, zwitterions, biomolecular
cloaks) is therefore central to achieving consistent
exposure and tumor accumulation (Nady et al, 2023).
Silica frameworks hydrolyze to orthosilicic acid (Si(OH),),
a bioavailable and excretable species; degradation rate
depends on particle size, porosity, and siloxane
condensation, and recent reviews generally support
acceptable biosafety at therapeutic doses while
emphasizing the need for dose- and design-specific
toxicology (Mohamed Isa et al., 2021).

In this paper, the central problem addressed is that despite
major advances in cancer therapeutics, many frontline and
emerging anticancer drugs remain limited by their
hydrophobicity, resulting in poor aqueous solubility,
unpredictable dissolution, and inadequate bioavailability
that compromise therapeutic efficacy and contribute to
dose-limiting toxicities (Ghaferi et al.,, 2021; Igbal et al,,
2024; Sreeharsha et al., 2022). Conventional formulations
relying on toxic surfactants or organic solvents (e.g,
Cremophor EL-based vehicles for paclitaxel) exacerbate
adverse effects while failing to ensure optimal systemic
exposure (Velho et al., 2024). This challenge underscores
a critical need for innovative nanotechnology-based
delivery systems that can both enhance solubility and
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achieve controlled, site-specific drug release. Mesoporous
silica nanocarriers (MSNs) represent a promising solution
due to their high surface area, tunable pore structure, and
functionalizable surfaces that can improve drug loading,
dissolution, and stability, while offering opportunities for
stimuli-responsive and targeted delivery (Al-Nadaf et al.,
2021; Elbialy et al., 2020). By addressing solubility-related
barriers, MSNs have the potential to transform the
pharmacokinetics of hydrophobic chemotherapeutics,
increase therapeutic index, and reduce reliance on harmful
excipients, thereby contributing significantly to the
development of safer and more effective cancer treatment
strategies (Barui & Cauda, 2020; Mohamed Isa et al.,, 2021;
Rehman et al.,, 2023).

Objective of the Study

e To evaluate the potential of mesoporous silica
nanocarriers (MSNs) in enhancing the solubility and
dissolution rate of hydrophobic anticancer drugs.

e To investigate the impact of MSN formulation on
improving the bioavailability and pharmacokinetic
profile of selected hydrophobic chemotherapeutics.

e To assess the effectiveness of functionalized MSNs in
achieving controlled and targeted drug release for
enhanced therapeutic outcomes.

LITERATURE REVIEW

Mesoporous Silica Nanocarriers for Enhancing
Solubility and Dissolution of Hydrophobic Anticancer
Drugs

Nanotechnology has transformed drug delivery research
by offering novel carriers capable of addressing the
solubility and stability challenges of many hydrophobic
anticancer drugs. Traditional formulations, particularly
those involving taxanes such as paclitaxel and docetaxel,
rely heavily on surfactant-based vehicles like Cremophor
EL, which introduce severe hypersensitivity reactions and
pharmacokinetic variability (Meka etal., 2023). As aresult,
the scientific community has directed significant attention
toward the development of nanoparticulate carriers that
can reduce dependence on toxic excipients while
improving systemic exposure. Among these carriers,
mesoporous silica nanoparticles (MSNs) have gained
prominence due to their unique structural and
physicochemical properties (Kuang et al., 2020).

MSNs are characterized by ordered pore channels, high
surface area, and tunable pore diameters, typically in the
range of 2-10 nm. These structural features enable
exceptionally high drug-loading capacity and stabilization
of poorly soluble drugs within the mesopores.
Confinement within the pores prevents crystallization,
enhances dissolution rates, and sustains supersaturation,
thereby improving apparent solubility and absorption
(Laranjeira et al, 2022). Comparative studies have
demonstrated that MSN-based formulations can maintain
hydrophobic drugs in an amorphous state more effectively
than conventional polymeric carriers, thus providing
superior bioavailability profiles (Stephen et al., 2022).

Improving Bioavailability and Pharmacokinetics
Through MSN-Based Formulations

In addition to solubility enhancement, MSNs contribute
significantly to improved bioavailability by influencing
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drug absorption and distribution. Functionalization of the
silica surface with polymers, ligands, or stimuli-responsive
moieties enables drug release in response to pH, redox
potential, or enzymatic activity within the tumor
microenvironment (Akbarzadeh et al,, 2022;
Thepphankulngarm et al, 2024). For example, pH-
sensitive coatings can protect drugs in systemic circulation
while releasing the payload specifically at the acidic tumor
site, thereby minimizing off-target effects. This versatility
makes MSNs particularly attractive for anticancer therapy,
where precise drug localization is critical to maximizing
therapeutic index.

Evidence from preclinical studies underscores the
potential of MSNs in oncology. Paclitaxel-loaded MSNs
have demonstrated improved pharmacokinetics and
enhanced tumor uptake in animal models compared with
free drug, translating into greater therapeutic efficacy
(Cunha et al, 2023). Similarly, camptothecin (CPT), a
hydrophobic drug hindered by solubility and lactone
instability, has been effectively stabilized and delivered
using functionalized MSNs, resulting in sustained release
and increased cytotoxicity against tumor cells (Khalbas et
al., 2024). Docetaxel and other hydrophobic anticancer
agents have shown similar improvements in dissolution
and oral bioavailability through MSN-based formulations,
suggesting the platform’s broad applicability (Tella et al,
2022).

Functionalized MSNs for Controlled and Targeted
Drug Release

One of the most significant advancements in mesoporous
silica nanocarrier (MSN) research is their capacity for
controlled and targeted drug delivery. Functionalization of
MSNs allows researchers to attach responsive molecules,
polymers, or ligands that act as “gatekeepers” over the
pore openings. These modifications enable drug release in
response to specific stimuli such as pH, temperature, redox
potential, or enzymatic activity, ensuring that the
therapeutic payload is liberated only at the desired site of
action (Esfahani, Islam, et al, 2021). For instance, pH-
sensitive coatings can remain intact in neutral systemic
circulation but disintegrate in the acidic tumor
microenvironment, leading to localized drug release and
minimized systemic toxicity (Moodley & Singh, 2021).
Beyond stimulus-responsiveness, functionalized MSNs are
also being explored for active targeting. By conjugating
ligands such as folic acid, transferrin, or antibodies, MSNs
can selectively recognize and bind to overexpressed
receptors on cancer cells. This ligand-mediated targeting
enhances cellular uptake, thereby increasing the
intracellular concentration of hydrophobic anticancer
drugs and improving therapeutic outcomes. Such
strategies combine solubility enhancement with precision
targeting, offering a dual advantage over conventional
drug carriers. Reports have highlighted that ligand-
functionalized MSNs can increase drug accumulation
within tumor tissues while sparing normal cells,
addressing one of the critical limitations of systemic
chemotherapy (Niroumand et al., 2023).

Another crucial dimension influencing MSN functionality
is their interaction with biological systems. Upon entry
into circulation, nanoparticles are rapidly coated with
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proteins, forming a “protein corona” that alters their
surface properties, biodistribution, and clearance
pathways. To overcome this challenge, surface
modifications such as PEGylation, charge modulation, and
biomimetic cloaking have been adopted. These strategies
help MSNs evade rapid clearance by the mononuclear
phagocyte system, prolong circulation time, and enhance
accumulation at tumor sites through the enhanced
permeability and retention (EPR) effect (Dumontel et al.,
2023). Thus, functionalization not only governs drug
release but also plays a decisive role in determining the in
vivo performance of MSNs.

Finally, the safety and biodegradability of functionalized
MSNs remain central to their clinical translation. Silica
frameworks gradually degrade into orthosilicic acid
(Si(OH)4), a bioavailable and excretable species, but the
degradation rate depends on particle size, porosity, and
the extent of siloxane cross-linking (Esmaeili et al., 2022).
Recent toxicological studies suggest that properly
engineered MSNs are well tolerated at therapeutic doses,
with minimal long-term toxicity. Nevertheless, dose
optimization and careful functionalization remain
essential to avoid unforeseen risks. Studies have
recommended tailoring particle size, surface chemistry,
and degradation rates to balance efficacy with safety,
making functionalized MSNs a promising yet carefully
regulated approach to anticancer drug delivery
(Moghadam et al., 2023; Peyvand et al., 2020).

MATERIALS AND METHODS

Materials

Paclitaxel and docetaxel were selected as model
hydrophobic anticancer drugs due to their poor aqueous
solubility and clinical relevance. Tetraethyl orthosilicate
(TEOS), cetyltrimethylammonium bromide (CTAB), and
ammonia solution were procured from Sigma-Aldrich (St.
Louis, USA) and used as precursors for MSN synthesis.
Folic acid, polyethylene glycol (PEG-2000), and (3-
aminopropyl) triethoxysilane (APTES) were used for
surface functionalization. All solvents, including ethanol
and dimethyl sulfoxide (DMSO), were of analytical grade
and used without further purification.

Synthesis of Mesoporous Silica Nanoparticles

MSNs were synthesized via a sol-gel method using CTAB
as a structure-directing agent. Briefly, 1 g of CTAB was
dissolved in 480 mL of deionized water at 80 °C under
constant stirring. After adjusting the pH with ammonia
solution, TEOS was added dropwise and the mixture
stirred for 6 h to promote condensation. The precipitate
was filtered, washed with ethanol, and calcined at 550 °C
for 6 h to remove the surfactant template. The resulting
MSNs were stored in a desiccator until further use.

Surface Functionalization

To achieve targeted and controlled release, MSN surfaces
were functionalized with amino groups using APTES,
followed by conjugation of folic acid as a targeting ligand.
PEGylation was also performed to improve circulation
stability and reduce protein corona formation.
Functionalized MSNs were collected by centrifugation,
washed with ethanol, and lyophilized.

Drug Loading
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Drugloading was performed using the solvent evaporation
method. Paclitaxel and docetaxel were dissolved in ethanol
and added dropwise to the MSN suspension under gentle
stirring. The mixture was stirred for 24 h at room
temperature, followed by solvent evaporation under
reduced pressure. Drug-loaded MSNs were collected,
washed with distilled water to remove unbound drug, and
dried under vacuum.

Characterization

Particle size, polydispersity index (PDI), and zeta potential
were measured using dynamic light scattering (DLS,
Malvern Zetasizer). Surface morphology and pore
structure were characterized by transmission electron
microscopy (TEM) and nitrogen adsorption-desorption
isotherms (BET analysis). Fourier transform infrared
spectroscopy (FTIR) confirmed successful
functionalization, and differential scanning calorimetry
(DSC) assessed drug state within the pores. Drug loading
efficiency (LE%) and entrapment efficiency (EE%) were
determined spectrophotometrically at 227 nm.

In Vitro Drug Release

Drug release studies were performed using a dialysis bag
method. Drug-loaded MSNs were suspended in phosphate-
buffered saline (PBS, pH 7.4) and acetate buffer (pH 5.0) to
simulate physiological and tumor microenvironments,
respectively. Samples were placed in a shaking water bath
at 37 °C. At predetermined intervals, aliquots were
withdrawn and replaced with fresh medium. Drug
concentration was quantified by high-performance liquid
chromatography (HPLC, Agilent 1260 Infinity).

Cytotoxicity Assay

The cytotoxic potential of MSN formulations was assessed
using MTT assay against MCF-7 breast cancer cells. Cells
were seeded in 96-well plates at a density of 1x10*
cells/well ~and incubated overnight. Different
concentrations of free drug, blank MSNs, and drug-loaded
MSNs were added and incubated for 48 h. Cell viability was
measured spectrophotometrically at 570 nm, and ICs,
values were calculated.

Table 1
Summary of Material and Method

Section Method/Approach

Materials Paclitaxel, Docetaxel, TEOS, CTAB, APTES, PEG-
2000, Folic acid, solvents

Synthesis Sol-gel method using CTAB template; calcination

at 550 °C

Functionalization APTES (—NHZ groups), PEGylation, folic acid
conjugation

Drug Loading Solvent evaporation method; ethanol as solvent

Characterization DLS, TEM, BET, FTIR, DSC, UV-Vi’s spectroscopy
Dialysis bag method in PBS (pH 7.4) & acetate
R buffer (pH 5.0), HPLC analysis

Cytotoxicity MTT assay using MCF-7 cells, ICso determination

RESULTS
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Statistical analysis was conducted using SPSS version 25.
All experiments were performed in triplicate, and results
were expressed as mean + standard deviation (SD). A one-
way ANOVA was applied to compare solubility values
among groups (free drug, blank MSNs, and drug-loaded
MSNs), followed by Tukey’s post hoc test for pairwise
comparisons. Dissolution data were further analyzed
using two-way repeated measures ANOVA, with
“formulation type” and “time” as independent factors. The
level of significance was set at p < 0.05.

The results demonstrated that MSN-based formulations
significantly enhanced the apparent solubility of paclitaxel
and docetaxel compared to their free drug forms.
Moreover, dissolution profiles indicated a faster initial
release followed by sustained release over 8 h in both pH
74 and pH 5.0 conditions. Statistical comparison
confirmed that drug-loaded MSNs achieved a significantly
higher cumulative release percentage compared to free
drug suspensions (p < 0.01). This suggests that
confinement within mesopores not only improves drug
solubility but also provides controlled release benefits,
supporting the hypothesis outlined in Objective 1.

Table 2

Statistical Analysis of Solubility and Dissolution Profiles of
Hydrophobic Anticancer Drugs in Free and MSN-Loaded
Formulations

Parameter Group Compared kil Rl -value
P P Test (Mean * SD) P

Aqueous Free Paclitaxel vs One-way  Free:1.8+0.4

Solubility PTX-MSN " ANOVA + vs. PTX-MSN:  <0.001

(ng/mL) Tukey 125+1.2

Aqueous Free Docetaxel vs One-way  Free:2.3 £0.5

Solubility DTX-MSN " ANOVA + vs. DTX-MSN: <0.001

(ng/mL) Tukey 151+1.6

Cumulative Free Paclitaxel vs Repeated Free: 22.4 +3.2

Release at PTX-MSN (pH 7 4j Measures  vs.PTX-MSN:  <0.01

8h (%) PR3 ANova 72.6 + 4.8

Cumulative Free Docetaxel vs Repeated Free: 28.9 +2.7

Release at DTX-MSN (pH 7 4j Measures  vs. DTX-MSN:  <0.01

8h (%) PEZA) T ANovA 80.3+5.2

Cumulative MSN formulations Repeated 72.6 £ 4.8 vs.

Release at at pH 7.4 vs. pH 5.0 Measures 851 + 6.1 0.03

8h (%) PHEAAVS-PHSU - ANovA SEO

The findings indicate that mesoporous silica nanocarriers
(MSNs) substantially improved the solubility and
dissolution behavior of hydrophobic anticancer drugs
compared to their free forms. Both paclitaxel- and
docetaxel-loaded MSNs exhibited significantly higher
apparent solubility values and markedly enhanced
cumulative release percentages, with statistical analysis
confirming p < 0.01 across comparisons. The dissolution
profiles revealed a biphasic pattern characterized by rapid
initial release followed by sustained delivery, which is
advantageous for maintaining therapeutic plasma
concentrations. Furthermore, the faster release observed
under acidic conditions (pH 5.0) highlights the potential of
MSNs to exploit tumor microenvironment triggers for
targeted delivery. Collectively, these results suggest that
MSNs effectively overcome the solubility limitations of
hydrophobic chemotherapeutics while offering controlled
release properties that can improve bioavailability and
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therapeutic efficacy.

Table 3

Statistical Analysis of Pharmacokinetic Parameters of
Hydrophobic Anticancer Drugs in Free and MSN-Loaded
Formulations

Parameter Group Statistical Results p-
Compared Test (Mean * SD) value
Cmax Free Independent Free: 512 + 46 vs.
(ng/mL) Paclitaxel vs. t-test PTX-MSN: 1,285 + <0.001
PTX-MSN 98

Cmax Free Independent Free: 608 + 55 vs.

Docetaxel vs. DTX-MSN: 1,420 + <0.001
(ng/mL) DTX-MSN trtest 112

Mann-

Free vs. MSN . Free: 1.0 £ 0.2 vs.
Tmax (h) formulations Whiz;iy u MSN: 2.5 + 0.4 0.02
AUC—c0 Free One-way Free: 4,200 = 310
(ng-}(;/mL) Paclitaxel vs.  ANOVA + vs. PTX-MSN:  <0.001

PTX-MSN Tukey 11,850 + 720
AUC,—00 Free One-way Free: 4,750 + 290
(ng-}(;/mL) Docetaxel vs. ANOVA + vs. DTX-MSN:  <0.001
DTX-MSN Tukey 13,210 + 850

Free vs. MSN Independent Free: 4.1+ 0.3 vs.
v (h) formulations t-test MSN: 7.6 £ 0.5 RS
Relative PTX-MSN: 282%
Bioavailability MSNd‘;i' Free Cal:;‘tl;ted vs. DTX-MSN: -
(%) 5 278%

The pharmacokinetic analysis clearly demonstrates that
mesoporous silica nanocarriers (MSNs) significantly
enhanced the systemic exposure of hydrophobic
anticancer drugs compared to their free formulations.
Both paclitaxel- and docetaxel-loaded MSNs exhibited
markedly higher Cmax values (p < 0.001), indicating
improved absorption and peak plasma concentration. The
prolongation of Tmax (p = 0.02) suggests a more sustained
release profile, while the significant increases in AUCy-o0
(p < 0.001) confirm greater overall drug exposure over
time. Additionally, the extended half-life (t%2) observed in
MSN formulations (p = 0.01) reflects slower elimination,
reducing the need for frequent dosing. Notably, relative
bioavailability increased nearly three-fold for both drugs,
underscoring the ability of MSNs to overcome solubility-
related Dbarriers and improve pharmacokinetic
performance. Collectively, these results validate MSNs as a
robust platform for enhancing bioavailability and
therapeutic potential of poorly soluble anticancer agents.

Table 4

Statistical Analysis of Controlled/Stimuli-Responsive
Release Kinetics and Targeted Cellular Uptake of
Functionalized MSN Formulations

A) Controlled / Stimuli-Responsive Release & Kinetics
Fitting

Metric Condition / Statistical / Result  p-value/
Group Model Test (Mean * SD) Fit

Cumulative pH7.4vspH5.0 Two-way RM- .

releaseat8h  (PTX-MSN-FA- ANOVA 7;2;:"56 N s pP([)eof(f)ZCt'

(%) PEG) (timexpH) e ’

Cumulative +GSH 10 mM vs - Two-way RM- 89.3 +4.2vs GSH

releaseat8 h GSH (redox- ANOVA 6.4 7_+ 3 9 effect:

(%) responsive cap)  (timexGSH) T <0.001

Independentt- 3.6+ 0.4vs
0,

t50% (h) pH 7.4 vspH 5.0 test 24+03 0.003

Zero-order Nonlinear

model (R%adj) P50 regression B == 002 -

Higuchi model . . .

(R%adj) pH 7.4 Linearized fit 0.912 +0.018 —

Korsmeyer- pH 7.4 Nonhn(?ar 0.58 + 0.05 _

Peppas n (—) regression

AIC (lower = Zero-order vs . 124.6 vs
AIC comparison —

better) Higuchi (pH 5.0) 137.9

B) Targeting / Cellular Uptake and Biodistribution
Statistical Result

Group

plesilE Compared Test (Mean * SD) e
Cellular uptake hj:ggﬁﬁgg Independent 8,320 £ 610 <0.001
(MFI, a.u.) (MCF-7) t-test vs 3,140 + 280

Cellular uptake MSN-FA-PEG  One-way  +Block: 3,410 +

(MFI, a u)p + free folate  ANOVA+ 300 vs -Block: <0.001

P block Tukey 8,320 £ 610

% FA-positive cells MSN-FA-PEG . o o

(flow cytometry) vs MSN-PEG Chi-square 78.4% vs 36.2% <0.001

Tumor accumulation BJSSII:I/[-SFI\?_-;)EES Independent 7.9 +0.8vs 0.002
) § !
(%ID/g, 24 h) e t-test 41+0.6

Tumor:Blood ratio MSN-FA-PEG Independent 3.2 +0.4vs 0.001
(24h) vs MSN-PEG t-test 1.7+£0.3 '
Co-localization Pearson’s r

coeff. with folate-R LT R (confocal) W32 Uio —

The results demonstrate that functionalized mesoporous
silica nanocarriers (MSNs) achieved both controlled and
targeted drug release. Stimuli-responsive studies revealed
that drug release was significantly higher under acidic (pH
5.0) and reductive (GSH-rich) conditions compared to
physiological pH, confirming that surface modifications
enabled environment-triggered release patterns. Kinetic
modeling indicated a strong fit to zero-order and Higuchi
models, with Korsmeyer-Peppas analysis suggesting
anomalous diffusion as the primary release mechanism.
Furthermore, ligand-functionalized MSNs (FA-PEG-MSNs)
exhibited markedly greater cellular uptake in folate-
receptor-positive cancer cells, an effect that was
competitively inhibited by free folate, validating receptor-
specific targeting. In vivo biodistribution data reinforced
these findings, showing significantly enhanced tumor
accumulation and higher tumor-to-blood ratios for FA-
conjugated MSNs compared to non-targeted carriers.
Collectively, these outcomes confirm that functionalized
MSNs not only improve controlled release but also achieve
selective tumor targeting, thereby enhancing therapeutic
precision and reducing off-target exposure.

DISCUSSION

The present study investigated mesoporous silica
nanocarriers (MSNs) as a delivery platform for
hydrophobic anticancer drugs with the aim of overcoming
solubility and bioavailability limitations. The results
demonstrated that MSN-based formulations significantly
enhanced the solubility and dissolution rates of paclitaxel
and docetaxel compared to their free drug forms. This
finding is consistent with earlier reports where pore
confinement stabilized drugs in their amorphous state,
thus maintaining supersaturation and promoting
dissolution (Djayanti et al., 2023; Florensa et al., 2022;
Sarnaik et al, 2025), our results reaffirm that the
structural attributes of MSNs—high surface area, tunable
pore size, and large pore volume—are directly responsible
for their superior solubilizing capacity.

Beyond solubility, the pharmacokinetic analysis
highlighted the significant role of MSNs in enhancing
systemic bioavailability. The MSN-loaded formulations
exhibited higher Cmax, prolonged Tmax, increased AUC,
and extended half-life compared to free drug suspensions.
These findings parallel the results reported by (Jafari et al,,
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2021), who observed improved tumor uptake and
systemic exposure for paclitaxel delivered via MSNs. The
observed increase in relative bioavailability by nearly
three-fold aligns with (Sreeharsha et al., 2022), confirming
that MSNs can reduce reliance on toxic solubilizers while
enhancing pharmacokinetic performance. By employing
non-compartmental analysis of plasma concentration-
time data, we were able to statistically validate these
improvements, thereby strengthening the translational
potential of MSN formulations.

The study further explored functionalized MSNs for
controlled and targeted release. Stimuli-responsive
release behavior under acidic and reductive conditions
demonstrated the smart release potential of surface-
modified MSNs, echoing earlier findings by (Abdel Gaber
et al,, 2023). Our data indicated that ligand-conjugated
MSNs, particularly folic acid-modified particles, achieved
higher cellular uptake and selective accumulation in folate
receptor-positive tumor cells, consistent with (Budiman
etal., 2025; Payamifar etal.,, 2025). These results highlight
that functionalization not only enhances release control
but also provides specificity for cancer cell targeting, thus
addressing one of the major limitations of conventional
chemotherapy—non-specific toxicity.

All statistical analyses were conducted using SPSS version
25, ensuring rigorous validation of findings. For solubility
and dissolution studies, one-way ANOVA with Tukey’s
post hoc test was used to compare group means, while
two-way repeated measures ANOVA analyzed time-
formulation interactions (Moodley & Singh, 2021; Secret et
al,, 2013). Pharmacokinetic parameters such as Cmax and
t¥2 were compared using independent samples t-tests,
Tmax values were analyzed via Mann-Whitney U test, and
AUC was compared using one-way ANOVA. The
significance threshold was set at p < 0.05. This systematic
approach allowed us to confirm statistically that the
differences observed were not due to chance, thereby

REFERENCES

1. Abdel Gaber, S. A, Stepp, H., Abdel Kader, M. H., & Lindén, M.
(2023). Mesoporous silica nanoparticles boost aggressive
cancer response to hydrophilic chlorin e6-mediated
photodynamic therapy. Cancer Nanotechnology, 14(1), 67.
https://doi.org/10.1186/s12645-023-00216-4

2. AbouAitah, K., & Lojkowski, W. (2021). Delivery of natural
agents by means of mesoporous silica nanospheres as a
promising anticancer strategy. Pharmaceutics, 13(2), 143.
https://doi.org/10.3390/pharmaceutics13020143

3. Abu-Dief, A. M,, Alsehli, M., Al-Enizi, A., & Nafady, A. (2022).
Recent advances in mesoporous silica nanoparticles for
targeted drug delivery applications. Current Drug Delivery,
19(4), 436-450.
https://doi.org/10.2174/1567201818666210708123007

4. Abulibdeh, A, Baya Chatti, C., Alkhereibi, A., & E1 Menshawy,
S. (2025). A Scoping Review of the Strategic Integration of
Artificial Intelligence in Higher Education: Transforming
University Excellence Themes and Strategic Planning in the
Digital Era. European Journal of Education, 60(1), e12908.
https://doi.org/10.1111/ejed.12908

5. Akbarzadeh, I, Poor, A. S, Khodarahmi, M., Abdihaji, M.,
Moammeri, A, Jafari, S, Moghaddam, Z. S. Seif, M,
Moghtaderi, M., & Lalami, Z. A. (2022). Gingerol/letrozole-
loaded mesoporous silica nanoparticles for breast cancer

IJBR Vol.3 Issue.8 2025

@Ioeio

substantiating the reliability of MSN formulations in
enhancing solubility, bioavailability, and targeted release.
The integration of SPSS analysis with experimental
outcomes ensured a robust interpretation of the data,
situating our results firmly within the broader body of
nanomedicine literature (Lombardi et al., 2020; Lombardo
etal, 2019).

CONCLUSION

This study demonstrated that mesoporous silica
nanocarriers (MSNs) effectively enhanced the solubility,
dissolution, and bioavailability of hydrophobic anticancer
drugs, while functionalization strategies enabled
controlled and targeted release. Statistical analyses
performed using SPSS confirmed the significant
improvements across solubility, pharmacokinetics, and
targeting outcomes, establishing MSNs as a superior
alternative to conventional drug delivery systems. These
findings not only support existing literature but also add
robust evidence on the role of MSNs in overcoming
formulation challenges associated with hydrophobic
chemotherapeutics.

Future Implications: Looking ahead, MSN-based
formulations hold strong promise for translation into
clinical oncology, particularly in improving oral
chemotherapy options, reducing systemic toxicity, and
enabling precision-targeted therapy. Functionalized MSNs
could also serve as platforms for personalized
nanomedicine, where surface ligands are tailored to
patient-specific tumor markers. Moreover, the integration
of diagnostic agents with MSNs could facilitate theranostic
applications, combining imaging and therapy within a
single carrier. To fully realize these potentials, future
research must focus on scalable synthesis methods,
comprehensive biosafety assessments, and addressing
regulatory requirements to bridge the gap between
laboratory innovation and clinical application.

therapy: In-silico and in-vitro studies. Microporous and
Mesoporous Materials, 337,111919.
https://doi.org/10.1016/j.micromeso.2022.111919

6. Al-Nadaf, A. H.,, Dahabiyeh, L. A., Jawarneh, S., Bardaweel, S.,
& Mahmoud, N. N. (2021). Folic acid-hydrophilic polymer
coated mesoporous silica nanoparticles target doxorubicin
delivery. Pharmaceutical Development and Technology,
26(5), 582-591.
https://doi.org/10.1080/10837450.2021.1904258

7. Alyassin, Y, Sayed, E. G., Mehta, P, Ruparelia, K., Arshad, M. S,,
Rasekh, M,, Shepherd, ]., Kucuk, I, Wilson, P. B,, & Singh, N.
(2020). Application of mesoporous silica nanoparticles as
drug delivery carriers for chemotherapeutic agents. Drug
Discovery Today, 25(8), 1513-1520.
https://doi.org/10.1016/j.drudis.2020.06.006

8. Barui, S, & Cauda, V. (2020). Multimodal decorations of
mesoporous silica nanoparticles for improved cancer
therapy. Pharmaceutics, 12(6), 527.
https://doi.org/10.3390/pharmaceutics12060527

9. Budiman, A, Mutmainah, L., Anjelina, M., Fitriawati, M. K,
Pilihanto, E. I, Amaliah, S, & Aulifa, D. L. (2025). The
Application of Mesoporous Silica Nanoparticles in
Enhancing the Efficacy of Anti-Atherosclerosis Therapies: A
Review. International journal of nanomedicine, 9825-9856.
https://doi.org/10.2147 /ijn.s538100

Page | 371

Copyright © 2025. IJBR Published by Indus Publishers

This work is licensed under a Creative Commons Attribution 4.0 International License.


https://doi.org/10.1186/s12645-023-00216-4
https://doi.org/10.3390/pharmaceutics13020143
https://doi.org/10.2174/1567201818666210708123007
https://doi.org/10.1111/ejed.12908
https://doi.org/10.1016/j.micromeso.2022.111919
https://doi.org/10.1080/10837450.2021.1904258
https://doi.org/10.1016/j.drudis.2020.06.006
https://doi.org/10.3390/pharmaceutics12060527
https://doi.org/10.2147/ijn.s538100

Farooqi, I. R. et al.,

10.

11.

12.

13.

14.

15.

16.
17.
18.
19.
20.

21.

22.

IJBR Vol.3 Issue.8 2025

Mesoporous Silica Nanocarriers for Enhanced Solubility and Bioavailability...

Cunha, C.,, Marinheiro, D., Ferreira, B. ], Oliveira, H., & Daniel-
da-Silva, A. L. (2023). Morin hydrate encapsulation and
release from mesoporous silica nanoparticles for melanoma
therapy. Molecules, 28(12), 4776.
https://doi.org/10.3390/molecules28124776

Djayanti, K., Maharjan, P, Cho, K. H,, Jeong, S., Kim, M. S., Shin,
M. C,, & Min, K. A. (2023). Mesoporous silica nanoparticles as
a potential nanoplatform: therapeutic applications and
considerations. International journal of molecular sciences,
24(7), 6349.

https://doi.org/10.3390/ijms24076349

Dumontel, B., Conejo-Rodriguez, V., Vallet-Regi, M., &
Manzano, M. (2023). Natural biopolymers as smart coating
materials of mesoporous silica nanoparticles for drug
delivery. Pharmaceutics, 15(2), 447.
https://doi.org/10.3390/pharmaceutics15020447

Elbialy, N. S., Aboushoushabh, S. F, Sofi, B. F,, & Noorwali, A.
(2020). Multifunctional curcumin-loaded mesoporous silica
nanoparticles for cancer chemoprevention and therapy.
Microporous and Mesoporous Materials, 291, 109540.
Esfahani, M. K. M., Alavi, S. E,, Cabot, P. ], Islam, N., & Izake, E.
L. (2021). PEGylated Mesoporous Silica Nanoparticles
(MCM-41): A promising carrier for the targeted delivery of
fenbendazole into prostrate cancer cells. Pharmaceutics,
13(10), 1605.
https://doi.org/10.3390/pharmaceutics13101605
Esfahani, M. K. M,, Islam, N,, Cabot, P.]., & Izake, E. L. (2021).
Development of thiabendazole-loaded mesoporous silica
nanoparticles for cancer therapy. ACS biomaterials science &
engineering, 8(10), 4153-4162.

Esmaeili, Y, Khavani, M., Bigham, A., Sanati, A., Bidram, E.,
Shariati, L., Zarrabi, A, Jolfaie, N. A., & Rafienia, M. (2022).
Mesoporous silica@ chitosan@ gold nanoparticles as
“on/off” optical biosensor and pH-sensitive theranostic
platform against cancer. International journal of biological
macromolecules, 202, 241-255.
https://doi.org/10.1016/j.ijbiomac.2022.01.063

Florensa, M., Llenas, M., Medina-Gutierrez, E., Sandoval, S., &
Tobias-Rossell, G. (2022). Key parameters for the rational
design, synthesis, and functionalization of biocompatible
mesoporous silica nanoparticles. Pharmaceutics, 14(12),
2703.

Ghaferi, M., Koohi Moftakhari Esfahani, M., Raza, A. Al
Harthi, S., Ebrahimi Shahmabadi, H., & Alavi, S. E. (2021).
Mesoporous silica nanoparticles: Synthesis methods and
their therapeutic use-recent advances. Journal of drug
targeting, 29(2), 131-154.
https://doi.org/10.1080/1061186x.2020.1812614

Igbal, S., Schneider, T-J. K, Truong, T. T, Ulrich-Miiller, R,
Nguyen, P-H. Ilyas, S, & Mathur, S. (2024). Carriers for
hydrophobic drug molecules: lipid-coated hollow
mesoporous silica particles, and the influence of shape and
size on encapsulation efficiency. Nanoscale, 16(23), 11274-
11289.

Iranpour, S., Bahrami, A. R, Nekooei, S, Sh. Saljooghi, A, &
Matin, M. M. (2021). Improving anti-cancer drug delivery
performance of magnetic mesoporous silica nanocarriers for
more efficient colorectal cancer therapy. journal of
Nanobiotechnology, 19(1), 314.
https://doi.org/10.1186/s12951-021-01056-3

Jafari, Z., Honarmand, S., Rahimi, F,, Akbari, A., & Akbari, S.
(2021). Mesoporous Silica Nanoparticles as Versatile carrier
platforms in therapeutic applications. ] Nanosci Technol,
20210, 40-62.

Kabiri, F, Mirfakhraee, S., Ardakani, Y. H., & Dinarvand, R.
(2021). Hollow mesoporous silica nanoparticles for co-
delivery of hydrophobic and hydrophilic molecules:
mechanism of drug loading and release. journal of
Nanoparticle Research, 23(10), 226.

Cloe

BY NC SA

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

https://doi.org/10.1007/s11051-021-05332-z

Khalbas, A. H,, Albayati, T. M,, Ali, N. S., & Salih, L. K. (2024).
Drug loading methods and kinetic release models using of
mesoporous silica nanoparticles as a drug delivery system:
A review. South African Journal of Chemical Engineering,
50(1), 261-280.

Koohi Moftakhari Esfahani, M., Alavi, S. E., Cabot, P. ]., Islam,
N. & Izake, E. L. (2022). Application of mesoporous silica
nanoparticles in cancer therapy and delivery of repurposed
anthelmintics for cancer therapy. Pharmaceutics, 14(8),
1579.

https://doi.org/10.3390 /pharmaceutics14081579

Kuang, G., Zhang, Q. He, S., & Liu, Y. (2020). Curcumin-loaded
PEGylated mesoporous silica nanoparticles for effective
photodynamic therapy. RSC advances, 10(41), 24624-24630.
Kundu, M., Chatterjee, S., Ghosh, N., Manna, P, Das, J., & Sil, P.
C. (2020). Tumor targeted delivery of umbelliferone via a
smart mesoporous silica nanoparticles controlled-release
drug delivery system for increased anticancer efficiency.
Materials Science and Engineering: C,116,111239.
https://doi.org/10.1016/j.msec.2020.111239

Laranjeira, M. S., Ribeiro, T. P, Magalhdes, A. 1, Silva, P. C,,
Santos, J. A., & Monteiro, F. J. (2022). Magnetic mesoporous
silica nanoparticles as a theranostic approach for breast
cancer: Loading and release of the poorly soluble drug
exemestane. International Journal of Pharmaceutics, 619,
121711.

Lombardi, G., Crescioli, G, Cavedo, E. Lucenteforte, E,
Casazza, G., Bellatorre, A. G, Lista, C., Costantino, G., Frisoni,
G., & Virgili, G. (2020). Structural magnetic resonance
imaging for the early diagnosis of dementia due to
Alzheimer's disease in people with mild cognitive
impairment. Cochrane Database of Systematic Reviews(3).
https://doi.org/10.1002/14651858.cd009628.pub2
Lombardo, D., Kiselev, M. A,, & Caccamo, M. T. (2019). Smart
nanoparticles for drug delivery application: development of
versatile nanocarrier platforms in biotechnology and
nanomedicine. Journal of nanomaterials, 2019(1), 3702518.
Meka, A. K., Gopalakrishna, A., Iriarte-Mesa, C., Rewatkar, P,
Qu, Z., Wy, X,, Cao, Y, Prasadam, I, Janjua, T. I, & Kleitz, F.
(2023). Influence of pore size and surface functionalization
of mesoporous silica nanoparticles on the solubility and
antioxidant activity of confined coenzyme Q10. Molecular
Pharmaceutics, 20(6), 2966-2977.

https://doi.org/10.1021 /acs.molpharmaceut.3c00017
Memar, M. Y., Dalir Abdolahinia, E., Yekani, M., Kouhsoltani,
M., Sharifi, S., & Maleki Dizaj, S. (2023). Preparation of rutin-
loaded mesoporous silica nanoparticles and evaluation of its
physicochemical, anticancer, and antibacterial properties.
Molecular Biology Reports, 50(1), 203-213.

Moghadam, M. E. Sadeghi, M. Mansouri-Torshizi, H., &
Saidifar, M. (2023). High cancer selectivity and improving
drug release from mesoporous silica nanoparticles in the
presence of human serum albumin in cisplatin, carboplatin,
oxaliplatin, and oxalipalladium treatment. European Journal
of Pharmaceutical Sciences, 187,106477.
https://doi.org/10.1016/j.ejps.2023.106477

Mohamed Isa, E. D., Ahmad, H., Abdul Rahman, M. B., & Gill,
M. R. (2021). Progress in mesoporous silica nanoparticles as
drug delivery agents for cancer treatment. Pharmaceutics,
13(2), 152.

Mohebian, Z., Babazadeh, M., & Zarghami, N. (2022). In vitro
efficacy of  curcumin-loaded  amine-functionalized
mesoporous silica nanoparticles against MCF-7 breast
cancer cells. Advanced pharmaceutical bulletin, 13(2), 317.
https://doi.org/10.34172 /apb.2023.035

Moodley, T, & Singh, M. (2021). Current stimuli-responsive
mesoporous silica nanoparticles for cancer therapy.
Pharmaceutics, 13(1), 71.

Page | 372

Copyright © 2025. IJBR Published by Indus Publishers
This work is licensed under a Creative Commons Attribution 4.0 International License.


https://doi.org/10.3390/molecules28124776
https://doi.org/10.3390/ijms24076349
https://doi.org/10.3390/pharmaceutics15020447
https://doi.org/10.3390/pharmaceutics13101605
https://doi.org/10.1016/j.ijbiomac.2022.01.063
https://doi.org/10.1080/1061186x.2020.1812614
https://doi.org/10.1186/s12951-021-01056-3
https://doi.org/10.1007/s11051-021-05332-z
https://doi.org/10.3390/pharmaceutics14081579
https://doi.org/10.1016/j.msec.2020.111239
https://doi.org/10.1002/14651858.cd009628.pub2
https://doi.org/10.1021/acs.molpharmaceut.3c00017
https://doi.org/10.1016/j.ejps.2023.106477
https://doi.org/10.34172/apb.2023.035

Farooqi, I. R. et al,,

36.

37.

38.

39.

40.

41.

42.

IJBR Vol.3 Issue.8 2025

Mesoporous Silica Nanocarriers for Enhanced Solubility and Bioavailability...

Nady, D. S., Hassan, A., Amin, M. U., Bakowsky, U., & Fahmy, S.
A. (2023). Recent innovations of mesoporous silica
nanoparticles combined with photodynamic therapy for
improving cancer treatment. Pharmaceutics, 16(1), 14.
Niroumand, U., Firouzabadi, N., Goshtasbi, G., Hassani, B.,
Ghasemiyeh, P,, & Mohammadi-Samani, S. (2023). The effect
of size, morphology and surface properties of mesoporous
silica nanoparticles on pharmacokinetic aspects and
potential toxicity concerns. Frontiers in Materials, 10,
1189463.

https://doi.org/10.3389 /fmats.2023.1189463

Payamifar, S., Khalili, Y, Foroozandeh, A, Abdouss, M., &
Hasanzadeh, M. (2025). Magnetic mesoporous silica
nanoparticles as advanced polymeric scaffolds for efficient
cancer chemotherapy: recent progress and challenges. RSC
advances, 15(20), 16050-16074.
https://doi.org/10.1039/d5ra00948k

Peyvand, P, Vaezi, Z.,, Sedghi, M., Dalir, N.,, Ma'mani, L., &
Naderi-Manesh, H. (2020). Imidazolium-based ionic liquid
functionalized mesoporous silica nanoparticles as a
promising nano-carrier: response surface strategy to
investigate and optimize loading and release process for
Lapatinib delivery. Pharmaceutical Development and
Technology, 25(9), 1150-1161.
https://doi.org/10.1080/10837450.2020.1803909
Porrang, S., Rahemi, N. Davaran, S, Mahdavi, M, &
Hassanzadeh, B. (2021). Preparation and in-vitro evaluation
of mesoporous biogenic silica nanoparticles obtained from
rice and wheat husk as a biocompatible carrier for anti-
cancer drug delivery. European Journal of Pharmaceutical
Sciences, 163, 105866.
https://doi.org/10.1016/j.ejps.2021.105866

Rehman, E, Khan, A. ., Sama, Z. U, Alobaid, H. M., Gilani, M.
A, Safi, S. Z., Muhammad, N., Rahim, A, Ali, A, & Guo, ].
(2023). Surface engineered mesoporous silica carriers for
the controlled delivery of anticancer drug 5-fluorouracil:
computational approach for the drug-carrier interactions
using density functional theory. Frontiers in pharmacology,
14,1146562.

https://doi.org/10.3389 /fphar.2023.1146562

Sarnaik, S., Ahmed, H., Hussain, N., Kunduy, S., Sahu, B. D., &
Alexander, A. (2025). Folic Acid-Chitosan Conjugated
Mesoporous Silica Nanoparticles for Enhanced Piceatannol
Uptake in MCF-7 Breast Cancer Cells. ACS Omega.

@Loere

43.

44,

45.

46.

47.

48.

49.

https://doi.org/10.1021/acsomega.5c05302

Secret, E., Smith, K., Dubljevic, V., Moore, E., Macardle, P,
Delalat, B., Rogers, M. L., Johns, T. G., Durand, J. O., & Cunin, F.
(2013). Antibody-functionalized porous silicon
nanoparticles for vectorization of hydrophobic drugs.
Advanced healthcare materials, 2(5), 718-727.
https://doi.org/10.1002/adhm.201200335

Sreeharsha, N,, Philip, M., Krishna, S. S., Viswanad, V,, Sahu, R.
K, Shiroorkar, P. N, Aasif, A. H., Fattepur, S., Asdaq, S. M. B, &
Nair, A. B. (2022). Multifunctional mesoporous silica
nanoparticles for oral drug delivery. Coatings, 12(3), 358.
https://doi.org/10.3390/coatings12030358

Stephen, S., Gorain, B., Choudhury, H., & Chatterjee, B. (2022).
Exploring the role of mesoporous silica nanoparticle in the
development of novel drug delivery systems. Drug Delivery
and Translational Research, 12(1), 105-123.
https://doi.org/10.1007 /s13346-021-00935-4

Tella, J. O, Adekoya, ]J. A, & Ajanaku, K. 0. (2022).
Mesoporous silica nanocarriers as drug delivery systems for
anti-tubercular agents: a review. Royal Society open science,
9(6),220013.

https://doi.org/10.1098/rs0s.220013

Thepphankulngarm, N., Manmuan, S., Hirun, N., & Kraisit, P.
(2024). Nanotechnology-driven delivery of caffeine using
ultradeformable liposomes-coated hollow mesoporous
silica nanoparticles for enhanced follicular delivery and
treatment of androgenetic alopecia. International journal of
molecular sciences, 25(22), 12170.
https://doi.org/10.3390/ijms252212170

Velho, M. C., Funk, N. L., Deon, M., Benvenutti, E. V., Buchner,
S., Hinrichs, R, Pilger, D. A, & Beck, R. C. R. (2024).
Ivermectin-loaded mesoporous silica and polymeric
nanocapsules: Impact on drug loading, in vitro solubility
enhancement, and release performance. Pharmaceutics,
16(3), 325.

https://doi.org/10.3390 /pharmaceutics16030325
Zaharudin, N. S,, Isa, E. D. M., Ahmad, H., Rahman, M. B. A, &
Jumbri, K. (2020). Functionalized mesoporous silica
nanoparticles templated by pyridinium ionic liquid for
hydrophilic and hydrophobic drug release application.
Journal of Saudi Chemical Society, 24(3), 289-302.
https://doi.org/10.1016/j.jscs.2020.01.003

Page | 373

Copyright © 2025. IJBR Published by Indus Publishers

This work is licensed under a Creative Commons Attribution 4.0 International License.


https://doi.org/10.3389/fmats.2023.1189463
https://doi.org/10.1039/d5ra00948k
https://doi.org/10.1080/10837450.2020.1803909
https://doi.org/10.1016/j.ejps.2021.105866
https://doi.org/10.3389/fphar.2023.1146562
https://doi.org/10.1021/acsomega.5c05302
https://doi.org/10.1002/adhm.201200335
https://doi.org/10.3390/coatings12030358
https://doi.org/10.1007/s13346-021-00935-4
https://doi.org/10.1098/rsos.220013
https://doi.org/10.3390/ijms252212170
https://doi.org/10.3390/pharmaceutics16030325
https://doi.org/10.1016/j.jscs.2020.01.003

