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Abstract

Silymarin is the natural bioactive component of milk thistle plant, Silybum marianum (L.) Gaertn
with several health effects and valuable therapeutic properties. As a hepatoprotective drug, its
biological applications are restricted because of its poor solubility in agueous environments. This
paper presents a study to develop a Silymarin-loaded silica nanoparticle system with enhanced
bioavailability and water solubility. Synthesized silica nanoparticles were characterized using XRF,
FTIR, Zeta potential, SEM and AFM. They exhibit a quasi-spherical morphology and the average
particle size was estimated to be approximately 55 nm. Release study of free and loaded Silymarin
in PBS (pH 7.4) and citric acid buffer (pH 5.5) shows enable slow and controlled release of Silymarin.
Furthermore, the cellular toxicity was assessed using the MTT method by studying the cell survival
rates of MCF-7, Hep-G, and fibroblast cells. The results showed that Silymarin loaded on silica
nanoparticles, compared to free silymarin, could more effectively reduce the activity and growth of
Hep-G2 and MCF-7 cells even at lower concentrations of Silymarin.
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1. Introduction

the volume of cavities and high porosity, various
biological substances can be accommodated within these
cavities [4]. Pursuing innovative drug delivery systems,

Creating and developing controlled drug delivery systems
has ushered in substantial drug administration and
permeability progress, leading to notable strides in disease
treatment [1, 2]. Silica nanoparticles have gained attention
due to their compatibility and ease of drug formulation
[3]. Their high surface-to-volume ratio, high reactivity,
structural stability, regular channels, and non-toxic nature
make them a versatile platform for drug loading. Given

focusing on controlled and enhanced drug delivery and
permeability, has ushered in remarkable progress in
disease treatment [5]. Rice husk is a notable source of
silica production, boasting a higher silica content than
other agricultural residues. The composition of rice husk
includes  approximately = 35%  cellulose, 25%
hemicellulose, 20% lignin, and 17% ash [6].
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Silica nanoparticles can be obtained from rice husk
through methods such as sol-gel [7, 8], chemical vapor
deposition  [9], micro-emulsion  processes  [10],
combustion synthesis [11], microwave-assisted methods
[12], and more. Most of these methods are complex and
require significant energy and time for production. Using
thermal decomposition could result to silica nanoparticles
with a purity exceeding 95% from rice husk in an
amorphous state. These nanoparticles possess higher
specific surface area, reactivity, and activity than their
crystalline form [13].

Rice husk can be also used as an economical source
for the production of silica, as it addresses the problems
associated with the disposal of rice bran and the
environmental pollution caused by it [14]. In 2001, Dela
et al. employed various methods to obtain higher levels of
silica from rice husk. The study was conducted at
temperatures ranging from 400 to 700 °C, with time
intervals of 1, 3, and 6 h. The results indicated that a
temperature of 700 °C over 6 h produced 95% silica
powder. This research demonstrated that the initial
washing of rice husk with one of the solvents (HCI, HNOs,
H2SO0., NaOH, or NaOH4) prior to thermal treatment
within the temperature range of 500 to 1400 °C, with
varying time intervals, could be effective in removing
more metal impurities and producing completely white
ash from silica [15].

In another study, Real et al. confirmed that by burning
rice bran at 600 °C under atmospheric condition and
washing it with acid, silica powder with 99.9% purity was
obtained [16]. Alshatwi et al. conducted a research study
in 2015, where SiO2 nanoparticle were achieved by
burning rice husk and pre-treating with hydrochloric acid
(HCI) at temperatures of 500, 600, and 700 °C.

The biocompatibility of the produced nanoparticles
was examined using toxicity analysis on normal fibroblast
cells. The results showed that these nanoparticles were
biocompatible and could be a suitable alternative to
synthetic SiO2 nanoparticle in the food and
pharmaceutical industries [17].

Silymarin has gained significant attention in treating
various diseases, such as liver diseases, cardiovascular
conditions, diabetes, kidney disorders, pasoriasis, various
types of cancers, and chemotherapy due to its antioxidant
properties and high bioavailability [18].

The chemical formula of Silymarin is (C2sH22010) [19],
and it is found in the extract of seeds of milk thistle plant.
The dry seed extract of this plant contains 1% to 4%
Silymarin, which includes flavonoids such as silybin A
and B (33.4%), silydianin (3.5%), silychristin (12.9%),
and isosilybin (8.35%) [20, 21].

Silybin is the most crucial compound in Silymarin (80-
70%), known for its unique antioxidant properties, and
recognizes as a liver protector [19, 22, 23]. Due to the low
solubility of Silymarin in agueous environments, its use is
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limited, and typically, this drug is loaded onto various
nanocarriers to enhance its solubility [24, 25]. In 2017, Ji-
Soo Lee et al. demonstrated that nanocapsulation of
Silymarin increased its solubility and antibacterial
properties [26].

In 2019, Sara S. Nasr et al., by investigating the
parameters affecting liver function in living organisms,
showed that oral administration of Silymarin loaded onto
mesoporous silica nanoparticles at a dose of 250 mg/kg
significantly outperformed free Silymarin. Over an
extended period, this formulation exhibited no apparent
toxicity and had a notable increase in solubility [27].

Considering the previous studies, this research aims to
enhance Silymarin's bioavailability and solubility, in view
of its extensive application in treating various diseases,
including liver diseases.

Here, thermal decomposition method was chosen to
synthesize silica nanoparticles and load silymarin as a
drug onto the synthesized nanoparticles. Release studies
in buffer phosphate were studied.

In addition, cellular assays were conducted on Hep-Ga,
fibroblasts, and MCF-7 cells. Various analysis, including
XRF, FTIR, AFM, HPLC, SEM, and Zeta potential, were
also performed.

2. Materials and Methods
2.1. Materials

Ethanol (96%), hydrochloric acid (HCI), potassium
hydroxide (KOH), disodium hydrogen phosphate
(Na2HPO4), dihydrogen phosphate (H2PO4), sodium
dihydrogen phosphate dihydrate (NaH2PO4.2H20), rice
husk, Silymarin 98% (S0292-Sigma, Aldrich), Hep-G2
cells, MCF-7 fibroblasts, dialysis bag, diethyl ether, and
tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT).

2.2. Synthesis of silica nanoparticles by thermal
decomposition method

For doing experiments, 110 g of rice husk obtained from
rice huller factory in Mazandaran, located in Amol city,
were initially washed, dried at room temperature, and then
mixed with 12N hydrochloric acid (46 mL) and deionized
water (505 mL) for 30 min.

Subsequently, the mixture was placed in an autoclave
at 121°C for 45 min. After autoclaving, the mixture was
repeatedly washed with distilled water until it reached a
neutral pH. After this step, the mixture was left in the oven
at 50°C for 24 h.

The dried rice husk were then subjected to thermal
decomposition in a muffle furnace at 700°C for 1 h to
convert into silica [15, 28, 29]. Fig. la shows the
schematic procedure for synthesize of silica nanoparticles.
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Figure 1. Schematic representation of (a) Synthesis of silicananoparticle by thermal decomposition and (b) Silymarin loading onto synthesized silica
nanoparticle

2.3. Loading Silymarin onto synthesized silica
nanopatrticles

The process of loading Silymarin onto synthesized silica
nanoparticles, as depicted in Fig. 1b, is outlined in this
section. Silica nanoparticles synthesized in different
weight percentages were employed as carrier to achieve
optimal physicochemical properties for Silymarin drug at
various concentrations inside glass vials. Subsequently,
these silica carriers were placed on a stirrer for 24 h at
room temperature to allow adsorption process.

After the specified time had elapsed, the resulting
suspension was transferred to appropriate Falcon tubes
and centrifuged at 18,000 rpm for 5 min at refrigerated
condition (4°C). The supernatant (clear solution) was
separated from the obtained sediment, and the
centrifugation process was repeated three times under the
previous conditions.

Finally, the clear solution was transferred to a
spectrophotometer to determine the specific adsorption
value. The determination of drug loading percentage and
encapsulation efficiency was conducted utilizing the
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subsequent mathematical formulation [30, 31]. Egs. (1)
and (2) determined Silymarin loading and entrapment.

Drug loading
_ weight of Silymarin in silica nanoparticle

(1

~ weight of Silymarin + silica nanoparticle
x 100

Encapsulation efficiency
_ Weight of Silymarin in silica nanoparticle 2)
B Weight of initial Silymarin

x 100

2.4. Silymarin release in phosphate buffer at various
pH

To investigate the pattern of Silymarin release, drug
release tests were conducted at 1, 2, 3, 4, 24, 48, 72, and
96 h at a temperature of 37°C. Silymarin release from the
synthesized silica nanoparticle under in vitro conditions
was examined using the dialysis bag method. In brief, 5
mg of silica nanoparticles loaded with Silymarin was
enclosed within a dialysis bag (Molecular weight cutoff
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(Mw): 14 kDa) and wholly immersed in 40 mL of
phosphate-buffered saline (PBS, pH 7.4).

Subsequently, 2 mL of the solution outside of the
dialysis bag was withdrawn as a sample at scheduled time
points, and 2 mL of fresh PBS was added. The release
studies were repeated three times. All the above-
mentioned procedures were also investigated in PBS with
a pH of 5.5 to evaluate the drug's sensitivity to pH.

As a control, the release of free Silymarin in PBS with
pH of 7.4 and 5.5 was evaluated using the same method.
The quantity of Silymarin in the samples was determined
at a wavelength of 275 nm using a UV spectrophotometer.
The release percentages of Silymarin were calculated as
below [32].

weight of Silymarin(mg)

Rel %) = 1
elease(%) Total weight of Silymarin (mg) * 100

The fractional weight of released Silymarin at a specific
time, "t," and the denominator, which is the fractional
amount of total Silymarin present in the dialysis bag
before the onset of release, are calculated.

2.5. Evaluation of cellular toxicity on living cell lines
of Hep-G., fibroblasts, and MCF-7

MCF-7, Hep-G:, and fibroblast cells were cultured in
RPMI medium containing 10% heat-inactivated fetal
bovine serum (FBS), 100 U/mL penicillin, and 100 pg/mL
streptomycin at 37°C with 5% CO.. The cells were
passaged three times a week, and their purity and growth
rate were regularly examined.

For the MTT assay, cells were seeded in 96-well
plates. The impact of synthesized silica nanoparticles and
released drugs on living cells was evaluated using the
MTT method. MCF-7 and Hep-G: cells were used as
cancer cells, while fibroblasts served as normal cells.
Silymarin was employed as the free drug, and synthesized
silica nanoparticles without drug and drug-loaded
nanoparticles were examined to assess cellular toxicity
[33].

At the end of the incubation period, 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium  bromide
(MTT) was added to each well at a concentration of 0.5
mg/mL, and incubation continued for 4 h. Living cells
with functional mitochondria can convert MTT to
formazan.

After removing the supernatant from each well, a
specific amount of dimethyl sulfoxide (DMSO) was
added. Plates were further incubated for 10 minutes, and
their absorbance was measured using a microplate reader.
The number of living cells was calculated using following
equation [34].

mean OD of treated cells

o N
Cell Viability % mean OD of control cells 100
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2.6. Investigation of influential parameters on drug
loading performance on silica nanoparticles

In order to create optimal conditions and enhance
efficiency in the loading process while preventing drug
and synthesized nanoparticle loss, the influential
parameters affecting adsorption were examined, which
are detailed below.

2.6.1. Effect of the weight ratio of Silymarin/silica
nanoparticle

Initially, 5 mg of Silymarin was dissolved as the solvent
in 100 mL of ethanol. Subsequently, various weight ratios
of Silymarin/silica nanoparticles were placed on a stirrer
at a temperature of 25°C.

Then, the suspension of each sample was centrifuged
at 18,000 rpm for 5 minutes at refrigerator temperature.
The clear supernatant solutions were transferred to a UV
device for absorbance measurement. The percentage of
encapsulation and loading for each sample was calculated
and reported.

2.6.2. Optimal concentration of Silymarin

After determining the optimal weight ratio of
Silymarin/silica nanoparticle, various concentrations of
the Silymarin and solvent were prepared. Subsequently,
using the mentioned method and calculating
encapsulation and drug loading, the optimal concentration
of Silymarin was selected for further analysis.

2.7. Characterization of silica nanoparticles

X-ray Fluorescence analysis (XRF) was employed as the
analytical method to ascertain the composition of
elements and metal oxides within the synthesized silica
nanoparticles. Fourier Transform Infrared Spectroscopy
(FTIR) was conducted utilizing the WQF-510A model,
China to study functional groups within the synthesized
silica and the combination of silica and Silymarin. The
analytical spectrum encompassed the range of 400-4000
cm™. Using SEM analysis (QUANTA 200 made by FEI
company, USA), the morphology of the samples was
examined. The size and zeta potential of synthesized
nanoparticles were also assessed using DLS (Dynamic
Light Scattering).

To delve into the size distribution of nanoparticles,
Atomic Force Microscopy (AFM) was harnessed as the
investigative tool. A diluted nanoparticle solution, with a
concentration of 1000 mg/L, was meticulously prepared
in methanol, serving as the solvent of choice.
Subsequently, several drops of the resulting suspension
were meticulously deposited onto a glass slide and
desiccated under ambient air conditions.
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Table 1. Effect of weight ratio of Silymarin/silica nanoparticle on
encapsulation efficiency and drug loading percentage

Silymarin/silica %EE %DL
nanoparticle (w/w)

1/2 36.405 18.20
1/5 40.405 8.08
1/10 44.6036 4.46
1/20 43.302 2.17
1/100 45.378 0.071

EE= Encapsulation efficiency, DL= Drug loading

Table 2. Effect of Silymarin weight on encapsulation efficiency and
drug loading percentage

Silymarin/silica EE% DL %
nanoparticle (w/w)

1/10 44.60+4.62 4.60+0.26
2/10 75.63+4.83 15.30+0.55
3/10 88.32+3.60 26.86+0.62
4/10 83.02+3.41 32.32+0.78
5/10 71.44+2.43 37.16+0.70

EE= Encapsulation efficiency, DL= Drug loading

After that, the AFM apparatus was employed to
generate a graphical representation of the particle size
distribution.

The quantification of Silymarin was carried out by
utilizing High-Performance Liquid Chromatography
(HPLC). The instrumental setup featured a C18 column
measuring 4.6 x 250 mm, a pre-column, a pumping
system, and a UV detector.

The mobile phase employed was a mixture of
acetonitrile and water in a 90:10 ratio, with a flow rate set
at 1.5 mL/min. The column temperature was meticulously
maintained at 30°C, and a sample injection volume of 20
pL was judiciously chosen.

The initial step involved the construction of a standard
curve for Silymarin, with concentrations spanning 2.5, 5,
10, and 20 ppm. The resulting standard curve was
subsequently employed to determine the correlation
coefficient (R2). Following this, the injection of the
sample into the HPLC system was performed, enabling
the quantification of Silymarin concentration through the
calculation of the area under the curve concerning the
established standard curve, thereby facilitating the
determination of Silymarin concentration within the
unknown sample.

3. Results and Discussion

The successful synthesis and appropriate performance of
a drug nanocarrier depend on various factors, such as the
proper structure of the nanocarrier, particle morphology,
size, zeta potential ({), encapsulation efficiency (%EE),
drug loading percentage (%DL), controlled release, and
particle toxicity. Accurate evaluation of these factors will
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significantly contribute to a proper understanding of the
performance of the synthesized nanocarrier.

3.1. Effect of weight ratio of Silymarin/silica
nanoparticle on encapsulation efficiency (%EE) and
drug loading percentage (%DL)

The effect of weight ratio of Silymarin/silica nanoparticle
with constant weight of Silymarin on encapsulation
efficiency and drug loading percentage is shown in Table
1. The results show that the encapsulation percentage was
increased by increasing the weight ratio of
Silymarin/silica nanoparticle from 1/2 to 1/10 in constant
weight of Silymarin. This may happen because the less
amount of Silymarin is wasted and Silymarin has a greater
chance of being trapped.

Then, the percentage of encapsulation has been
decreased. However, upper than the weight ratio of
Silymarin/silica nanoparticle of 1/10, since the Silymarin
weight is constant, encapsulation efficiency was
decreased. At the weight ratio of 1/10, the encapsulation
efficiency and Silymarin loading were obtained to be
44.60% and 4.46%, respectively.

3.2. The effect of Silymarin weight on encapsulation
efficiency (%EE) and drug loading percentage
(%DL)

After obtaining the optimal weight ratio, the effect of
increasing the amount of silymarin drug on encapsulation
efficiency and loading percentage was investigated. The
results are reported in Table 2. The highest encapsulation
efficiency corresponds to the ratio of 3/10 was equal to
88.32%. The drug loading percentage for this ratio was
calculated to be 26.86%. Beyond the point of 3/10, the
encapsulation efficiency has decreased, which can be
attributed to the saturation of silica nanoparticle.

These results were used for the subsequent steps of the
experiments.

3.3. Characterization of silica nanoparticles

Weight percentage (%) of elements and metal oxides for
synthesized silica nanoparticles is as below:

Na.O, 0.91; MgO, 0.69, A|203,1.39; SiOz, 95.48; P,0s,
0.48; Cl, 0.47; K0, 0.1; CaO, 0.14; Fe,0O3, 0.14.

As seen, weight percentage of sio, was obtained
95.48%. The synthesized silica nanoparticles was used for
further in-depth investigation. The morphology and size
distribution of synthesized nanoparticles, assessed using
AFM, are depicted in Fig. 2.

The synthesized nanoparticles exhibit a quasi-
spherical morphology. The size of nanoparticles evaluated
through atomic force microscopy was predominantly
reported in the 47-50 nm range, whereas the size of
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Silymarin-loaded nanoparticles fell within the 50-57 nm
range. Particle size, surface charge, surface modifications,
hydrophobicity, and more factors influence the targeting
of nanoparticles.

Among these factors, particle size and size distribution
are significant in determining the interaction of
nanoparticles with cellular membranes and drug
penetration through various biological barriers related to
tissues, target cells, and the bloodstream circulation
system. Additionally, for the detection and removal of
nanoparticles by macrophages, the size of nanoparticles is
the first and most critical parameter under investigation.
The surface charge of particles is another crucial factor
influencing the delivery and release of loaded therapeutic
agents within nanoparticles. These factors depend on
various aspects, including particle aggregation and
formation in the bloodstream, interaction with
membranes, blood circulation patterns, lifespan, and
elimination by the body's immune system. Surface charge,
often measured as zeta potential, is an essential indicator
of nanocarrier stability.

Fig. 3 presents the size and surface charge of
nanoparticles. According to the DLS, the average size of
nanoparticles was approximately 40.7 nm, with the largest
size being around 44.07 nm. A zeta potential of -27.2 mV
was also reported. Based on conducted studies, the surface
charge of silica falls within the range of -20 to -30 mV
[35]. The size and zeta potential of Silymarin-loaded silica

Topography - Scan forward

Topography - Scan forward

Line 8t 1510m

Polyromilt 11.7nm

nm

(2)

nm

(b)

nanoparticle were more significant, with a size of
approximately 50.9 nm.

The zeta potential of Silymarin-loaded silica
nanoparticle was reported as -23.5 mV. This can suggest
the potential for an extended circulation time of
nanocarriers within the body. Using SEM, the average
size of the synthesized silica nanoparticles was calculated
to be approximately 42 nm, confirming their nanoscale
nature, as depicted in Fig. 4a.

These particles exhibited a perfectly spherical shape
and a uniform distribution. In Fig. 4b, SEM images of the
Silymarin-loaded silica nanoparticles is presented. The
average particle size was estimated to be approximately
55 nm. This increase in size can be attributed to the
entrapment of Silymarin within the silica matrix, resulting
in successful loading. Quantitative analysis of loaded
Silymarin was performed using HPLC.

Fig. 5 a and b represent the HPLC chromatograms of
standard Silymarin (10 ppm) and loaded Silymarin after
purification using the described method. To determine the
purity of Silymarin, a 10-ppm sample was prepared and
injected into HPLC, comparing the results with a 10-ppm
standard Silymarin sample. Silymarin purity was
determined as below:

Silymarin purity (%)
_ The value obtained by HPLC (ppm)
h 10 ppm

g ¥ 8838 3§ 8 8 °

R 8 8 5 8 ¥ 8 B ="

673
27

Figure 2. Morphology and size of (a) silica nanoparticles and (b) Silymarin-loaded silica nanoparticles using AFM
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Figure 5. HPLC chromatograms of a) standard Silymarin (10 ppm) and b) Silymarin in the suspension (10 ppm)
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Figure 6. FTIR spectra of the synthesized silica nanoparticles, Silymarin-loaded nanoparticles and Silymarin

FTIR analysis was performed to determine the types
of bonds present in the synthesized silica nanoparticles.
Fig. 6 displays the FTIR spectra of the synthesized silica
nanoparticles, Silymarin-loaded silica nanoparticles and
Silymarin. In the spectrum shown in Fig. 6, the prominent
peaks for silica are observed at 3527 cm™, 1095 em™, and
469 cm™, corresponding to the asymmetric stretching
bond O-Si-O and the bending bond O-Si, respectively [36,
37].

The prominent peaks for Silymarin are observed at
3402 cm™ and 1636 cm™!, as well as 1100 cm™ and 459
cm, representing the bonds O-H and C=C, respectively.
Finally, the peaks attributed to Silymarin-loaded silica
nanoparticles are shown at 3429cm™, 1647 cm™, 1100
cm™!, and 1648 cm™. As evident in the FT-IR result, the
ketone peak in the loading section is observed, and the
intensity of the -OH peak in the 3429 cm™ range has
decreased. This reduction can be relied upon as evidence
of loading [38].

3.4. Release of free and loaded Silymarin

Release profiles of free and loaded Silymarin in PBS (pH
7.4) and citric acid buffer (pH 5.5) are presented in Fig. 7.

4.910.57647/ijic.2026.1701.06

They show that silica nanoparticles enable slow and
controlled drug release.

As observed, the release of free Silymarin is faster at
pH 5.5 compared to pH 7.4, fully released within 4 h at
pH 5.5 and taking 24 h at pH 7.4. These conditions hold
for the Silymarin-loaded release as well. Silymarin loaded
at pH 5.5 is fully released within 96 h, while at pH 7.4, it
takes 120 h. In 2020, Maryam Montazeri et al. studied the
Econazole release loaded in silica nanoparticles in the skin
[39]. The results demonstrated an initial drug release of
80% within the first 8 h, followed by a continuous release
over the next 24 h.

3.5. Toxicity study of synthesized silica nanoparticle
using the MTT method

The cellular toxicity was assessed under laboratory
conditions using the MTT method. For this purpose, four
groups were selected: 1. Free Silymarin, 2. Silica
nanoparticle, 3. Silymarin-loaded silica nanoparticle, and
4. Control. MCF-7 and Hep-G: cells were used as cancer
cells, and fibroblast cells were used as normal cells. These
cells were exposed to various concentrations of the
studied groups for 24 and 48 h.
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Figure 8. Cellular toxicity of the selected groups on (a) MCF-7,

The cell survival rates of MCF-7, Hep-G2, and
fibroblast cells are shown in Figs. 8 (a-c), respectively. In
a study conducted by Aghapour et al. (2018), the effect of
curcumin loading on silica nanoparticles on MCF-7

@10.57647/ijic.2026.1701.06

(b) Hep-G2 and (c) fibroblast cell line at 24 and 48 h

cancer cells were investigated [28]. Size of the
synthesized silica nanoparticles using the thermal
decomposition method was approximately 82 nm. MTT
and apoptosis tests on MCF-7 cells were performed by
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comparing curcumin and curcumin loaded on silica
nanoparticles at different concentrations (1-100 uM). The
results showed that curcumin loaded on silica
nanoparticles, compared to free curcumin, could more
effectively reduce the activity, growth, and proliferation
of breast cancer cells and induce apoptosis even at lower
concentrations of curcumin [28].

4. Conclusion

This study represents the synthesis of silica nanoparticles
from rice husk for controlled release of a poorly soluble
Silymarin in order to develop its bioavailability. The
prepared nanocarrier showed a quasi-spherical
morphology and average particle size of approximately 55
nm. The in vitro release profiles of both free Silymarin
and Silymarin-loaded silica nanoparticles reveal slow and
controlled release of Silymarin. MTT assay shows
reducing toxicity by encapsulation of Silymarin using
silica nanoparticles. We believe our primary work would
promote further study in clinical and in vivo research.
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