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ABSTRACT

Background: Silymarin (SL) a natural flavonolignan, exhibits notable hepatoprotective and
anticancer properties. However, its clinical application is hindered by poor aqueous solubility
and low bioavailability, limiting therapeutic efficacy in liver cancer treatment. To overcome
these drawbacks, this study developed and evaluated silymarin-loaded folic acid-coated
mesoporous silica nanoparticles (FA-MSNs) as a novel targeted drug delivery system.

Results: The optimized SL-FA-MSNs demonstrated a uniform particle size of 653.9 nm, a
polydispersity index (PDI) of 0.2, and a zeta potential of —13.4 mV, indicating high stability
and minimal aggregation. Successful drug encapsulation was confirmed through Fourier
transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), X-ray
diffraction (XRD), and atomic force microscopy (AFM) analyses. In vitro release studies
revealed a significantly enhanced release profile, with FA-MSNs achieving 67.9% drug release
over 24 hours compared to 39.4% for free silymarin. Cytotoxicity assays on HepG2 liver cancer
cells showed prolonged anticancer activity, with FA-MSNs displaying an ICso value of 55.750
pg/mL, higher than that of free silymarin (39.877 pg/mL), suggesting improved safety and
controlled drug release.

Conclusion: FA-MSNs effectively enhanced the solubility, stability, and sustained release of
silymarin while enabling targeted delivery to cancer cells. The formulation demonstrated
improved therapeutic potential with reduced cytotoxicity toward non-target cells, supporting
its role as a promising nanocarrier for liver cancer therapy. These findings suggest that FA-
MSN-based drug delivery platforms can minimize systemic side effects, enhance
bioavailability, and improve treatment outcomes, providing a viable approach for the clinical
translation of silymarin in oncology.

Keywords: Silymarin, FA-MSNs, Liver cancer, Drug delivery, Nanocarrier, Sustained release,
Targeted therapy.
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1. INTRODUCTION:

Liver cancer is the main cause of cancer-related mortality in the global population, with
hepatocellular carcinoma being the most frequent type of cancer [1]. Hepatocellular carcinoma
is now the third leading cause of cancer-related death and the sixth most common type of cancer
diagnosed globally, is increasingly driven by alcohol-related liver disease; this study applies
Box-Behnken optimization to develop folic acid-functionalized mesoporous silica
nanoparticles for targeted silymarin delivery to improve outcomes in alcohol-induced
Hepatocellular carcinoma [2]. Clinically, alcohol-related Hepatocellular carcinoma (ALD-
HCC) presents sicker patients with worse liver function and poorer overall condition than non-
alcohol etiologies—making drug delivery and tolerability particularly challenging [3]. Even
modest alcohol exposure escalates cirrhosis risk, and cirrhosis is the dominant substrate for
Hepatocellular carcinoma HCC; risk persists despite partial abstinence, strengthening the case
for adjunct chemoprevention/therapy approaches [4]. Silymarin—an antioxidant/anti-
inflammatory flavonolignan mixture—shows hepatoprotective signals in clinical trials
(enzyme reductions) and is generally safe even at high doses, but pharmacokinetic limitations
blunt efficacy [5]. The core limitation is biopharmaceutics: silymarin has very low aqueous
solubility and poor oral bioavailability, prompting formulation strategies to enhance absorption
and exposure [6]. Modern formulations improve exposure but still face ceilings; recent
nanocrystal and micellar products enhanced silybin/silymarin bioavailability in animals and
humans, yet targeted delivery to diseased liver tissue remains an unmet need [7]. Mesoporous
silica nanoparticles (MSNs) offer high surface area, tunable pores, and robust cargo capacity
with favorable biosafety and degradability profiles—making them strong candidates for
difficult, poorly soluble actives like silymarin [8]. For liver diseases, MSNs enable
multifunctional design (stimuli-responsive release, imaging, and targeting) and have been
specifically explored for hepatic applications, laying the groundwork for a silymarin—-MSN
platform [9]. Active targeting can further increase the therapeutic index; folic acid (FA) ligands
exploit folate receptor (FR) overexpression on malignant cells and tumour microenvironments,
improving uptake and cytotoxic delivery in multiple cancer models [10]. Importantly for HCC,
recent clinical-translational data report elevated folate receptor 1 (FOLR1) in tumours and
serum of HCC patients with diagnostic/prognostic value—supporting FA as a rational targeting
handle in liver cancer [11]. Folic Acid FA-modified nanocarriers enhance tumour-cell
internalization and potency versus non-targeted systems; studies with FA-decorated particles
show improved uptake and apoptosis in cancer cells, a principle extendable to silymarin
payloads [12]. Despite many silymarin formulations, few leverage FA-functionalized MSNs
specifically for ALD-HCC pathophysiology, where oxidative stress, inflammation, and fibrotic
remodeling are prominent and could be addressed by targeted antioxidant delivery [13].

The design-of-experiments (DoE) optimization for MSN formulations that -carry
phytochemicals is underutilized, particularly regarding comprehensive response-surface
approaches such as encapsulation, size, PDI, zeta potential, and release for silymarin—FA-
MSNs [14]. Box—Behnken Design (BBD) is a DoE workhorse that efficiently maps factor—
response relationships with fewer runs than many alternatives, enabling statistically robust
optimization of nanoparticle attributes critical for in vivo performance [15]. Current
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nanomedicine and materials studies increasingly employ BBD with Design-Expert® to
optimize nano-formulations and delivery systems—validating BBD as a practical, reproducible
framework for MSN tuning [16]. Pairing a hepatoprotective yet PK-limited drug (silymarin)
with a safe, tunable carrier (MSNs), equipped with a clinically relevant targeting ligand (FA),
and statistically optimized via BBD, directly addresses solubility, targeting, and controlled
release barriers in ALD-HCC [11]. Integrating FA-MSNs with silymarin for alcohol-induced
HCC is timely given new data on alcohol-attributable liver cancer burden and the inferior
clinical status of ALD-HCC patients, who may benefit most from targeted, lower-dose
regimens [3].

2. MATERIALS AND METHOD:

Silymarin, cetyltrimethylammonium bromide, tetra ethyl ortho silicate, sodium silicate, and
silica dioxide were purchased from Otto Chemie, Mumbai. Methanol was obtained from Loba
Chemie Pvt. Ltd., Mumbai. Span 80 and Tween 80 were bought from SD Fine Chem, Mumbai.

2.1 Preparation of Screening MSNs and Preparation of Optimization of MSNs:

Screening different silica sources and surfactants is essential to optimize the synthesis of
mesoporous silica nanoparticles (MSNs) with desired pore size, morphology, and surface
properties. Tetraethyl orthosilicate provides highly uniform and pure silica structures, sodium
silicate with rapid hydrolysis, while silica dioxide serves as a direct, preformed silica base.
Surfactants such as cetyltrimethylammonium bromide create ordered pore channels, Tween 80
is forming stable emulsions with biocompatible surfaces, and Span 80 supports larger pore
formation through hydrophobic interactions. Silica acts as the main structural framework of
MSNs, while surfactants guide pore arrangement and size control, making both indispensable
for producing nanoparticles with high surface area, tunable porosity, and targeted drug delivery
efficiency. Dissolve surfactant in water-ethanol, stir 15 min at 80°C. Add 2 M NaOH and silica
source, stir 24 h. Homogenize 10 min at 1000 rpm, then centrifuge at 4000 rpm (40 min x 3).
Sonicate 10 min; mesoporous silica is ready for use [17]. Screening is Shown in Table 1. Result
shown in Fig 1.

Table 1 Screening MSNs different Sources of Silica and Surfactant:

S.no Surfactant Silica Sources
l. Tetraethyl Orthosilicate Cetyltrimethylammonium Bromide
2. Sodium Silicate Tween 80
3. Silica Dioxide Span 80

2.2 Formulation of silymarin loaded mesoporous silica nanoparticle and folic acid coated:

Silymarin (20 mg/ml) in methanol was added to 1 g MSNs and stirred at 60 °C for 4 hours [18].
Folic acid (15 mg) was mixed in 30 ml water at 60 °C, cooled, and mixed with silymarin-loaded

PAGE NO: 45



LIBERTE JOURNAL (ISSN:0024-2020) VOLUME 13 ISSUE 10 2025

MSNs. The mixture was stirred for 4 hours, stored overnight, then at 4000 rpm centrifugation
happen for 20 minutes to obtain stable folic acid-coated MSNs.

2.3 Optimization of MSNs:

The optimization of MSNs was carried out using a Box-Behnken design (BBD) with Design
Expert 13 software, involving three factors TEOS amount (X1), CTAB (X2), and 2M NaOH
(X3) and three responses: particle size (Y1), PDI (Y2), and zeta potential (Y3). Seventeen
experimental runs were designed within defined factor ranges to achieve minimal particle size,
low PDI, and highly negative zeta potential. The data were fitted to linear, quadratic, or tertiary
models, and analyzed using ANOVA, considering p-values, R?, and adequate precision to
validate model reliability. The optimized formulation was synthesized based on statistical
predictions, revealing the interplay between synthesis variables and MSN properties [19].

Table 2 Optimization of MSNs Factors and responses used in response surface design

Response Surface Methodology design
Independent variables
Factors Low limit High limit

X1- TEOS (ml) 1 5
X2- CTAB (mg) 10 50
X3-2M NaOH (ml) 1 10

Dependent Variables

Response Goal

Y 1- Particle size in nm Minimise
Y2- PDI Minimise
Y3- Zeta potential in mV Most negative

2.4 Determination of Zeta Potential and Particle Size:

Zeta potential and Particle size were analysed using a Malvern Nano-Zetasizer (Nano ZS90).
Samples get diluted with deionized water for size analysis and measured at 90°; zeta potential
was recorded at 25 °C using a zeta dip cell.

2.5 X ray diffraction study (XRD):

The crystal nature of mesoporous silica nanoparticles was determined using X-ray diffraction
analysis. Measurements was conducted with Cu K Alpha radiation (N=1.5418A). Bruker D8
Advanced X-ray diffractometer utilizing at 40kV voltage, current at 30mA. Samples were
scanned in the range of 0°-80° (20) at an increment angle of 0.02° and a counting rate of
0.3s/step.
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2.6 Fourier Transform Infrared Spectroscopy (FTIR):

Samples combined with KBr, grind onto plate, and analyzed in spectrum range of 400 to 4000
cm NET-IR 8400, Shimadzu 240V, Japan.

2.7 Atomic Force Microscopy (AFM):

The pure MSNs and silymarin-loaded folic acid-coated MSNs surface morphology was
analyzed using AFM. Samples kept on the AFM stage, calibrated, and scanned to measure
surface topography and collect morphological data.

2.8 Scanning electron microscopy (SEM):

Pure MSNs and FA-Silymarin-MSNs surface morphology was examined using SEM. Samples
fixed on carbon-coated stubs, sputter-coated with osmium tetroxide, and imaged under high
vacuum. MSNs showed spherical shapes, while FA-Silymarin-MSNs exhibited increased
roughness and slight aggregation, confirming drug loading and coating.

2.9 In Vitro release of drug:

In vitro release of Pure-silymarin along with FA-Silymarin-MSNs was assessed via the dialysis
bag diffusion method in (pH 7.4) phosphate buffer at 37 £ 0.5 °C. Samples collected at specific
range (1,2,3,4,5,6,7,8,24 hours) and analyzed using UV—Visible spectrophotometry at 287 nm.
Sink conditions were maintained by replacing the medium after each withdrawal [20].

2.10 In Vitro Hepatocarcinoma cell line study:

The HepG2 cells were grown in a normal incubator at 37°C with 5% CO., in a medium that
included 10% FBS and 1% penicillin-streptomycin. We treated cells seeded in 96-well plates
with different doses of free silymarin. and FA-Silymarin-MSNs for 24 hours in order to
determine their cytotoxicity. The cell density was 5 % 10° cells/well. MTT assay was performed,
and absorbance was measured at 570 nm to determine cell viability and calculate ICso values
for comparative analysis [21].

3. RESULT:
3.1 Screening of Mesoporous Silica Nanoparticle:

The best combination for preparing mesoporous silica nanoparticles is Tetraethyl Orthosilicate
with Cetyltrimethylammonium Bromide. This combination achieved the smallest particle size
(531.9 nm) with the highest stability, as indicated by the strongly negative zeta potential (—45.6
mV) and the lowest PDI (0.104).
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Figure.1 A) Particle size and B) Zeta potential for Screening of Mesoporous
Silica Nanoparticles in TEOS and CTAB Combination

3.2 MSNs Optimization:

The optimized mesoporous silica nanoparticles developed using the Box—Behnken design
exhibited uniform particle size, narrow size distribution, and stable surface charge. The
successfully adjusted to achieve desirable physical

formulation parameters

characteristics, ensuring consistent morphology and colloidal stability suitable for drug

WwEre

delivery applications. Result Shown in Table 2,3,4,5,6.

Table 3 Experiments configuration and observation response design:

Factors Response
X1 X2 X3 Y1 Y2 Y3

Run TEOS CTAB 2M Paljticle Zeta.
(ml) (mg) NaOH size PDI potential

(ml) (nm) (mV)

1 3 10 10 869.9 0.856 -42.5

2 3 30 5.5 533.6 0.216 -56.9

3 3 10 1 608 0.290 -59.2

4 1 50 55 496 0.782 -30.9

5 3 30 5.5 456 0.209 -45.1

6 3 50 1 488 0.981 -49.6

7 3 30 55 439 0.241 -51.8

8 3 30 55 404.6 0.024 -51.5

9 5 10 55 568 0.524 -63.8

10 5 50 5.5 1056 1 -25.1

11 1 10 5.5 482.1 0.670 -63.5

12 5 30 1 634 0.349 -48.1

13 3 30 55 412 0.211 -42.1

14 1 30 1 432 0.654 -46.7
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15 1 30 10 966 0.565 -38.4
16 3 50 10 1397 1 -30.5
17 5 30 10 1069 1 -39.5
Table 4 Summary of statistical analysis and model fitting:
Response | Model F- P-value R? R? R? Adequate
Suggested | value Adjusted | Predicted | Precision
Y1 Quadratic | 33.65 | 0.0500 | 0.9774 0.9484 0.7492 19.849
Y2 Quadratic | 34.69 | 0.0500 | 0.9780 0.9498 0.9001 14.935
Y3 Linear 10.25 | 0.0500 | 0.7028 0.6342 0.4692 11.013

Table 5 Responses Coefficient equations:

Response Coefficient Equations
s
Yl 449.04+118.86A+113.63B+267.49C+118.53AB—24.75AC+161.78BC+68.01 A
2+ 133.48B 2 +258.21C 2
Y2 0.1802+0.02525A+0.17788B+0.14338C+0.091AB+0.185AC—0.13675BC+0.2
1203A 2 +0.35178B 2 +0.24978C 2
Y3 —46.1882+0.375A+11.6125B+6.5875C

Table 6 optimized actual values and predicted of MSNs with (n=3, SD):

Predicted | Predicted | Predicted | Actual Error
Optimized | Responses Value Value Value Value Percentage
factor 95%Cl1 95% CI1 (%)
Low High
X1:2.85 Y1 378.2 499.9 519.8 320 35.96%
X2:32.11 Y2 0.100 0.200 0.259 0.247 23.5%
X3:5.44 Y3 -49.75 -45.06 -42.61 -47.6 5.63%
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Figure.2 A) size of particle and B) Zeta potential for Optimization of MSNs

The optimization study showed a high desirability value of 0.967, confirming effective
optimization of particle size (449.997 nm), PDI (0.200001), and zeta potential (-45.0693 mV).
TEOS and CTAB had a simultaneous effect on particle growth, while moderate concentrations
minimized PDI and enhanced stability. Contour and 3D plots validated the model’s reliability
for developing stable, uniform MSNs for drug delivery. Result shown in Fig 3.,4,5,6.
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Figure.3 Contour plots A) Desirability, B) Particle Size, C) PDI, D) Zeta Potential
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Figure.4 Interaction plots A) Desirability, B) Particle Size, C) PDI, D) Zeta Potential

PAGE NO: 50



LIBERTE JOURNAL (ISSN:0024-2020) VOLUME 13 ISSUE 10 2025

WAL BT et
TITA POTERTIAL i

Paam

A) B) 0)

Figure.5 Three-dimensional surface plots. (A), Y1: particle size;(B) Y2: PDI;(C), Y3:
zeta potential.

Results
Results Mean (mV} Area (%) 5t Dev {mV)
Stlgeus . hMnSR), SOUEAL Zeta Potential (mV): -13.4 Peak 1: -134 100.0 10.1
Z-aw {d.nm): 6539 Pesk1; 6109 0.0 1038
i alicoge, Zota Deviation (mV): 10.1 Peak 2 0.00 0.0 0.00
Pal: 0.260 Peak2:  0.000 0o 0,000
Conductivity (mS/cm): 0.0458 Peak 3: 0.00 0.0 0.00
Intercept: 0992 Peak 3: 0.000 00 0.000 =
i Result quality Good
Result quality Refer to quality report
Zeta Potential Distributian
Scre Dastrtwition by intensty
200000
it
< 20} 150000
£ g
| 3
£ o S 100000
; :
= T =
= "0 BOOODT: <+« ssossseancssscoiionscssnsnsihosasidioniotscssonscinamacsions
a* i IR
a1 1 " 100 1000 0000 200 100 o 100 200
Sizw (ol rim)
Apparont Zota Potential {m\)

Figure.6 A) size of particle and B) Zeta potential silymarin loaded mesoporous silica
nanoparticle and folic acid coated

3.3 XRD:

The XRD diffraction of pure silymarin showed sharp peaks, indicating its crystalline nature,
while the silymarin-loaded folic acid-coated MSNs showed a broad hump at 20°-30° 26,
confirming an amorphous form. [20] Result shown in Fig.7
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Figure.7 XRD A) Silymarin B) Silymarin loaded folic acid coated MSNs

3.4 FTIR:

FTIR spectrum confirmed successful silymarin incorporation by retaining O-H and C=0O
peaks, along with Si—O-Si and Si—O—-C bands indicating silica framework formation. C—H
peaks showed CTAB presence, while folic acid peaks confirmed surface functionalization. A
broad O—H band suggested hydrogen bonding, enhancing drug stability and encapsulation. [22]
Result shown in Fig.8
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Figure.8 FTIR Spectrum of TEOS, CTAB, Folic acid, Silymarin, Physical mixture,
Silymarin loaded Folic acid Coated MSNs

3.5 AFM:

AFM finding shows a reduction in surface roughness from 452.62 nm to 90.93 nm and particle
size from 2118.64 nm to 390.82 nm after silymarin loading and folic acid coating. [23] Result
shown in Fig.9,10.

A) B) )

Figure.9 AFM Pure Mesoporous Silica Nanoparticles; A) 3D, B) 2D, C)
Histogram

A) B) 0)

Figure.10 AFM Silymarin loaded Folic Acid Coated Mesoporous Silica
Nanoparticles; A) 3D, B) 2D, C) Histogram

3.6 SEM:

The scanning electron microscopy (SEM) images revealed that the synthesized mesoporous
silica nanoparticles (MSNs) exhibited a uniform, spherical morphology with a smooth surface
and well-defined particle boundaries, indicating successful synthesis. Upon loading with
silymarin and coating with folic acid, the particles maintained their spherical structure, with a
slightly roughened surface texture, confirming surface functionalization. The particle size
distribution appeared consistent, with no significant aggregation observed, suggesting
excellent stability. These results demonstrate the successful fabrication of silymarin-loaded,
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folic acid-coated MSNs with desirable structural integrity for targeted drug delivery
applications. Result shown in Fig.11,12.

EHT = 1000 kV Signal A= SE1
W= 9.5mm Mag= S500KX

A) B)

Figure.11 Silymarin loaded folic acid coated MSNs a)10pum b) 2pum

10 um EHT = 1500 kV/ Signal A= SE1

WD= 9.5mm Mag= 3.00KX

A) B)
Figure.12 Mesoporous Silica Nanoparticles A) 10pm B) 2pm
3.7 In Vitro drug release:

The optimized folic acid-coated MSNs showed a cumulative drug release of 67.9% after 24
hours, compared to 39.4% for pure silymarin. Result shown in Table 7 and Fig.13.

Table 7 Percentage of In-Vitro drug release profile of Silymarin and Optimized Silymarin
Loaded Folic Acid Coated MSNs:
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% of drug release
. Silymarin Optimized Silymarin Loaded Folic Acid
Time(hours) Coated MSNs
1 5.2 11.5
2 9 19
3 15.1 24.6
4 19.3 30.1
5 23.4 39
6 27.8 42.5
7 30 51.2
8 34.2 55
24 394 67.9
80
70 ¢
o 60
£ s0 o
° 40
5 30
* 20
10
0@
0 5 10 15 20 25 30
Time (Hrs)

—@— Pure silymarin

®— Optimised Silymarin loaded Folic acid coated MSNs

Figure.13 In Vitro drug release of Pure Silymarin and Optimised Silymarin loaded Folic
acid Coated MSNs

3.8 In-Vitro hepatic cell line study:

Cytotoxicity studies showed free silymarin had an ICso of 39.877 ng/ml, indicating moderate
potency. Silymarin-loaded folic acid-coated MSNs had a higher ICso of 55.750 pg/ml,
reflecting sustained release, reduced initial toxicity, and improved biocompatibility. Result
shown in Table 8,9. Result shown in Fig.14,15,16.

Table 8 Result of free drug Silymarin anticancer activity with IC50:
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Concentration Free drug-Silymarin
png/ml Cell Viability (%) | Cytotoxicity (%) | IC50 Value
0.78 95.92 4.08
1.56 92.47 7.53
3.125 83.90 16.10
6.25 72.55 27.45
12.5 60.15 39.85 39.8717
25 46.40 53.60
50 34.19 65.81
100 21.84 78.16
N
A) B) &)

Figure.14 Result of free drug Silymarin anticancer activity A) Control, B) 50pg/ml,

C) 100pg/ml

Table 9 Result of Silymarin loaded folic acid coated MSNs anticancer activity with IC50:

Silymarin loaded folic acid coated MSNs
Concentration |y iability (%) | Cytotoxicity (%) |  IC50 Value
pg/ml
0.78 98.35 1.65
1.56 95.66 4.34
3.125 92.81 7.19
6.25 85.99 14.01
12.5 75.92 24.08 55.750
25 66.55 33.45
50 43.71 56.29
100 30.34 69.66
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A) B) O

Figure.15 Result of Silymarin loaded folic acid coated MSNs anticancer activity A)
Control, B) 50ug/ml, C) 100png/ml
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Figure.16 HepG2 Cell line Silymarin and Silymarin loaded Folic acid Coated MSNs

4. DISCUSSION:

The observed increase in particle size can be attributed to the catalytic role of sodium hydroxide
during the sol-gel process. At higher concentrations, NaOH rapidly hydrolyzes TEOS,
generating a large number of silanol groups that undergo condensation in a short time frame.

This accelerated reaction favors particle growth over nucleation, leading to the formation of

larger silica frameworks rather than small, discrete nanoparticles. The interactive effect

between NaOH and TEOS further enhances this phenomenon by promoting extensive cross-

linking, which contributes to bulkier structures. In addition, CTAB concentration played a
complementary role in particle growth. While moderate amounts of CTAB stabilize the

micelles and maintain uniform particle formation, excessive levels result in micelle aggregation

and disordered pore expansion, which further enlarges particle size. These combined effects
explain why higher NaOH levels, particularly in the presence of increased TEOS and CTAB,
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shift the balance from controlled nucleation toward uncontrolled growth, resulting in
significantly larger nanoparticles. Statistical validation through ANOVA confirmed the
model's reliability, with no lack of fit, while diagnostic plots further supported its accuracy.
The optimized conditions predicted particles of <378 nm with a PDI of 0.20 and a zeta potential
of —49.7 mV, which aligned closely with experimental findings (320 nm, 0.247, —-47.6 mV).
Subsequent folic acid coating improved surface smoothness, enhanced dispersion stability, and
provided favorable conditions for effective drug—nanocarrier interactions.

FTIR spectra validated the presence of Si—O-Si and Si—-O-C frameworks, with additional
bands confirming successful incorporation of silymarin and folic acid functionalization. A
broad O—H absorption band suggested hydrogen bonding, which maintained silymarin in an
amorphous state. This was further supported by XRD data, which showed the disappearance
of sharp crystalline peaks and the appearance of a broad halo, characteristic of amorphous
dispersion. AFM analysis revealed a sharp decline in surface roughness, decreasing from 452.6
nm to 90.9 nm after drug loading and coating, while SEM images displayed spherical particles
with slightly irregular surfaces, consistent with successful functionalization. Collectively, these
characterizations confirmed stable encapsulation of silymarin within FA-MSNss.

FA-MSNs achieved a substantially higher 24-hour cumulative release (67.9% vs 39.4% for free
silymarin), showing that the mesoporous silica framework plus folic acid functionalization
promotes sustained, higher drug availability over 24 hours. The SLN system showed a biphasic
release (rapid surface/burst release followed by slower core release), and kinetics best fit the
Higuchi model (R? = 0.9948), indicating a diffusion-controlled release mechanism from the
lipid matrix. Mechanistically, FA-MSNs deliver faster cumulative release because the drug is
held in amorphous form within open mesopores and stabilized by hydrogen bonding
(FTIR/XRD/AFM data), whereas SLNs trap the drug within a solid lipid core (high EE ~81%)
that slows desorption but limits recrystallization. Functionally, the two platforms differ: FA-
MSNs favor higher soluble drug exposure and receptor-mediated uptake for tumor targeting,
while SLNs produce superior barrier permeation and a depot-like, prolonged release (SLN ex
vivo permeation exceeded suspension—e.g., <71.2% vs 42.2% at 8 h). [22]

The HepG2 cell line comparison between the two studies reveals distinct cytotoxic and
mechanistic behaviors of silymarin delivery. In the study, free silibinin exhibited a rapid, dose-
dependent cytotoxic effect on HepG2 cells, with cell viability decreasing sharply even at
moderate concentrations due to direct apoptotic induction, as confirmed by acridine orange/PI
staining and Lactate Dehydrogenase (LDH) leakage. However, in the FA-MSN study,
silymarin-loaded folic acid-functionalized mesoporous silica nanoparticles displayed a more
gradual cytotoxic profile, with a higher ICso (55.75 pg/mL) compared to free silymarin (39.88
ug/mL), suggesting reduced initial toxicity and controlled intracellular release.
Morphologically, HepG2 cells treated with FA-MSNs exhibited gradual apoptosis through
folate receptor-mediated uptake, unlike the direct necrotic—apoptotic transition observed in free
drug exposure. Thus, while silibinin acts as a potent cytotoxic agent causing immediate
apoptosis, FA-MSNs offer prolonged, targeted, and safer anti-hepatocarcinoma activity
through sustained drug delivery and receptor-specific internalization. [24]
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5. CONCLUSION:

The Box—Behnken optimized FA-MSNs demonstrated uniform particle size, enhanced
colloidal stability, high encapsulation efficiency, and receptor-mediated targeting ability. This
formulation effectively overcame the limitations of silymarin’s poor solubility and instability
while enabling controlled release and selective tumor delivery, establishing it as a more
advanced alternative to conventional systems.

ABBREVIATIONS:

SL Silymarin

FA Folic acid

MSNs Mesoporous silica nanoparticles
HCC Hepatocellular carcinoma

FOLRI1 Folate Receptor 1

FTIR Fourier-transform infrared spectroscopy
XRD X-ray diffraction

SEM Scanning electron microscopy
AFM Atomic force microscopy

CTAB Cetyltrimethylammonium bromide
TEOS Tetraethyl orthosilicate

BBD Box Behnken design

pH Potential of Hydrogen

ng Microgram

g Gram

ml Milliliter

mg Milligram

IC Inhibitory Concentration

HepG2 Human liver cancer cell

PDI Poly dispersity index

Uv Ultra violet
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