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Abstract:

Nimesulide (NMS) is an anti-inflammatory drug, yet its clinical utility is limited by its hydrophobic nature and risk of

hepatotoxicity. This study aimed to develop and evaluate the bio-response of core—shell mesoporous silica nanoparticles
(MSNs) as carriers to improve the solubility and safety profile of NMS. Three MSN variants were synthesized via a
modified sol-gel process by varying reaction times and surfactant concentrations. All materials exhibited a well-defined
spherical morphology consisting of a dense silica core and a highly ordered amorphous mesoporous shell. The sample
with a shorter reaction time possessed the largest pore diameter, which facilitated the highest NMS loading capacity of
23.5wt%, compared to 17-18 wt% for the 6h variants. In vitro biological evaluation using the HepG2 liver cell line
confirmed the high biocompatibility of the developed silica carriers, with no significant changes in cell morphology.
The results demonstrate that core—shell MSNs are an effective platform for NMS.
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1. Introduction

The rapid development of nanomedicine over the past two
decades has highlighted mesoporous materials as a pro-
mising approach to overcome the limitations of conven-
tional pharmacotherapy [1]. An effective drug delivery
system should provide controlled drug loading and release
while enabling targeted delivery to specific tissues or cells.
Various nanomaterials, such as mesoporous carbon, meso-
porous bioactive glass, and mesoporous metal-organic
frameworks, are explored as drug delivery carriers due
to their high surface area and tunable porosity [2]. Among
them, mesoporous silica nanoparticles (MSNs) have gained
particular attention due to their high specific surface area,
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large pore volume, and tunable pore structure [3]. Impor-
tantly, silica-based materials have been extensively stu-
died and confirmed to exhibit good biocompatibility in
both in vitro and in vivo systems [4]. These properties
enable the efficient loading of a wide variety of thera-
peutic agents, including antibiotics, antivirals, and cardi-
ovascular drugs [5]. In addition, designing MSNs with
particle sizes below 100 nm is especially important, as it
increases the surface-to-volume ratio and improves col-
loidal stability, which is crucial for their proper function
in complex biological environments [6].

MSNs are particularly effective in addressing one of
the major challenges in pharmacology: the poor water
solubility of many drugs. Numerous nonsteroidal anti-
inflammatory drugs (NSAIDs) exhibit low aqueous solubi-
lity, leading to reduced bioavailability and the need for
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higher doses to achieve a therapeutic effect. Consequently,
the risk of adverse side effects increases [7]. Incorporating
such drugs into a mesoporous silica matrix can signifi-
cantly improve their dispersion and allow for controlled
drug release [8,9]. Importantly, confinement of drug mole-
cules within the nanopores often leads to their amorphi-
zation, which enhances dissolution rates and helps
maintain stable therapeutic concentrations, ultimately
reducing dose-dependent toxicity [10].

A representative example of such limitations is nime-
sulide (NMS), a selective cyclooxygenase-2 (COX-2) inhi-
bitor [11]. Following oral administration, it exerts
analgesic, antipyretic, and anti-inflammatory effects. How-
ever, its clinical application is significantly limited by its
hydrophobic nature, resulting in poor aqueous solubility,
suboptimal absorption, and consequently low bioavail-
ability [12]. In addition, NMS is associated with a consider-
able risk of hepatotoxicity [13], which has led to regulatory
restrictions in several countries. These limitations high-
light the urgent need for innovative drug delivery strate-
gies that can enhance its anti-inflammatory efficacy,
improve solubility, and reduce systemic toxicity, particu-
larly with respect to liver safety.

To address these limitations, the present study inves-
tigates the potential of a core-shell silica architecture as
an advanced drug delivery system. This design enables
additional control over drug loading and release by mod-
ifying the outer shell, which serves as a diffusion barrier
and helps to reduce the initial “burst release” effect.

In this study, we present an in vitro evaluation of
core-shell mesoporous silica nanocarriers designed to
improve the delivery and safety of NMS. The aim was to
determine whether structural modification of the silica
carrier can improve drug loading, control release beha-
viour, and reduce the cytotoxicity associated with free
NMS. We examined whether the engineered mesoporous
shell could enhance NMS dissolution while providing a
more controlled and safer release profile. To evaluate
their biological performance, we performed cytotoxicity
studies using the HepG2 cell line, a well-established in
vitro model for assessing drug-induced hepatotoxicity
[14]. HepG2 cells were selected due to their relevance in
studies of hepatic metabolism and toxicological response,
as NMS is primarily metabolized in the liver and is asso-
ciated with hepatotoxic side effects [15]. This model
allowed us to assess both the intrinsic biocompatibility
of the developed silica carriers and their effect on the
cellular response to NMS. The results showed that encap-
sulation of NMS in the mesoporous structure improved its
physicochemical properties and reduced its toxic effect.
These findings suggest that core-shell mesoporous silica

nanocarriers are a promising strategy for improving NMS
delivery and developing safer anti-inflammatory therapies.

2. Materials and methods

2.1 Synthesis of solid silica core
nanoparticles

Silica nanospheres were prepared using a modified Stéber
sol-gel method. Tetraethyl orthosilicate (TEOS, 9 mL) was
added dropwise to a mixture of ethanol (150 mL) and aqu-
eous ammonia solution (25%, 7.5 mL) under magnetic stir-
ring. The reaction was carried out at room temperature
for 24 h. After completion, the solvent was removed by
evaporation, and the obtained product was collected and
dried. The resulting silica nanoparticles exhibited a
spherical morphology with an average diameter of
approximately 70 nm, as confirmed by scanning electron
microscopy (SEM) analysis.

2.2 Synthesis of core-shell MSNs

For the synthesis of core—shell nanoparticles, 100 mg of
solid silica cores were dispersed in a mixture of distilled
water (30 mL) and ethanol (12.6 mL) containing cetyltri-
methylammonium bromide (CTAB, 160 mg). The suspen-
sion was sonicated for 20 min and subsequently stirred
for 30 min. Then, aqueous ammonia solution (0.45mL)
and TEOS (0.28 mL) were added to the reaction mixture
under continuous stirring.

The reaction was conducted at room temperature for
6 h (MSNs-6h) or 1h (MSNs-1h). In an alternative approach
(MSNs-6h % CTAB), the amount of CTAB was reduced to
80 mg while maintaining the reaction time of 6 h. After
completion, the products were collected by centrifugation,
washed several times with ethanol, and dried. Finally, the
samples were calcined at 600°C for 4 h to remove the sur-
factant template and generate the mesoporous structure.

2.3 Preparation of the drug-loaded carrier

Drug loading was performed under light-protected condi-
tions to prevent possible photodegradation of NMS. First,
50 mg of NMS was dissolved in 1 mL of acetone. The use of
acetone as a solvent was introduced as a modification of
the original procedure due to the high solubility of NMS in
this medium and the reduced toxicity of the loading
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process. Next, 150 mg of synthesized silica nanoparticles
was added to the drug solution. The resulting suspension
was stirred continuously on a magnetic stirrer for 12 h.
After incubation, the mixture was dried at 40°C until com-
plete solvent evaporation. The obtained powder was
washed twice with water and centrifuged at 12,000 rpm
for 5min. Finally, the material was dried again to obtain
the drug-loaded carrier [9].

2.4 Drug loading capacity

To determine the amount of NMS successfully loaded into
the silica nanoparticles, a total extraction procedure was
applied. Briefly, 5 mg of the drug-loaded material was dis-
persed in 10 mL of ethanol. The suspension was then soni-
cated for 20 min in an ultrasonic bath to facilitate the
release of the drug from the mesoporous structure. After
extraction, the suspension was filtered through a 0.22 pm
syringe filter to remove the silica matrix. The concentra-
tion of NMS in the filtrate was quantified by ultraviolet-
visible (UV-Vis) spectroscopy. The drug loading capacity
(%) was calculated according to the following equation:

drug

Wj
Drug loading capacity(%) = (W—) x 100.
carrier

2.5 Characterization techniques

Transmission electron microscopy (TEM, FEI Tecnai G2
F20 based at 200kV accelerating voltage) was used to
analyse the morphology and internal structure of the
synthesized MSNs. The samples were dispersed in ethanol,
sonicated to ensure proper separation, and then deposited
onto carbon-coated copper grids. After solvent evapora-
tion, the specimens were examined using a transmission
electron microscope under appropriate accelerating vol-
tage to visualize particle size, shape, and mesostructure
ordering.

Nitrogen adsorption—desorption measurements were
carried out for the synthesized mesoporous silica samples
to evaluate their specific surface area and pore structure.
The analyses were performed using a specific surface area
analyser (Micrometrics ASAP 2460 system). Before the
measurements, all samples were degassed under vacuum
at 150°C to remove physically adsorbed moisture and other
volatiles from the pore system, ensuring reliable determi-
nation of textural parameters.

The crystallographic structure of the synthesized
nanomaterials was analysed using wide-angle X-ray

diffraction (XRD, AERIS PANalytical X-ray diffractometer
with Cu-Ka radiation). The measurements were performed
to evaluate the phase composition and degree of crystal-
linity of the obtained samples. The diffraction patterns
were recorded for the pristine core—shell structure before
and after drug loading over a wide angular range (26).

The surface charge and colloidal stability of the silica
nanoparticles and NMS were evaluated by zeta potential
measurements using a zeta potential analyser (Zetasizer
Nano-ZS ZEN3600). The samples were dispersed in a liquid
medium, and their electrophoretic mobility was measured
under an applied electric field.

2.6 Preparation of the NMS-loaded MSN
solutions

The concentrations of NMS-loaded MSNs used in this study
were established based on pharmacokinetic data provided
in the drug safety data sheet. Following oral administra-
tion of a single 100 mg dose of NMS, its plasma concentra-
tion typically reaches 3—4mg/L. This clinically relevant
range was used as a reference point to design the in vitro
exposure conditions.

Accordingly, a series of NMS-loaded MSN concentra-
tions was prepared: 30, 15, 7.5, 3.75, and 1.875mg/L
(expressed as NMS equivalents). These concentrations cor-
respond to MSN concentrations of 100, 50, 25, 12.5, and
6.25 mg/L, respectively. The conversion is based on the
experimentally determined loading capacity of NMS in
the MSNs, which was 30 mg of NMS per 100 mg of MSNs.

Both NMS-loaded MSNs and unloaded MSNs were dis-
solved in 10% ethanol before use. Before application, the
NMS-loaded MSN solutions at varying concentrations were
sonicated for 10 min at 80 W to prevent aggregation and
ensure homogeneous dispersion.

This approach ensured that the tested concentrations
reflect both pharmacologically relevant drug levels and
the corresponding carrier doses, enabling a comprehen-
sive evaluation of the cytotoxicity of the NMS-loaded
delivery system.

2.7 Cell culture

The study was conducted on a human HepGz2 cell line (HB-
8065, ATCC), which is composed of epithelial-like cells
derived from hepatocellular carcinoma. Adherent cell
growth was achieved in an Eagle’s Minimum Essential
Medium (30-2003, ATCC), supplemented with 10% fetal
bovine serum (E5050, EURx) and 1% penicillin-
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streptomycin antibiotic (PCS-999-002, ATCC). The cells
were maintained at 37°C in a humidified chamber with a
5% CO, atmosphere.

2.8 Morphology analysis

After 48h exposure to MSNs and NMS-loaded MSNs,
HepG2 cells were imaged using a Keyence BZ-X810 fluor-
escence microscope at a magnification of 10x (Keyence,
Neu-Isenburg, Germany).

2.9 Live/Dead® staining

For the visualization of live and dead HepG2 cells upon
incubation with NMS-loaded MSNs and controls, a Live/
Dead® staining was performed. Cells were seeded in a
black polystyrene 96-well flat-bottom plate with a trans-
parent bottom (Greiner Bio-One GmbH) at densities of 1 x
104 cells/well. After 24 h, medium containing an increasing
concentration of NMS-loaded MSNs was added to each
well. Following 24 and 48 h exposure to the nanomaterials,
cells were incubated with 2 uM calcein AM (L3224, Thermo
Fisher Scientific), 2uM ethidium homodimer-1 (L3224,
Thermo Fisher Scientific), and 8 uM Hoechst 33342 (14533,
Sigma-Aldrich) containing phosphate-buffered saline (PBS)
(100 puL/well) for 30 min at 37°C. Finally, the cells were
analysed with the Keyence BZ-X810 fluorescence micro-
scope at 10x magnification (Keyence, Neu-Isenburg,
Germany). Viable cells (green signal) were imaged using
the green fluorescent protein (GFP) excitation/emission
filter (475/525 nm), whereas for the dead cells (red signal),
the tetramethylrhodamine isothiocyanate (TRITC) ex/em
filter (545/605 nm) combination was applied. A 4',6-diami-
dino-2-phenylindole (DAPI) ex/em filter (360/460 nm) was
applied to detect the Hoechst 33342 blue signal (cell nuclei).

3. Results and discussion

3.1 Characterization of the carrier

The morphology and internal structure of the synthesized
MSNs were examined by TEM, as shown in Figure 1a—c. All
analysed samples (MSNs-1h, MSNs-6h, and MSNs-6h %2
CTAB) exhibited a well-defined core-shell architecture
with a spherical morphology and high monodispersity.
The particles remained non-aggregated and retained a
regular shape regardless of the synthesis conditions.

A detailed analysis confirmed that all variants consist
of a dense silica core with a uniform diameter of approxi-
mately 70 nm, surrounded by a highly ordered meso-
porous shell. The shell is characterized by radially
arranged pore channels extending from the core surface
to the outer edge of the spheres.

To precisely evaluate the structural differences
between the samples, particle size distribution sketches
were determined via histogram analysis, as shown in
Figure 2. The statistical data revealed that the total particle
diameter is highly sensitive to the synthesis conditions.
For MSNs-1h, the nanoparticles exhibited the largest
dimensions, with diameters predominantly ranging
between 280 and 360 nm (with a peak at 320-340 nm).
Extending the reaction time to 6 h (MSNs-6h) resulted in
a significant shift towards smaller particle sizes, yielding a
narrower distribution centred around 180-200 nm. Inter-
estingly, reduction of the surfactant concentration by 50%
(MSNs-6h %2 CTAB) led to a moderate increase in size com-
pared to MSNs-6h, with most particles falling within the
210-220 nm range. Consequently, the calculated average
shell thickness varied from approximately 55-65nm for
MSNs-6h up to 125-135 nm for MSNs-1h.

The structural parameters of the synthesized silica
nanoparticles were evaluated by nitrogen adsorption—de-
sorption analysis in Figure 1g-i. All samples (MSNs-6h,
MSNs-1h, and MSNs-6h % CTAB) exhibited type IV iso-
therms according to the International Union of Pure and
Applied Chemistry (IUPAC) classification, confirming their
mesoporous character [16]. A distinct increase in nitrogen
uptake was observed in the relative pressure range of P/Po
= 0.2-0.4, corresponding to capillary condensation within
mesopores. The narrow hysteresis loop, or its near
absence, indicates the presence of uniform and well-
ordered pores with a regular mesostructure. Pore size
distribution analysis confirmed a high structural homoge-
neity of all materials, with pore diameters mainly in the
range of 3-4 nm (Figure 1d—f). The largest pore diameter
was observed for MSNs-1h, which can be attributed to the
shorter reaction time and lower degree of silica frame-
work condensation. Extending the synthesis time to 6h
(MSNs-6h) resulted in a slight narrowing of the meso-
porous channels, whereas reducing the amount of CTAB
in MSNs-6h % CTAB preserved the mesoporous structure
with a similarly narrow pore size distribution.

Crucially, the obtained pore diameters are signifi-
cantly larger than the molecular dimensions of typical
small-molecule therapeutic agents, which usually do not
exceed 1-2nm. These dimensions are well-suited for
accommodating molecules such as NMS (approximately
0.8-1.0 nm) [11], thereby ensuring efficient drug loading
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Figure 1. Structural characterization of the synthesized silica carriers: (a) MSNs-1h, (b) MSNs-6h, and (c) MSNs-6h % CTAB. TEM images
showing core-shell morphology (scale bar = 50 nm); (d-f) pore size distribution curves derived from the Barrett-Joyner-
Halenda (BJH) method; and (g-i) nitrogen adsorption—desorption isotherms.
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Figure 2. Particle size distribution histograms of the synthesized core—shell MSNs: (a) MSNs-1h, (b) MSNs-6h, and (c) MSNs-6h 2 CTAB,
calculated from TEM image analysis.
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Table 1. Zeta potential values of the synthesized silica carriers
and pure NMS

Zeta potential MSNs-1h MSNs-6h MSNs-6h Y2 CTAB NMS

[mV] -12.6 -16.2 =13 -22.3

into the radial mesoporous channels. This favourable
pore-to-molecular size ratio, combined with the high struc-
tural homogeneity of the materials, confirms that the
synthesized core-shell matrices possess excellent poten-
tial as effective carriers for the controlled delivery of
this hydrophobic active substance.

The zeta potential analysis in Table 1 demonstrated
that synthesized MSNs and pristine NMS possess a nega-
tive surface charge. Since both components are negatively
charged, the encapsulation of the drug within the silica
matrix is not driven by electrostatic attraction. Instead,
the drug loading mechanism is primarily associated with
non-electrostatic  interactions, particularly hydrogen
bonding between the silanol groups present on the silica
surface and the functional groups of NMS, as well as van
der Waals forces. These interactions enable effective
incorporation of the drug molecules into the porous struc-
ture of the carriers despite the electrostatic repulsion
between the components. Furthermore, the obtained
zeta potential values, ranging from —30 to +30 mV, indicate
moderate colloidal stability of the developed systems [17].

To evaluate potential interactions between NMS and the
silica matrix, fourier-transform infrared spectroscopy
(FTIS) spectroscopy was used. The spectra of pure silica,
pure NMS, and the drug-loaded material show the charac-
teristic bands of both components (Figure 3). No new
absorption bands were observed after loading, indicating
the absence of covalent bonding between NMS and silica.
However, slight shifts and changes in the intensity of char-
acteristic NMS bands, together with broadening of the
silanol (Si—OH) region, were detected. These changes sug-
gest weak non-covalent interactions, most likely hydrogen
bonding between silanol groups and NMS functional
groups, as well as van der Waals interactions within the
mesoporous structure. Such interactions are typical for
drug molecules confined in mesoporous silica systems and
contribute to drug stabilization in a dispersed state [18].

The diffraction patterns recorded for MSNs-1h, MSNs-
6h, and MSNs-6h % CTAB showed nearly identical profiles,
indicating no significant structural differences between
the samples. In all cases, only one broad diffraction reflex
centred at 26 = 22° was observed, with no sharp reflections
detected at higher angles (Figure 4a). This pattern is char-
acteristic of amorphous silica and confirms that the pore
walls of all synthesized MSNs possess a fully amorphous

structure [18]. The results indicate that neither the reaction
time nor the reduced CTAB content induced crystallization
of the silica framework. The diffractogram of pristine NMS
shown in Figure 4b exhibits several sharp, high-intensity
reflexes, typical of its crystalline nature [19]. For the NMS-
MSNs-1h sample, as shown in Figure 4c, the crystalline
reflections of NMS disappeared completely, resulting in a
perfectly smooth, amorphous profile. The larger pore dia-
meter of the 1-h variant (~4 nm, as shown by BET) provided
spatial confinement, successfully ensuring that NMS was
entirely incorporated inside the mesoporous channels.

In contrast, the XRD patterns for both NMS-MSNs-6h
and NMS-MSNs-6h Y2 CTAB retained low-intensity, sharp
crystalline reflections superimposed on the broad silica
halo. This suggests that in the 6-h samples, which had
narrower pores (~3nm), a small amount of NMS did not
fully enter the porous structure and instead crystallized on
the surface of the nanoparticles.

TEM analysis of the NMS-loaded carriers (Figure 5a—f)
confirmed the successful incorporation of the drug into
the MSNs. Compared with the pristine materials, the
loaded samples exhibited reduced pore contrast and par-
tial filling of the mesoporous channels, indicating the pre-
sence of NMS within the pore system. Importantly, the
spherical morphology and well-defined mesostructure of
the carriers were preserved after the loading process,
demonstrating that drug incorporation did not change
the structural integrity of the silica framework. In addi-
tion, part of the drug is present on the outer surface of the
silica. These observations provide direct morphological
evidence of successful NMS encapsulation within the
mesoporous silica matrix.

The drug loading capacity of the synthesized core-
shell carriers was evaluated to determine the effect of struc-
tural parameters on the encapsulation efficiency of NMS.
The results obtained using the total extraction method
showed clear differences between the tested materials.
The loading capacity reached 17 wt% for MSNs-6h, 18 wt%
for MSNs-6h %2 CTAB, and 23.5 wt% for MSNs-1h, indicating
that the synthesis conditions influenced the amount of drug
incorporated into the mesoporous structure.

These results are consistent with the textural proper-
ties determined by nitrogen adsorption—desorption ana-
lysis. The highest loading capacity observed for MSNs-1h
can be attributed to its larger pore diameter, which likely
promoted more effective diffusion of NMS molecules into
the mesoporous network and increased the available
space for drug incorporation. In comparison, MSNs-6h
and MSNs-6h % CTAB exhibited similar loading capacities,
which corresponds well with their comparable pore char-
acteristics. Both samples showed narrower pore channels

107
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than MSNs-1h, which can potentially limit the extent of
drug diffusion.

The obtained results indicate that pore architecture,
particularly pore diameter, plays a key role in determining
the drug loading capacity of the developed core—shell
mesoporous silica carriers.

3.2 Morphological analysis of HepG2 cells

After treatment with NMS-loaded MSNs and control MSNs,
HepG2 cells were examined to assess potential morpholo-
gical alterations. The analysis revealed no observable
changes in cell morphology following exposure to either
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Figure 3. FTIR spectra of (a) the pristine silica carriers, (b) pure NMS, and (c) the NMS-loaded silica composite.
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NMS-loaded MSNs or control MSNs across all tested con- and confluency, comparable to untreated control cells
centrations. Cells maintained their typical epithelial-like (Figure 6). No signs of cellular stress, such as shrinkage,
morphology, including normal cell shape, adherence, detachment, or membrane disruption, were detected.
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50 nm S

Figure 5. TEM micrographs of MSNs loaded with NMS: (a) 1h, (b) 6h, and (c) 6h % CTAB; (d) 1h, (e) 6h, and () 6 h ¥2 CTAB.

These findings indicate that both the MSNs and the NMS-
loaded formulation did not induce detectable morpholo-
gical alterations in HepG2 cells under the experimental
conditions. In contrast, exposure to pristine NMS at a
high concentration of 30 mg/L induced visible cytotoxic
effects, characterized by a distinct cellular shrinkage and
partial detachment from the surface.

3.3 Live/dead staining analysis

Cell viability was further assessed using live/dead staining
to visualize the proportion of viable and non-viable cells
after exposure to MSNs and NMS-loaded MSNs under dif-
ferent conditions. Representative fluorescence images
show predominantly green-stained cells (live) with only
a minor fraction of red-stained cells (dead) across all
tested variants, including different concentrations
(6.25-100 mg/L) after 48h of incubation. No substantial
differences in the ratio of live to dead cells were observed
between cells treated with MSNs and those treated with
NMS-loaded MSNs. In addition, the results were compar-
able to both untreated controls and the 10% ethanol con-
trol, indicating that neither the carrier system nor the

20 nm

drug-loaded formulation induced pronounced acute cyto-
toxic effects under the tested conditions. Even at the
highest concentration (100 mg/L), only a slight increase
in dead cells was visible, which remained minimal and
consistent with the quantitative viability results. In
contrast, exposure to pristine NMS at 30 mg/L led to a
significant decrease in green fluorescence along with a
noticeable accumulation of red-stained dead cells, con-
firming the direct hepatotoxic effect of the free drug at
higher doses. This distinct increase in dead cells observed
exclusively for free NMS suggests that encapsulation
within the MSNs successfully reduces the direct cytotoxic
effects of NMS on HepG2 cells. Overall, the live/dead
staining, as shown in Figure 7, confirms that both MSNs
and NMS-loaded MSNs exhibit good biocompatibility
towards HepG2 cells, with no evident disruption of cell
membrane integrity or significant induction of cell death.

4. Discussion

The results clearly show that even small changes in the
synthesis conditions have a strong effect on the final prop-
erties of the core—shell MSNs. Shortening the condensation
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NMS 1.9 mg/L NMS 30 mg/L

Figure 6. Morphological assessment of HepG2 cells after treatment with MSNs, NMS-loaded MSNs (NMS-MSNs), and free NMS.

time to 1h limits the further densification of the silica
network, which helps to preserve a more open pore struc-
ture. As a result, the material keeps wider mesopores
compared to samples synthesized for 6 h, where a more
compact silica framework is formed. This difference is
important because it directly affects how easily drug mole-
cules can enter and be stored inside the pores.

The increase in pore size to around 4 nm in MSNs-1h
improves the accessibility of the porous network for NMS.
In mesoporous silica systems, drug loading is often limited
not only by surface area but also, and mainly, by how easily
molecules can diffuse into the pores. This explains why the
MSNs-1h sample shows a higher loading capacity compared
to the 6 h variants, and this behaviour is in line with general
trends reported for ordered mesoporous materials [9]. Com-
pared to traditional mesoporous matrices like conventional
MCM-41, which typically have smaller pore sizes (approxi-
mately 2nm) that limit the encapsulation of larger NSAID
molecules [20], the optimized MSNs-1h platform offers
improved structural accessibility. Furthermore, while
larger-pore materials like Santa Barbara Amorphous-15
(SBA-15) often show long diffusion pathways within

elongated channels [21], the short-channel core-shell struc-
ture designed in this study avoids these transport limita-
tions, leading to an increased loading capacity of 23.5 wt%.
This performance compares favourably with alternative
nanostructured formulations for NMS, such as polymeric
nanoparticles or solid lipid carriers, which often show
lower drug loading and pronounced burst-release beha-
viour [22,23]. Consequently, the designed core—shell silica
framework represents a highly efficient and stable alterna-
tive for delivering poorly water-soluble anti-inflammatory
drugs.

The biological studies performed on HepG2 cells indi-
cate that both the empty carriers and the drug-loaded
systems are well tolerated by the cells under the tested
conditions. The lack of clear toxicity is consistent with
previous reports showing that amorphous silica nano-
particles can be considered biologically safe at moderate
concentrations [4]. At the same time, the results suggest
that encapsulating NMS inside the mesoporous structure
may reduce its direct negative effect on cells by control-
ling how quickly and in what amount the drug is
released.
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MSNs 6h 6.25 mg/L MSNs 6h"100

Control

Figure 7. Live/dead staining of HepG2 cells after exposure to MSNs, NMS-loaded MSNs, and free NMS.

Overall, the study shows that controlling the synthesis
time is a simple but effective way to adjust pore structure,
which then influences how much drug can be loaded and
how the system behaves in a biological environment.

5. Conclusions

Mesoporous core—shell silica nanoparticles were success-
fully synthesized and evaluated as carriers for NMS. We
obtained regular MSNs with spherical morphology, a
stable particle size of approximately 180-360 nm, and a
well-developed mesoporous structure. Our study demon-
strated that tailoring the synthesis conditions directly
influenced the structural properties of the nanoparticles
and their drug loading performance. The key factor deter-
mining the carrier properties was the condensation time —
shortening the synthesis time from 6 to 1h enabled a con-
trolled increase in pore diameter from 3 to 4 nm. This
structural modification directly improved the application
potential of the material, resulting in an increase in NMS
loading capacity from 17 to 23.5 wt%.

NM$19mg/L’

NMS:MSNs 6h.6.25 mg/L

%<

 NMS-MSNs 6h 100°me/L

NMS-MSNs 1h 6.25 mg/L

NMS-MSNs 1h 100 mg/L

NMS-MSNs % CTAB
100 mg/L

% . W

NMS-MSNs % CTAB
6.25 mg/t i

~

NMs30mg/L “

Preliminary biological evaluation showed that both
pure silica nanoparticles and NMS-loaded systems exhib-
ited good biocompatibility towards HepG2 cells. Within the
tested concentration range, no significant cytotoxicity was
observed, and the cells maintained normal morphology.
The obtained results confirm that mesoporous core—shell
silica nanoparticles can serve as a safe and effective car-
rier for NMS. Appropriate control of synthesis parameters
allows tuning of the material properties, creating oppor-
tunities for the further development of this type of system
in modern drug delivery applications. Further functional
studies, including cell viability assays (alamarBlue assay
and water-soluble tetrazolium-1 (2-(4-iodophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, mono-
sodium salt) (WST-1) assay), reactive oxygen species
(ROS) generation analysis, and migration assays, are cur-
rently in progress. In addition, pharmacokinetic studies
evaluating the release profile of NMS (drug dissolution)
from mesoporous silica formulations are being conducted
to determine the release kinetics and assess the influence of
the silica carrier on drug availability. Pharmacodynamic
investigations focusing on COX inhibition, including COX-1
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and COX-2 assays, are also underway to evaluate whether
encapsulation of NMS within MSNs affects its anti-inflam-
matory activity and selectivity towards COX isoforms. To
complement these studies, comprehensive long-term stabi-
lity and degradability investigations of the carriers under
physiological storage conditions are also planned.

Acknowledgements

The authors are grateful to Bartosz Sroda for technical
support.

Funding information

Authors state no funding involved.

Author contributions

Sofiia Volosiuk: investigation, methodology, formal ana-
lysis; Sara Wasilewska: investigation, methodology, formal
analysis; Elzbieta Czarniewska: investigation, biological
analysis; Dariusz Wawrzyniak: investigation, biological
analysis, data curation; Karolina Wenelska: formal ana-
lysis, data curation; Ewa Mijowska: formal analysis, super-
vision, conceptualization.

Conflict of interest statement

The authors declare no conflict of interest.

Data availability statement

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

References

[1] Vallet-Regi, M., Schiith, F., Lozano, D., Colilla, M.,
Manzano, M., Engineering mesoporous silica nano-
particles for drug delivery: Where are we after two
decades?, Chem. Soc. Rev., 2022; 51: 13. doi: 10.1039/
D1CS00659B.

(2]

(3]

(4]

(5]

(6]

(7]

(8l

(9]

(10]

(11]

Asefa, T., Tao, Z., Biocompatibility of mesoporous
silica nanoparticles, Chem. Res. Toxicol, 2012;
25(11): 2265-2284. doi: 10.1021/tx300166u.

Feng, Y, Liao, Z,, Li, M., Zhang, H., Li, T., Qin, X,, et al,,
Mesoporous silica nanoparticles-based nanoplat-
forms: Basic construction, current state, and emer-
ging applications in anticancer therapeutics, Adv.
Healthc. Mater., 2023; 12: e2201884. doi: 10.1002/
adhm.202201884.

Liu, J., Liu, ], Wang, Y., Chen, F.,, He, Y., Xie, X,, et al,,
Bioactive mesoporous silica materials-assisted
cancer immunotherapy, Biomaterials, 2025; 315:
122919. doi: 10.1016/j.biomaterials.2024.122919.
Wagner, J., GoRl, D., Ustyanovska, N., Xiong, M.,
Hauser, D., Zhuzhgova, O., et al., Mesoporous silica
nanoparticles as pH-responsive carrier for the
immune-activating drug resiquimod enhance the
local immune response in mice, ACS Nano, 2021; 15:
4450-4466. doi: 10.1021/acsnano.0c08384.

Zhang, W., Liu, H, Qiu, X, Zuo, F, Wang, B,
Mesoporous silica nanoparticles as a drug delivery
mechanism, Open Life Sci., 2024; 19(1): 20220867. doi:
10.1515/biol-2022-0867.

Moritz, M., Geszke-Moritz, M., Mesoporous materials
as elements of modern drug delivery systems for
anti-inflammatory agents: A review of recent
achievements, Pharmaceutics, 2022; 14(8): 1542. doi:
10.3390/pharmaceutics14081542.

Atiyah, N. A, Albayati T. M., Atiya, M. A,
Functionalization of mesoporous MCM-41 for the
delivery of curcumin as an anti-inflammatory
therapy, Adv. Powder Technol., 2022; 33: 103417.
doi: 10.1016/j.apt.2021.103417.

Yang, L., Yan, N,, Li, J,, Contribution of molecular-
modified biomimetic mesoporous silica xerogel in
delivering nimesulide with superior anti-inflamma-
tory efficacy, J. Mater. Sci. Mater. Med., 2025; 36(1): 98.
doi: 10.1007/s10856-025-06952-w.

Gou, K., Wang, Y., Guo, X, Wang, Y., Bian, Y., Zhao, H.,
et al, Carboxyl-functionalized mesoporous silica
nanoparticles for the controlled delivery of poorly
water-soluble  non-steroidal  anti-inflammatory
drugs, Acta Biomater., 2021; 134: 576-592. doi: 10.
1016/j.actbio.2021.07.023.

Vunnam, N., Young, C. M,, Liao, E. E, Lo, C. H,,
Huber, E., Been, M., Thomas, D. D., Sachs, J. N,
Nimesulide, a COX-2 inhibitor, sensitizes pancreatic
cancer cells to TRAIL-induced apoptosis by pro-
moting DR5 clustering, Cancer Biol. Ther., 2023;
24(1): 2176692. doi: 10.1080/15384047.2023.2176692.



https://doi.org/10.1039/D1CS00659B
https://doi.org/10.1039/D1CS00659B
https://doi.org/10.1021/tx300166u
https://doi.org/10.1002/adhm.202201884
https://doi.org/10.1002/adhm.202201884
https://doi.org/10.1016/j.biomaterials.2024.122919
https://doi.org/10.1021/acsnano.0c08384
https://doi.org/10.1515/biol-2022-0867
https://doi.org/10.3390/pharmaceutics14081542
https://doi.org/10.1016/j.apt.2021.103417
https://doi.org/10.1007/s10856-025-06952-w
https://doi.org/10.1016/j.actbio.2021.07.023
https://doi.org/10.1016/j.actbio.2021.07.023
https://doi.org/10.1080/15384047.2023.2176692

Design of core—shell MSNs as a delivery system of NMS

(12]

(13]

[14]

[15]

[16]

[17]

de Almeida, A. C., Ferreira, P. O., Porto, M. V., et al,,
Novel nimesulide multicomponent solid forms:
Screening, synthesis, thermoanalytical study and
characterization, J. Therm. Anal. Calorim., 2025; 150:
6885-6897. doi: 10.1007/s10973-024-13189-2.

National Institute of Diabetes and Digestive and
Kidney Diseases. LiverTox: Clinical and Research
Information on Drug-Induced Liver Injury.
Bethesda (MD): National Institute of Diabetes and
Digestive and Kidney Diseases; 2012.

Bouma, M. E., Rogier, E., Verthier, N., Labarre, C,
Feldmann, G., Further cellular investigation of the
human hepatoblastoma-derived cell line HepG2:
Morphology and immunocytochemical studies of
hepatic-secreted proteins, In Vitro Cell. Dev. Biol,
1989; 25: 267-275.

Krithika, R., Mohankumar, R., Verma, R. ],
Shrivastav, P. S., Mohamad, I. L., Gunasekaran, P.,
Narasimhan, S., Isolation, characterization and anti-
oxidative effect of phyllanthin against CCl4-induced
toxicity in HepGz2 cell line, Chem. Biol. Interact., 2009;
181: 351-358. doi: 10.1016/j.cbi.2009.06.014.

Thommes, M., Kaneko, K., Neimark, A. V., Olivier, J.
P., Rodriguez-Reinoso, F., Rouquerol, J., Sing, K. S,,
Physisorption of gases, with special reference to the
evaluation of surface area and pore size distribution
(IUPAC Technical Report), Pure Appl. Chem., 2015;
87(9-10): 1051-1069. doi: 10.1515/pac-2014-1117.
Riddick TM., Control of colloid stability through zeta
potential, Wynnewood, PA, USA: Livingston
Publishing Company; 1968.

(18]

(19]

(20]

(21]

(22]

(23]

Ashour, M. M., Mabrouk, M., Soliman, I. E,
Beherei, H. H., Tohamy, K. M., Mesoporous silica
nanoparticles prepared by different methods for bio-
medical applications: Comparative study, IET
Nanobiotechnol., 2021; 15(3): 291-300. doi: 10.1049/
nbt2.12023.

Di Martino, P., Censi, R., Barthélémy, C., Gobetto, R,,
Joiris, E., Masic, A, Odou, P. Martelli S,
Characterization and compaction behaviour of nime-
sulide crystal forms, Int. J. Pharm., 2007; 342(1-2):
137-144. doi: 10.1016/j.ijpharm.2007.05.009.
Vallet-Regi, M., Réamila, A, Real, AD. Pérez-
Pariente, J., A new property of MCM-41: Drug delivery
system, Chem. Mater., 2001; 13: 308-311. doi: 10.1021/
cm0011559.

Bharti, C, Nagaich, U, Pal, AK, Gulati N,
Mesoporous silica nanoparticles in target
drug delivery system: A review, Int. J. Pharm.
Investig., 2015; 5(3): 124-133. doi: 10.4103/2230-973X.
160844.

Moghddam, S.M.M., Ahad, A., Aqil, M., Imam, S.S,,
Sultana, Y., Optimization of nanostructured lipid car-
riers for topical delivery of nimesulide using
Box-Behnken design approach, Artif. Cells
Nanomed. Biotechnol., 2017; 45(3): 617-624. doi: 10.
3109/21691401.2016.1167699.

Farooqi, I.R,, Raza, M., Zeenat, Zahid, F., Islam, Z.,
Asghar, M., Mesoporous silica nanocarriers for
enhanced solubility and bioavailability of hydro-
phobic anticancer drugs, Indus J. Biosci. Res., 2025;
3(8): 366-373. doi: 10.70749/ijbr.v3i8.2177


https://doi.org/10.1007/s10973-024-13189-2
https://doi.org/10.1016/j.cbi.2009.06.014
https://doi.org/10.1515/pac-2014-1117
https://doi.org/10.1049/nbt2.12023
https://doi.org/10.1049/nbt2.12023
https://doi.org/10.1016/j.ijpharm.2007.05.009
https://doi.org/10.1021/cm0011559
https://doi.org/10.1021/cm0011559
https://doi.org/10.4103/2230-973X.160844
https://doi.org/10.4103/2230-973X.160844
https://doi.org/10.3109/21691401.2016.1167699
https://doi.org/10.3109/21691401.2016.1167699
https://doi.org/10.70749/ijbr.v3i8.2177

	1 Introduction
	2 Materials and methods
	2.1 Synthesis of solid silica core nanoparticles
	2.2 Synthesis of core-shell MSNs
	2.3 Preparation of the drug-loaded carrier
	2.4 Drug loading capacity
	2.5 Characterization techniques
	2.6 Preparation of the NMS-loaded MSN solutions
	2.7 Cell culture
	2.8 Morphology analysis
	2.9 Live/Dead&#x00AE; staining

	3 Results and discussion
	3.1 Characterization of the carrier
	3.2 Morphological analysis of HepG2 cells
	3.3 Live/dead staining analysis

	4 Discussion
	5 Conclusions
	Acknowledgements
	Funding information
	Author contributions
	Conflict of interest statement
	Data availability statement
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


