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ABSTRACT ARTICLE HISTORY
Triple-negative breast cancer (TNBC) is an aggressive and heterogeneous malignancy characterized Received 20 September 2025
by the absence of estrogen, progesterone, and HER2 receptors, limiting effective targeted treat- Accepted 25 January 2026

ment options. In this research, we investigated the anticancer activity of salicylic acid (Sa) encapsu-
lated through hollow mesoporous silica nanospheres (HMSN). Molecular docking was initially done
to assess the interaction of Sa with the major apoptotic and proliferative targets and found con-
siderable binding affinities that imply anticancer activity. In accordance with these in silico results,
Sa was encapsulated into HMSN effectively to produce Sa@HMSN, and the formulation was char-
acterized for physicochemical properties using SEM, TEM, particle size, XRD, FTIR, Zeta potential,
and BET analysis. An effective drug load and pH-dependent release mechanism was observed in
HMSN. In vitro cytotoxicity was evaluated against MDA-MB-231 cells by MTT assay, exhibiting a
dose-dependent inhibition of cell viability, with Sa@HMSN exhibiting significantly higher efficacy
compared to free Sa or blank HMSN. Morphological observation revealed cellular shrinkage and
membrane blebbing in treated cells. Ao/EtBr dual staining indicated apoptosis, with the Sa@HMSN
treated cells showing chromatin condensation and nuclear fragmentation. Further, the expression
of p53 was analyzed through immunocytochemistry. The findings indicate that Sa@HMSN are a
promising nanotherapeutic platform for TNBC therapy, coupling predictive docking analysis with
high in vitro efficacy.
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1. Introduction number of molecular subtypes, such as luminal A, luminal

B, HER2-enriched, and triple-negative breast cancer
(TNBC).®! TNBC does not express estrogen receptor (ER),
progesterone receptor (PR), or HER2, making it nonrespon-
sive to existing hormonal or HER2-targeting therapies.

Cancer remains one of the prevalent causes of morbidity
and mortality globally, with breast cancer being the most
common malignancy among females.!"! Breast cancer
presents with about 2.3 million new cases and 685,000
deaths every year, as noted by GLOBOCAN 2020, a clear TNBC constitutes about 15-20% of all breast cancers and is
indication of an immense global health burden.'?! Although characterized by aggressive growth, early recurrence, high
tremendous breakthroughs have been made in early detec- metastatic ~ potential, ~and  unfavorable prognosis.
tion and systemic treatments, breast cancer remains clinic- Traditional chemotherapeutic drugs like anthracyclines and
ally problematic owing to its heterogeneity. Based on gene taxanes represent the backbone of TNBC treatment, but
expression and receptor profiling, it is classified into a these agents are usually accompanied by systemic toxicity
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and multidrug resistance.”’ Due to the unavailability of
receptor-based therapeutic strategies, alternative methods
urgently need to be developed to deliver therapeutic agents
selectively to TNBC cells with minimal off-target effects.

In this regard, nanotechnology-based drug delivery sys-
tems (DDS) have emerged as a promising strategy for
enhancing the selectivity, bioavailability, and therapeutic
index of anticancer agents.!®’ Among all the nanocarriers
that have been designed, hollow mesoporous silica nanopar-
ticles (HMSN) are notable for their distinct physicochemical
characteristics of having a large surface area, adjustable pore
size, and hollow interior to provide high drug loading and
controlled release. HMSN also possess superior biocompati-
bility, chemical stability, and surface modifiability to make
them very versatile for both passive and active targeting.!”’
These characteristics are particularly useful for the delivery
of hydrophobic and unstable drug molecules since HMSN
are able to shield the cargo from premature degradation and
enable release in accordance with internal stimuli like acidic
pH.®! Salicylic acid (Sa) is a phenolic compound that is nat-
urally found in various sources and well recognized due to
its anti-inflammatory and keratolytic activities. Salicylic acid
is the active form of aspirin, and it has been used tradition-
ally in dermatological and rheumatological treatments.
Nonetheless, recent findings indicate that Sa also possesses
broad-spectrum anticancer activity in the form of induction
of apoptosis, cell proliferation inhibition, and metastasis
suppression in different tumor models.””) Aspirin’s active
metabolite Sa was chosen as a potential treatment because of
its proven anti-inflammatory and anticancer qualities that
are pertinent to triple-negative breast cancer (TNBC). Pro-
tumorigenic signaling pathways, including NF-xB and PI3K/
Akt, which are often overexpressed in MDA-MB-231 cells
leading to proliferation, invasion, and treatment resistance,
are modulated by Sa and inhibited by cyclooxygenase-2
(COX-2). Salicylates and aspirin have been demonstrated in
previous research to act as an inhibitor of cell viability, trig-
ger apoptosis, and lessen the propensity for metastasis in
TNBC models like MDA-MB-231 cells. Furthermore, sali-
cylic acid’s small molecular size and acceptable safety profile
make it a good option for nano-delivery strategies meant to
improve intracellular absorption and therapeutic efficacy in
aggressive breast cancer subtypes.'"'!! Although having
these encouraging properties, Sa’s therapeutic application as
an anticancer drug is hampered by its poor solubility in
water, extensive metabolism, short half-life, and systemic
toxicity at elevated doses.!'?) This makes the finding of a
DDS that is able to increase Sa’s bioavailability and tumor-
targeted delivery without compromising its pharmacological
efficacy imperative. Incorporation of Sa into HMSN is a
visionary approach toward overcoming these limitations.
The inner hollow space of HMSN enables Sa encapsulation
with high efficiency, while the mesoporous shell promotes
prolonged and pH-responsive drug release in the acidic
tumor environment.!”! In addition, HMSN surfaces can be
easily functionalized with targeting ligands for enhanced
uptake by cancer cells. Previous studies have shown success-
ful encapsulation of anti-inflammatory drugs like curcumin,

ibuprofen, and aspirin analogs in hollow mesoporous silica
nanoparticles with improved cytotoxicity profiles and thera-
peutic outcomes.'*! Compared to solid silica, polymeric
nanoparticles, and liposomes, hollow mesoporous silica nano-
particles (HMSN) have significant benefits over other nano-
platforms because of their special hollow core and
mesoporous shell, which allow for extraordinarily high drug
loading and effective encapsulation."”) HMSN provide cus-
tomizable and long-lasting drug release patterns by providing
exact control over particle size, pore width, and shell thick-
ness.!'® Compared to metal-based nanocarriers, HMSN are
more versatile due to their wide surface area and abundance
of silanol groups, which make surface functionalization with
targeting or  stimuli-responsive  moieties simple.m]
Furthermore, HMSN overcome drawbacks like leakage and
long-term toxicity seen in liposomal and metallic systems by
demonstrating exceptional biocompatibility, minimal intrinsic
toxicity, and improved structural stability under physiological
settings.!"®'°) However, the specific application of Sa-loaded
HMSN (Sa@HMSN) in TNBC therapy remains underex-
plored. Even though nanocarrier systems for triple-negative
breast cancer have been developed extensively, traditional
platforms frequently have poor release control, restricted drug
loading, and lack of selectivity for the aggressive tumor micro-
environment. Furthermore, salicylic acid’s therapeutic poten-
tial in TNBC is yet unexplored, especially in nano-enabled
delivery systems intended for MDA-MB-231 cells. This study
aims to fill that gap by formulating and characterizing
Sa@HMSN for targeted drug delivery in TNBC. HMSN were
synthesized via a modified Stober method and then loaded
with Sa. The prepared nanoparticles were then characterized
in terms of size, morphology, surface charge, and drug loading
efficiency. In vitro release studies of the drug were conducted
at pH 5.5 and 7.4 to mimic conditions of the tumor and nor-
mal physiological environment. The cytotoxicity of
Sa@HMSN against MDA-MB-231 cells was also determined
by MTT assay and the apoptotic cell death was analyzed
through Ao/EtBr staining assay (Figure 1). The formation of
salicylic acid-loaded hollow mesoporous silica nanoparticles
(Sa@HMSN) as a targeted nanotherapeutic approach for tri-
ple-negative breast cancer is described in this work. Enhanced
drug loading and pH-responsive release adapted to the acidic
TNBC conditions are made possible by the special hollow-
mesoporous design. Additionally, the study thoroughly
assesses Sa@HMSN anticancer efficiency in MDA-MB-231
cells, demonstrating its capacity to perform over the draw-
backs of traditional chemotherapeutic and nanoplatform
strategies.

2. Results and discussion
2.1. Molecular docking analysis

Molecular docking simulations were performed to evaluate
the binding affinity and interaction mechanism of salicylic
acid (Sa) with the tumor suppressor protein p53 (PDB ID:
20(]), a critical regulatory protein in cell cycle arrest, DNA
repair, and apoptosis, especially in the triple-negative breast
cancer (TNBC) where p53 is often dysregulated. The study
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Figure 1. Schematic representation of the synthesis of salicylic acid-loaded hollow mesoporous silica nanoparticles (Sa@HMSN) and their p53-targeted anticancer

activity in MDA-MB-231 breast cancer cells.

aimed to understand whether Sa, when delivered via HMSN,
could engage in direct interaction with p53 to potentiate
tumor-suppressive effects. Docking was performed using
AutoDock Vina integrated within PyRx 0.8, and the result-
ing binding affinity was observed to be —5.5 kcal/mol, indi-
cating moderate but biologically relevant binding strength.
This energy value falls within a favorable range for small-
molecule interactions with protein targets and supports the
hypothesis that Sa can form a stable complex with p53.1*°!
The interaction analysis using BIOVIA Discovery Studio
provided critical insights into the specific residues involved
in stabilizing the Sa 4+ p53 complex.

As shown in Figure 2, two key conventional hydrogen
bonds were formed between the Sa and p53, as a donor
with CYS275, while ASN239 as an acceptor with an
observed bond length of 2.04 and 2.67 A, indicating stronger
and directionally favorable interactions essential for ligand
retention and specificity. In addition to H-Bond interactions,
hydrophobic m-alkyl contacts were identified with PRO152
and LEU137, with interatomic distances of 4.72 and 5.36 A,
respectively. These interactions enhance ligand stability by
contributing to van der Waals and n-stacking interactions,
which are commonly observed in drug-like compounds.’*"!
The current docking results provides strong mechanistic
rationale for using Sa to enhance intracellular trafficking
and p53 engagement in TNBC cells.

2.2. Structural morphology analysis

The morphological characteristics of the synthesized hollow
mesoporous silica nanoparticles (HMSN) and salicylic acid-
loaded HMSN (Sa@HMSN) were analyzed using scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM) and the results are shown in Figure 3.
The analysis aimed to observe changes in size, surface tex-
ture, and structural integrity following drug loading. As can

be seen from Figure 3, bare HMSN exhibit a uniform spher-
ical morphology with a relatively smooth surface. The par-
ticles appeared monodispersed with an average size
distribution below 200 nm, which is ideal for passive tumor
targeting via the enhanced permeability and retention (EPR)
effect. The SEM micrographs at lower and higher magnifica-
tions confirmed that the particles are densely packed but
non-aggregated, maintaining uniform size and shape. The
TEM image of bare HMSN clearly showed the characteristic
hollow mesoporous structure with a thin silica shell and
dark center, consistent with classic Stober method derived
HMSN. >

Upon loading with salicylic acid (Sa), surface changes
were clearly visible in TEM. The Sa@HMSN retained their
spherical shape; however, the surface appeared rougher and
slightly less defined in the SEM images, indicating surface
modification through Sa dispersion onto the outer mesopo-
rous matrix. The corresponding TEM image of Sa@HMSN
further support this observation. In addition, high-resolution
TEM provided a closer appearance of the hollow mesopo-
rous surface structure, which remained intact post-loading,
confirming the structural robustness of the silica surface.
The selected area electron diffraction (SAED) pattern
showed a diffused ring, indicating the amorphous nature of
the silica material, as expected for HMSN.!?*! The structural
conservancy of HMSN after drug loading, along with their
morphological integrity, is crucial for efficient drug delivery.
Maintaining the porous and hollow structure ensures high
drug loading capacity and allows for controlled release in
acidic environments (tumor microenvironment). Overall, the
SEM and TEM results strongly confirm the successful syn-
thesis of monodispersed spherical hollow silica nanospheres
and their efficient loading ability. These nanostructures are
structurally suited for targeted cancer therapy, combining
favorable morphology, high surface area, and robust hollow
mesoporous structure for drug delivery applications.
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Figure 2. Molecular docking analysis of Sa with P53. (a) Surface structure of p53 showing the binding pocket occupied by Sa. (b) 3D Stick model depicting interac-
tions between Sa and amino acid residues. (c) 2D interaction diagram showing conventional hydrogen bonding (green), m—alkyl interactions (pink), and Vander
Waals forces. (d) H-Bond surface rendering showing donor (violet) and acceptor (green) fields. (e) Solvent accessible surface (SAS) visualization highlighting molecu-
lar compatibility. (f) Hydrophobicity plot of the p53 pocket region indicating favorable ligand site interactions.

2.3. Elemental analysis

The elemental composition and distribution of the synthe-
sized HMSN and Sa-loaded HMSN (Sa@HMSN) were char-
acterized using Energy Dispersive X-ray Spectroscopy (EDX)
and elemental mapping, as shown in Figure 4. EDX spectra
confirmed the presence of primary elements such as silicon
(Si), oxygen (O), and carbon (C), which are expected com-
ponents of silica-based nanocarriers and organic drugs. In
the bare HMSN sample, two intense peaks corresponding to
Si Koo and O Ko were observed with atomic percentage of
37.1 and 62.9%, verifying the silica framework composition.
The presence of silicon and oxygen at strong intensities is
consistent with the typical SiO, based network that forms
the backbone of hollow mesoporous silica nanoparticles.’**!
The Sa@HMSN showed an additional peak corresponding to
C Ko (atomic percentage of 6.2%), which was absent in the
bare HMSN. The presence of a distinct carbon peak indi-
cates the successful incorporation of the organic drug Sa
within the HMSN framework. The slight reduction in Si
(atomic percentage of 30.1%) may result from surface cover-
age by the drug (Sa) molecules, which modulate the electron
penetration depth during EDX analysis.

Elemental mapping further confirmed the uniform distri-
bution of the elements. For bare HMSN, the signals of the

elements Si and O were uniformly dispersed, consistent
with a homogenous silica structure. Upon loading with
Sa, the mapping of C in Sa@HMSN was found to be
evenly distributed throughout the structure, suggesting
internal entrapment and surface adsorption of the drug
(Sa) molecules. The co-localization of Si, O, and C in
Sa@HMSN confirms both the retention of the hollow
mesoporous silica structure and the successful integration
of the drug (Sa) molecules. Moreover, the preserved
intensity of the Si and O peaks in Sa@HMSN confirms
that the silica framework remains structurally stable post-
loading. Overall, EDX and elemental mapping studies pro-
vide direct visual and quantitative evidence of the success-
ful Sa incorporation into HMSN, confirming that the
original silica framework remains intact.!”>>")

2.4. Particle size and stability analysis

Dynamic light scattering measurements revealed that the
average particle side (diameter) of bare HMSN was 137 nm,
whereas that of Sa@HMSN increased to 154 nm (Figure
5(a)), confirming successful drug loading. The increase in
particle size is consistent with Sa molecules adsorbing onto
the surface or occupying the mesopores, thereby increasing
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Figure 3. SEM and TEM images of HMSN and Sa@HMSN. (a-c) Bare HMSN, (a) SEM at 1 um magnification, (b) SEM at 200 nm magnification, and (c) TEM showing
uniform hollow structure at 20 nm magnification. (d—f) Sa@HMSN, (d) SEM at 1 um magpnification, (e) SEM at 200 nm magnification, and (f) TEM indicating rough-
ened surface and internal density from Sa loading at 20 nm. (g) HR-TEM showing wall thickness and structural integrity at 2nm. (h) SAED pattern confirming

amorphous silica nature.

the overall diameter. Zeta potential measurements indicated
that both samples exhibited negative surface charges, with
HMSNs showing —31.4 mV and Sa@HMSN showing
—38.7 mV (Figure 5(b)). The increase in negative surface
potential after drug loading could be due to the deprotona-
tion of acidic groups present in Sa and enhanced surface
exposure of negatively charged species. A zeta potential
below —30 mV generally signifies good colloidal stability in
suspension, which is vital for drug delivery applications.?*!

2.5. XRD analysis

X-ray diffraction patterns of bare HMSN and Sa@HMSN
were recorded in the 20 range of 10 to 80° and the graphical
representation of XRD is depicted in Figure 5(c). Bare
HMSN displayed a broad diffraction peak centered around
22°, typical of amorphous silica. After Sa loading, the XRD
pattern of Sa@HMSN retained this broad peak, indicating
that the amorphous nature of the silica matrix remained
intact. However, a slight increase in baseline intensity was
observed in the Sa@HMSN pattern, which may be attributed
to the dispersed Sa molecules within the pores or on the
surface of HMSN. Very small sharp crystalline peaks of Sa
were noted, indicating that the drug exists in a molecularly
dispersed and amorphous state inside the silica framework.
This form is beneficial for improving drug solubility and
bioavailability. Such amorphous encapsulation has been

reported to enhance the dissolution profile of hydrophobic
drugs when delivered via mesoporous carriers.!*”!

2.6. FTIR spectrum analysis

The FTIR spectra of both HMSN and Sa@HMSN were
recorded in the range of 4000-400 cm™' to identify the
characteristic functional groups and the results are repre-
sented in Figure 5(d). For bare HMSN, the spectrum dis-
played a prominent absorption band around 1085 cm™'
corresponding to Si-O-Si asymmetric stretching, a band at
800 cm™' for Si-O symmetric stretching, and a band near
460 cm™' indicating Si-O bending vibrations. The broad
band at 3420 cm™' (approximately) represents O-H stretch-
ing, due to surface hydroxyl groups adsorbed on the silica’s
surface. Upon drug (Sa) loading, the FTIR spectrum of
Sa@HMSN showed a shift and the appearance of additional
peaks. A new band appeared at ~1610 cm™', attributed to
C =0 stretching vibrations of carboxylic acid groups from
Sa, and another at ~1465 cm™' corresponding to aromatic
C =C stretching, confirming successful encapsulation of the
salicylic acid. The reduced intensity of the hydroxyl stretch
band indicates interaction between silanol (Si-O-H) groups
of HMSN and hydroxyl or carboxyl groups of Sa, likely
through hydrogen bonding or electrostatic interactions.!**!
These spectral shifts and the appearance of specific bands
for salicylic acid in the Sa@HMSN confirm that the drug
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has been efficiently incorporated into hollow mesoporous
silica nanostructure without disrupting its core assembly.

2.7. BET analysis

BET analysis was used to determine the pore volume, size,
and surface area of bare HMSN and Sa@HMSN. The N,
adsorption-desorption isotherm and pore size distribution of
the bare HMSN and Sa-loaded HMSN are displayed in
Figure 5(e). The mesoporous properties of bare HMSN, with
a pore volume of 0.193 cc/g and a surface area of 64.59 m’/
g, were validated by BET analysis. Subsequent loading of
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Figure 4. EDX and elemental mapping of HMSN and Sa@HMSN. (
peak indicating drug presence. (b) Elemental mapping images of bare HMSN and Sa@HMSN showing distribution of Si, O, and C with a magnification of 20 um.

Sa@HMSN (All)

Sa@HMSN (C)

a) EDX spectrum of bare HMSNs showing peaks for Si and O and Sa@HMSN showing additional C

salicylic acid, a reduction in surface area (28.14m?/g) and
pore volume (0.158 cc/g) was observed, demonstrating that
Sa molecules filled the hollow chambers and mesoporous
channels, decreasing the available surface area for nitrogen
adsorption. Isotherms have a type IV profile, which is char-
acteristic of mesoporous materials, accordance to the
IUPAC grouping. At minimal relative pressure (P/Py < 0.1),
a gradual increase in adsorption volume was observed, dem-
onstrating the presence of micropores that significantly
boost surface area in the bare HMSN. In bare HMSN, there
is a significant increase in the adsorption volume at elevated
relative pressure (P/P,>0.8) that is accounted for by
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Figure 5. FTIR, XRD, particle size, zeta potential, and BET characterization of HMSN and Sa@HMSN. (a) Particle size distributions and (b) zeta potential analysis of
HMSN and Sa@HMSN. (c) The XRD pattern of bare HMSN and Sa@HMSN. (d) FTIR spectra showing characteristic functional group changes post drug load. (e)
Nitrogen adsorption-desorption isotherms and pore size distribution (inset figure) of HMSN and Sa@HMSN.

capillary condensation inside the mesopores. The emergence
of a hysteresis loop at high relative pressures confirms the
presence of interconnected mesoporous channels. The pore
size distribution profile, which shows a broad pore size vari-
ation from microporous to mesoporous areas in the HMSN,
confirms the formation of a hierarchical porous structure. A
prominent peak in the 10 to 30A (1 to 3nm) region

indicates the presence of micropores and tiny mesopores in
bare HMSN, which are primarily responsible for providing a
wide surface area and an abundance of active sites. The
Type IV behavior of the N, adsorption-desorption isotherm
validates the mesoporous structure of the Sa-loaded HMSN.
While capillary condensation in mesopores causes the
abrupt increase in adsorption at relatively high pressure (P/
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Figure 6. Drug load and release kinetics of Sa@HMSN. (a) Drug loading percentage over 48 h time. (b) In vitro Sa release at neutral pH 7.4 (PBS) and acidic pH 5.5
(acetic acid). Kinetic model fitting of Sa release profiles in five different models (observed and predicted) at two different pH conditions and solvents. (c) Neutral pH

7.4 (PBS) and (d) acidic pH 5.5 (acetic acid).

Py >0.8), micropores are identified by a progressive nitrogen
absorption at low relative pressure (P/P,<0.1). The pore
size distribution of Sa@HMSN, which displays both a
broader spread and dominant pores in the 10 to 30 A range,
confirms a hierarchical micro-mesoporous structure.

2.8. Evaluation of drug load and release

The drug loading study was conducted over a 48-h period
to evaluate the encapsulation capacity of HMSNs for Sa.
As shown in Figure 6(a), the percentage of drug loaded
increased progressively with time, confirming effective
passive adsorption of Sa into the hollow mesoporous silica
framework. At 6 h, the loading efficiency was ~26.4%,
which increased steadily to 30.7% at 12 h, 43.5% at 18 h,
and 58.4% at 24 h. The trend continued with 61.6% at

30 h, 64.6% at 36 h, and 79.74% at 42 h, ultimately reach-
ing a maximum of 86.4% at 48 h. The consistent rise in
loading percentage is attributed to the prolonged exposure
of Sa to the high surface area and pore volume of HMSN,
allowing more drug molecules to diffuse and interact with
internal and external adsorption sites. After 42 h, the
loading curve began to plateau, indicating saturation of
available pores and surface binding sites. This behavior is
typical for hollow mesoporous drug carriers where the
rate of adsorption is initially rapid but slows down as the
internal cavity fills up.?!

To mimic physiological and tumor-specific environments,
in vitro drug release studies were carried out in phosphate-
buffered saline (PBS, pH 7.4) and acetic acid buffer (pH 5.5)
over a period of 72h. As illustrated in Figure 6(b), the
release kinetics of salicylic acid (Sa) from HMSNs were
strongly dependent on the pH of the release medium.



Under acidic conditions (pH 5.5), Sa exhibited a signifi-
cantly faster and higher cumulative release compared to
physiological pH (7.4). Within the initial 6h, 8.92% of Sa
was released at pH 5.5, whereas only 3.12% was released in
PBS. After 24h, the cumulative release increased to 39.51%
in acetic acid, in contrast to 16.74% at pH 7.4. This differ-
ence became more pronounced over time, with 88.42%
release observed at 60h and a maximum of 92.24% at 72h
under acidic conditions, while only 54.57% release was
achieved at pH 7.4. A noticeable acceleration in drug release
was observed between 24 and 42h at pH 5.5, indicating a
pH-responsive release profile. This behavior can be attribu-
ted to partial degradation of the silica framework and
reduced electrostatic interactions between Sa and the meso-
porous silica matrix under acidic conditions. Hollow meso-
porous silica nanoparticles (HMSN) are essential for
improving salicylic acid’s apparent solubility and dissolving
behavior, in addition to facilitating pH-responsive release.
Small-molecule medications like salicylic acid have poor
water solubility, that can impair their bioavailability and
therapeutic efficiency. In the current work Sa is encapsulated
in the mesoporous structure of HMSN, which increases the
drug’s dissolution rate by changing it from a crystalline state
to a partly amorphous form. The large surface area and con-
fined nanoscale pores of HMSN significantly rise the effect-
ive drug-solvent interfacial part, facilitating rapid wetting
and diffusion of the Sa molecules into the surrounding
medium. Such pH-triggered release is highly desirable for
cancer therapy, as it enables preferential drug release in the
acidic tumor microenvironment while minimizing prema-
ture drug leakage under normal physiological conditions."’

2.9. Release kinetics profile

To determine the mechanism governing Sa release from
HMSN, the experimental data were fitted to five kinetic
models: Zero-order, First-order, Higuchi, Korsmeyer-
Peppas, and Hixson-Crowell, and the model fitness was
evaluated at both pH 5.5 (acetic acid) and 7.4 (PBS) as
depicted in Figure 6(c) and Table 1. Under physiological
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the in vitro release of salicylic acid (Sa) from hollow mes-
oporous silicon nanoparticles (HMSN) demonstrated dis-
tinct pH-dependent behavior. The Korsmeyer-Peppas and
Zero-order models demonstrated the best match
(r* = 0.99), indicating a diffusion-relaxation linked pro-
cess with nearly constant release. At pH 7.4, Sa release
was comparatively sustained and regulated. On the other
hand, a significantly greater release rate constant was
found at pH 5.5 in acetic acid, indicating faster drug dif-
fusion as a result of protonation effects and partial silica
framework dissolution. Acidic release was well character-
ized by the First-order and Hixon-Crowell models, which
supported concentration-dependent release with kinetics
aided by erosion. The release mechanism in the current
work was non-Fickian (anomalous transport) at both pH
7.4 and pH 5.5, as demonstrated by the Korsmeyer-
Peppas release exponent (n>0.5). Overall, the kinetic
study shows that HMSN provide regulated, pH-responsive
Sa release, thereby facilitating quick drug availability in
acidic environments that are relevant to tumor
microenvironments.*!!

2.10. Cytotoxic evaluation

The cytotoxic effect of HMSN, Sa, and Sa@HMSN was
evaluated on MDA-MB-231 breast cancer cells using the
MTT assay. Cell viability was assessed after 24 h of treat-
ment at increasing concentrations ranging from 5 to
35 pg/mL. Additionally, the morphological alterations
associated with cell damage post treatment was observed
and compared with untreated cells and the results are pre-
sented in Figure 7. The bare HMSN exhibited negligible
cytotoxicity across all tested concentrations and the cell
viability remained above 92% even at the highest dose of
35 pg/mL, confirming the excellent biocompatibility and
less-toxic nature of the hollow mesoporous silica nanocar-
rier. Free salicylic acid (Sa) displayed a clear dose-depend-
ent cytotoxic effect and the cell viability declined from
87.26% at 5 pg/mL to 81.55% at 10 pg/mL, 70.09% at
15 pg/mL, 58.29% at 20 ug/mL, and 37.69% at 35 pg/mL,

(pH 7.4, PBS) and acidic (pH 5.5, acetic acid) conditions, demonstrating its anticancer potential in a dose-
Table 1. Calculated drug release kinetics models for Sa@HMSN.
Sa@HMSN

Model Parameter pH 7.4 (PBS) pH 5.5 (acetic acid)
Zero order F=Ky x t Ko 0.725 1.516

r 0.992 0.903

AIC 52.219 84.083
First order F=100 x [1 —Exp (—K; X t)] K, 0.009 0.029

r 0.935 0.942

AIC 65.923 77.941
Higuchi model F=KH x t,, kH 4977 10.697

r 0.756 0.878

AIC 81.882 86.819
Korsmeyer-Peppas model F=kKP x t" kKP 0.347 4.059

r 0.992 0.954

n 1.184 0.752

AIC 43.465 77.027
Hixon-Crowell model F=100 x [1 — (1 — HC x t)%] kHC 0.003 0.008

r 0.952 0.973

AlC 62.379 68.610
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using 40 x objective lens.

dependent manner. The formulated Sa@HMSN treatment
showed enhanced cytotoxicity compared to free salicylic
acid. In the dosage of 5 pg/mL viability was 81.60%,
decreasing further to 69.03% at 10 pg/mL, 54.29% at
15 pg/mL, 48.27% at 20 pg/mL, and approaching 24.39%
at 35 pg/mL. The ICs, dosage of bare Sa was calculated to
be 24.97 pug/mL and the Sa-loaded HMSN exhibited an
IC5o dosage of 17.01 ng/mL. The enhanced cytotoxicity is
attributed to targeted release of Sa through nanoparticle-
mediated delivery within the MDA-MB-231 cells. The
microscopic form was investigated, and the control cells
exhibited normal elongated fibroblastic morphology,
whereas HMSN treated cells showed no morphological
changes, supporting its biocompatibility. The free Sa
treated cells exhibited early apoptotic signs such as cell
rounding, shrinkage, and detachment and the formulated
Sa@HMSN treated cells showed noticeable apoptotic top-
ographies such as cell rounding, reduced adhesion, and
increased cell debris, indicating enhanced intracellular
drug accumulation and apoptotic induction via the nano-
particle delivery route.*?!

2.11. Apoptosis evaluation through Ao/EtBr dual
staining

The apoptotic potential of salicylic acid loaded hollow meso-
porous silica nanoparticles (Sa@HMSN) in MDA-MB-231
breast cancer cells was assessed using acridine orange/eth-
idium bromide (Ao/EtBr) dual fluorescent staining for 24 h.
As shown in Figure 8(a), living cells emitted green fluores-
cence, early apoptotic cells showed yellowish-green nuclei,
late apoptotic and necrotic cells fluoresced orange and red.

Quantitative analysis (Figure 8(b)) revealed that control cells
displayed minimal apoptosis, with early apoptotic rate
of 1.0%.

Cells treated with blank HMSN exhibited cell death
percentage of 2% as early apoptosis, 1% as late apoptosis,
confirming the negligible cytotoxicity of the nanocarrier
itself. Treatment with free salicylic acid significantly
increased apoptotic cell death, showing 24% of early apop-
tosis and 17% of late apoptosis, along with 7% of necrotic
cells and the Sa@HMSN treated cells exhibited the max-
imum level of cell death, with 19% early apoptosis and
31% late apoptosis. Necrotic death also increased to 11%,
indicating effective cellular disruption at prolonged expos-
ure. The enhanced apoptosis observed in the Sa@HMSN
group is attributed to improved intracellular delivery and
sustained release of salicylic acid, which likely maintains
therapeutic intracellular concentrations over a longer
period. These findings confirm that hollow mesoporous
silica nanocarrier demonstrated superior apoptotic induc-
tion through sustained release and improved cellular
uptake of Sa in breast cancer cells.”**

2.12. Immunocytochemistry analysis

To further investigate the functional modification
induced by salicylic acid loaded HMSN (Sa@HMSN)
immunocytochemistry (ICC) was performed and the
expression level of tumor suppressor protein p53 post
treatment was analyzed and is shown in Figure 8(c).
The intensity of the p53 expression analysis is shown in
Figure 8(d). The analysis was conducted using the
horseradish peroxidase (HRP) conjugated detection
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while HMSN and Control show comparatively lower expression levels.

method, with diaminobenzidine (DAB) and the chromo-
gen, resulting in brown nuclear staining indicative of
p53 localization. In the control group, basal p53 expres-
sion was observed with an average intensity of ~103.89
and HMSN treated groups exhibited a comparable
expression level of 110.04, confirming the non-intrusive
nature of the HMSN material on p53 regulation. The
treatment with free Sa has shown significant elevation of
p53 expression to around 141.62, indicative of DNA
damage and cellular stress induced activation. Notably,
cells treated with Sa@HMSN exhibited greater intensity
of p53 expression with 158.57, exhibiting a more robust
activation of p53 dependent apoptotic signaling.
Microscopic observations support the quantitative data, a
marked increase in the number of brown-stained nuclei
was observed in the Sa and Sa@HMSN groups with
intense and widespread nuclear staining. The elevated
p53 expression post treatment of Sa@HMSN shows that
the nanocarrier significantly enhances the bioavailability
and intracellular retention of Sa, which in turn promotes
p53-mediated apoptosis.**! These findings confirm that
the Sa@HMSN formulation not only improves delivery
efficiency but also amplifies tumor suppressor responses,

further confirming its therapeutic potential in triple-
negative breast cancer treatment.

3. Materials and methods
3.1. Molecular docking studies

The molecular docking experiment was performed with the
PyRx 0.8 virtual screening software created by The Scripps
Research Institute, San Diego, USA, to examine the binding
affinity of salicylic acid (Sa) to the P53 protein, an important
controller in breast cancer signaling cascades. The 3D coord-
inate of the target protein P53 (PDB ID: 20C]) was down-
loaded from the RCSB Protein Data Bank (https://www.rcsb.
org), and the structure of the ligand Sa was downloaded from
the PubChem database (CID: 338) (https://pubchem.ncbinlm.
nih.gov). The protein was pre-processed before docking by
deleting water molecules, adding polar hydrogens, and impos-
ing Kollman charges using AutoDock Tools. The ligand Sa
was minimized in energy and transformed to the desired for-
mat. The docking process was performed with AutoDock
Vina, which is embedded in PyRx, to model the interaction
of Sa with P53’s active site. Following docking, the most
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scored conformation with the minimum binding energy was
chosen for subsequent studies. The profiles of interaction,
such as hydrogen bonding and hydrophobic contacts, were
visualized through BIOVIA Discovery Studio Visualizer to
determine the residues of binding that are responsible for sta-
bilizing the Sa + P53 complex.

3.2. Chemicals and reagents

Tetraethyl orthosilicate (TEOS), cetyltrimethylammonium
bromide (CTAB), ammonia solution, ethanol, salicylic acid
(SA), and all other chemicals were of analytical grade and
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Dimethyl sulfoxide (99.7%), phosphate buffered saline (cell
culture grade), thiazolyl blue tetrazolium bromide (>97.5%),
acridine orange (>98%), and ethidium bromide (~95%,
HPLC grade) were purchased from Sigma-Aldrich, India.
Invitrogen, Carlsbad, CA, USA; provided Dulbecco’s modi-
fied eagle medium (DMEM), 0.25% trypsin EDTA (Gibco),
and fetal bovine serum (FBS). 18 MW milli-Q water 133
(Millipore system, Burlington, MA, USA) was used to gener-
ate all of the test solutions. Reagents and other chemicals of
analytical quality were acquired from Thermo Fisher
Scientific Ltd. in Mumbai, India. The PolyExcel HRP/DAB
detection system and the primary antibody p53 used in this
investigation were acquired from PathnSitu Biotechnologies
in Hyderabad, India. PolyExcel peroxidase block, PolyExcel
target binder, PolyExcel poly HRP, PolyExcel stunn DAB
buffer, PolyExcel stun DAB chromogen, and immuno wash
buffer are the components of the detection system. The
remaining chemicals were purchased from Sigma Aldrich in
India, including phosphate buffered saline with 0.05% tween
20, hematoxylin (Harris solution), and paraformaldehyde
powder (95% purity). The human triple-negative breast can-
cer cell line MDA-MB-231 was obtained from the National
Center for Cell Science (NCCS), Pune, India.

3.3. Synthesis of HVISN

Hollow mesoporous silica nanoparticles (HMSN) were syn-
thesized using a modified Stober method.*®) A white pre-
cipitate was typically achieved by dissolving 0.08 g of CTAB
and 500 uL of TEOS at 300rpm, then adding 500 uL of a
25% ammonia solution in 40.50 mL of an ethanol and dou-
ble distilled water as solvent and stirring the mixture at
700 rpm for 3h at 30°C. CTAB acts as a structure-directing
surfactant, forming micellar templates that govern mesopo-
rous architecture and pore size of hollow mesoporous silica
nanoparticles. TEOS performs as silica precursor, under-
going hydrolysis and condensation to form a uniform meso-
porous silica shell with a hollow interior. Subsequent
removal of CTAB causes the formation of the mesoporous
structure essential for high drug loading and controlled
release. The quantities of CTAB and TEOS used in this syn-
thesis process were selected and optimized based on estab-
lished protocols reported in previous literature.!*®
Centrifugation at 8000rpm for 8min produced the final

product, which was then washed with 100% ethanol and
double distilled water before being allowed to air dry. At
800°C, the dried product was calcined for 8h. After calcin-
ation, 100mL of 100% ethanol, 100mg of HMSN, and
100 uL. of APTES were combined, and the mixture was
allowed to stir at room temperature for an entire day. After
centrifugation for 24h, amine-functionalized HMSN was
produced, and it was washed with ethanol and double-dis-
tilled water.

3.4. Drug loading and release studies

To load salicylic acid (Sa) into HMSN, 100 mg of HMSNs
were dispersed in 100 mL of ethanol containing 100 of Sa.
The mixture was stirred for 24 h at room temperature. The
suspension was then centrifuged, and the Sa-loaded HMSN
(SA@HMSN) was washed with double distilled water to
remove any surface adsorbed drug particles and air dried.
The amount of Sa loaded was determined by UV-Visible
spectrophotometry at 297 nm using a calibration curve. The
loading capacity of Sa@HMSN was determined by applying
the formula, Percentage drug load =(OD at Oth hour—OD
at 48th hour/OD at 0th hour) x 100. To evaluate the release
profile, 10mg of Sa@HMSN were suspended in 50mL of
phosphate-buffered saline (PBS) at 7.4 and acetic acid with
pH 5.5, physiological conditions and simulating tumor,
respectively.*”) The mixture was placed in a shaker incuba-
tor at 37°C. At regular intervals 5mL were taken out and
replaced with new PBS (0, 6, 12, 18, 24, 30, 36, 42, 48, 54,
60, 66, and 72h) in order to maintain sink conditions. The
amount of Sa that was released was measured at 297 nm
using UV-Visible spectrophotometry.

3.5. Drug release kinetics

To understand the release mechanism, data were fitted to
five kinetic models: zero-order, first-order, Higuchi,
Korsmeyer-Peppas, and Hixson-Crowell, using DDSolver, an
Excel add-in for model-fitting.*®) The best-fitting model
was selected based on regression coefficient (R*) values. The
kinetic modeling was performed using the DD Solver 1.0
add-in for Microsoft Excel, based on the experimentally
obtained release profiles. Zero-order kinetics describes a
constant drug release rate independent of concentration,
whereas first-order kinetics assumes that the release rate is
proportional to the remaining drug concentration. The
Higuchi model interprets drug release as a diffusion-driven
process, proportional to the square root of time, typically
from an insoluble matrix. The Korsmeyer-Peppas model
provides a semi-empirical relationship to characterize drug
release behavior from polymeric systems. Finally, the
Hixson-Crowell model provides additional understanding of
the erosion-based mechanism of drug release by taking into
consideration variations in surface area and particle size
during the release process.!*”!



3.6. Characterization of HMSN and Sa@HMSN

The morphology and structural features of the synthesized
nanoparticles were characterized via scanning electron
microscopy (SEM) wusing an Evol8 Zeiss instrument,
Munich, Germany. Energy-dispersive X-ray spectroscopy
(EDX) was performed in conjunction with SEM, revealing
the elemental mapping and verifying the presence of silica
and salicylic acid-associated elements with percentage. The
cross-sectional surface texture and the presence of the char-
acteristic hollow core structure of HMSN was assessed via
Hi-Resolution Transmission electron microscopy (HR-TEM)
using JEOL Japan, JEM-2100 Plus instrument. Fourier-trans-
form infrared spectroscopy (FTIR) was applied to confirm
the successful loading of salicylic acid (Sa) into the HMSN
based on functional group assessment using Shimadzu IR
Tracer-100 spectrometer (Kyoto, Japan). The samples were
grinded well with the KBr pellet and the wavenumber were
recorded with the range of 4000 to 400cm™', respectively.
X-Ray Diffraction (XRD) was performed to assess the nature
of the nanomaterial by using Bruker D8 advance ECO XRD
system (Karlsruhe, Germany) with an SSD160 1D Detector
X-ray diffractometer. The samples were measured in the 20
range of 10 to 80°. The particle size of unloaded and drug-
loaded nanoparticles and zeta potential of the HMSN and
Sa@HMSN was determined using Nanoparticle Analyzer SZ-
100 (Horiba, Kyoto, Japan) with temperature of the holder
of 25.0°C, dispersion medium viscosity of 0.894 mPa-s, con-
ductivity of 0.079 mS/cm, and electrode voltage of 3.8 V. The
particular surface area was determined employing the
Brunauer Emmett Teller (BET) technique, and the pore size
distribution and average pore volume were computed using
the Barrett Joyner Halenda (BJH) system utilizing an
Autosorb iQ-Chemisorption gas sorption analyzer. Together,
these techniques confirmed the successful formation of
HMSN, drug loading, and physiochemical stability.

3.7. Cytotoxicity assessment using MTT assay

The cytotoxic effect of Sa@HMSN was evaluated in MDA-
MB-231 cells using the MTT assay.!*"! Cells were cultured
in DMEM containing 10% FBS and 1% penicillin-strepto-
mycin under 5% CO, at 37°C. Once 80% confluent, cells
were trypsinized, counted, and seeded in 96-well plates.
After 24 h, cells were treated with various concentrations
of Sa@HMSN (5 to 35 pg/mL) for another 24 h.
Following treatment, 10 pL of MTT solution was added to
each well and incubated for 3 h under dark condition.
The resulting formazan crystals were dissolved in 100 pL
of DMSO, and absorbance was measured at 595 nm using
a microplate reader. The percentage of viable cells was
calculated relative to untreated controls. All experiments
were performed in triplicate. The ICsy value of Sa@HMSN
was used in further apoptosis and molecular evaluations.
Percentage cell viability = (abs. of treated cells/abs. of
untreated cells) x 100.
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3.8. Apoptosis evaluation

To assess apoptosis induction by Sa@ HMSN, MDA-MB-231
cells were seeded and treated with the ICs, concentration of
Sa@HMSN for 24 h. After incubation, the cells were washed
twice with PBS and stained with an acridine orange/eth-
idium bromide (Ao/EtBr) mixture for 15 min in the
dark.*"** The stained cells were immediately examined
under a fluorescence microscope (TCM-400, Labomed)
using B-excitation and G-excitation filters. Morphological
changes were analyzed to differentiate viable and apoptotic
cells. Viable cells emitted green fluorescence with intact
nuclei, while early and late apoptotic cells displayed orange
to red fluorescence due to compromised membrane integrity
and EtBr uptake.

3.9. Immunocytochemistry

For immunocytochemical detection of apoptosis-related pro-
teins, Sa@HMSN-treated cells were fixed with 4% parafor-
maldehyde. After fixing the cells were washed twice with
PBST each 5min, followed by addition of peroxidase
quencher in the fixed cells and then incubation for 10 min.
Following incubation, cells were washed with immuno wash
buffer for 5min. After washing, the cells were treated with
primary antibody anti-p53 for 1h at room temperature in a
moist atmosphere. The cells were washed with antibody
wash buffer for 10 min and then treated with PolyExcel tar-
get binder. Following incubation, PolyExcel, PolyHRP was
added for 10min. The cells were then treated with DAB
solution in the dark and incubated for 7min after cleaned
with immuno wash buffer. The cells were then examined
under an inverted phase contrast microscope after receiving
a mild hematoxylin counterstain. Using Image ] software,
the proteins’ expression was measured and their intensity
was computed.

3.10. Statistical analysis

Every experiment had three repetitions and was carried
out in triplicate. The mean + standard error was used to
express the accuracy of the data. With a total number (n)
of three, a one-way ANOVA statistical analysis was car-
ried out to evaluate the outcomes between the control and
all treatment samples (p-value < 0.05 represents signifi-
cance, denoted by *).

4. Conclusion

In this study, we successfully developed and characterized a
novel Sa@HMSN formulation for targeted triple-negative
breast cancer therapy. The loading of salicylic acid into
HMSN significantly improved its bioavailability and anti-
cancer efficacy compared to free Sa. Molecular docking
studies initially confirmed a stable interaction between Sa
and the target protein p53, demonstrating its potential anti-
cancer mechanism at the molecular level. The SEM and
TEM analyses showed monodispersed spherical assembly of
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the synthesized nanocarriers and the presence of Sa on the
surface of HMSN. The amorphous nature of HMSN and
Sa@HMSN was confirmed through XRD and the presence
of functional groups of bare HMSN and Sa incorporated
HMSN was confirmed via FTIR vibrational analysis. The
particles were eventually dispersed and the element distribu-
tion associated with synthesized bare HMSN and the Sa-
loaded HMSN was investigated through elemental mapping.
The decrease in the Si peak intensity and the appearance of
C peak in the EDX spectra confirmed the presence of Sa on
the surface of HMSN. The drug load analysis showed that
Sa was effectively incorporated in the pores and also on the
surface of HMSN and the release profile exhibited a targeted
and sustained release of salicylic acid from HMSN in the
acidic environment (acetic acid pH 5.5). The in vitro cyto-
toxicity using the MTT assay revealed a significant reduction
in cell viability in Sa@HMSN treated MDA-MB-231 cells,
with an ICs, value of 17.01 pg/mL, which is lower than that
of free Sa. This enhanced cytotoxic effect may be attributed
to the controlled and sustained release of Sa from the hollow
mesoporous silica structure. Further confirmation through
Ao/EtBr dual staining demonstrated that Sa@HMSN
induced significantly higher levels of apoptosis (early and
late stages) compared to free Sa, HMSN, and control.
Immunocytochemical analysis of p53 expression revealed a
significant expression of p53 in Sa@HMSN treated cells,
which aligns with the increased apoptotic activity. As p53
plays a crucial role in cell cycle arrest and apoptosis, its
upregulation indicates that Sa@HMSN mediates tumor sup-
pression via a p53-dependent pathway. Taken together, the
results of this study strongly indicate that Sa@HMSN is a
promising nanoformulation capable of enhancing the anti-
cancer efficacy of salicylic acid through targeted delivery,
sustained release, and activation of apoptosis via the p53
pathway. Despite promising in vitro findings, the present
study lacks ex vivo or in vivo evaluations. Future investiga-
tions incorporating hemocompatibility, serum stability, and
in vivo systemic toxicity assessments are essential to validate
the biosafety profile of Sa@HMSN.
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