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ABSTRACT

Background: Silibinin exhibits diverse pharmacological activities but suffers from poor aqueous solubility
and limited oral bioavailability.

Methods: In this study, silibinin-loaded biopolymeric nanoparticles were developed using chitosan and
sodium alginate through ionic gelation. A Quality by Design approach employing Box—Behnken Design was
applied to optimise formulation variables. Nanoparticles were evaluated for physicochemical properties,
solid-state characteristics, in vitro release behaviour, release kinetics, and stability.

Results: The optimised formulation demonstrated nanoscale particle size with narrow distribution, high
entrapment efficiency, and positive zeta potential, indicating good stability. Solid-state analysis confirmed
amorphisation of silibinin within the polymeric matrix. The nanoparticles exhibited pH-responsive, sustained
drug release and followed anomalous release kinetics. Stability studies showed minimal changes in critical
quality attributes under refrigerated and accelerated conditions.

Conclusion: The developed biopolymer-based nanoparticulate system effectively enhanced the delivery
characteristics of silibinin and represents a promising strategy for improving its oral bioavailability.
Keywords: Silibinin; Biopolymeric nanoparticles; Oral drug delivery; Box—Behnken Design; Release
kinetics; Bioavailability enhancement
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1. INTRODUCTION

Silibinin, the principal bioactive flavonolignan
isolated from Silybum marianum (milk thistle), has
attracted substantial scientific and clinical interest
owing to its broad spectrum of pharmacological
activities. Traditionally used for the management of
hepatic disorders, silibinin has been extensively
reported to exert hepatoprotective, antioxidant, anti-
inflammatory, antifibrotic, and anticancer effects. Its
mechanisms of action include free radical
scavenging, modulation of inflammatory signalling
pathways, stabilisation of cellular membranes, and
regulation of apoptotic and proliferative processes.
Owing to these multifaceted biological properties,
silibinin has been investigated not only in liver-
related ailments such as cirrhosis, hepatitis, and
drug-induced hepatotoxicity, but also in metabolic
disorders, cardiovascular diseases, and various
malignancies (Davatgaran-Taghipour et al., 2017;
Patel et al., 2022; Song et al., 2017).

Despite its promising therapeutic profile, the clinical
translation of silibinin via the oral route has remained
suboptimal. One of the major challenges associated
with silibinin therapy is its extremely poor aqueous
solubility, which results in limited dissolution in
gastrointestinal ~ fluids.  Additionally, silibinin
undergoes extensive first-pass metabolism and
exhibits low intestinal permeability, leading to poor
and variable oral bioavailability. Reports indicate
that only a small fraction of orally administered
silibinin reaches systemic circulation in its active
form, thereby necessitating higher doses or
prolonged administration, which may compromise
patient compliance and therapeutic outcomes
(Davatgaran-Taghipour et al., 2017; Drozdzynski et
al., 2024; Khalifa et al., 2022; Patel et al., 2022; Song
et al., 2017; Zare Mehrjerdi et al., 2024).
Conventional oral dosage forms such as tablets,
capsules, and suspensions have failed to adequately
address these biopharmaceutical limitations.
Although  formulation  strategies  including
complexation with phospholipids, solid dispersions,
cyclodextrin inclusion complexes, and lipid-based
delivery systems have been explored, these
approaches often suffer from inherent drawbacks.
Issues such as physical and chemical instability,
limited drug loading, burst release, manufacturing
complexity, and scalability challenges restrict their
widespread  application.  Furthermore, many

conventional systems do not provide adequate
protection of silibinin in the harsh gastric
environment, nor do they offer controlled or site-
specific release in the intestine, where absorption is
more favourable (Drozdzynski et al., 2024; Khalifa
et al., 2022; Zare Mehrjerdi et al., 2024).

In recent years, nanotechnology-based drug delivery
systems have emerged as a powerful and versatile
platform for improving the oral delivery of poorly
soluble and poorly  bioavailable  drugs.
Nanoparticles, by virtue of their small size and high
surface area, can enhance apparent solubility,
improve dissolution rate, and facilitate intimate
contact with the intestinal epithelium. Additionally,
nanoparticulate carriers can modulate drug release
kinetics, protect drugs from enzymatic degradation,
and potentially bypass efflux transporters such as P-
glycoprotein,  thereby  enhancing  intestinal
absorption (Baldissera et al., 2016; Calixto et al.,
2016; Jackman et al., 2016).

Among various nanocarrier systems, biopolymer-
based nanoparticles have gained particular attention
due to their inherent advantages of biocompatibility,
biodegradability, low toxicity, and regulatory
acceptability. Natural polymers such as chitosan and
sodium alginate are especially attractive for oral drug

delivery  applications.  Chitosan, a cationic
polysaccharide derived from chitin, exhibits
mucoadhesive properties and the ability to

transiently open tight junctions in the intestinal
epithelium, which can enhance paracellular transport
of encapsulated drugs. Sodium alginate, an anionic
polysaccharide obtained from brown seaweed, is
known for its gel-forming ability in the presence of
divalent cations and its pH-sensitive behaviour,
making it suitable for protecting drugs in acidic
gastric conditions and promoting release in the
intestinal environment (Baldissera et al., 2016;
Calixto et al., 2016; Jackman et al., 2016).

The combination of chitosan and sodium alginate in
nanoparticulate ~ systems  offers  synergistic
advantages, as electrostatic interactions between the
oppositely charged polymers facilitate the formation
of stable nanoparticles with tunable physicochemical
properties. Such systems can be engineered to
achieve high drug entrapment efficiency, controlled
release profiles, and enhanced stability, making them
particularly  suitable for oral delivery of
phytoconstituents like silibinin. However, the
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successful development of such nanoparticulate
systems requires careful optimisation of formulation
and process variables to ensure reproducibility and
consistent product quality (Agnihotri et al., 2004; He
et al., 1999; Santo et al., 2012; Thakkar et al., 2016;
Wang et al., 2016).

Quality by Design (QbD) has emerged as a
scientifically sound and regulatory-endorsed
framework  for  systematic  pharmaceutical
development. By emphasising predefined objectives,
risk assessment, and process understanding, QbD
enables rational optimisation of formulations while
minimising trial-and-error experimentation. The
application of statistical experimental designs, such
as Box—Behnken Design, within a QbD framework
allows for efficient exploration of the formulation
design space and identification of critical material
attributes and process parameters that influence
product performance (Beg et al., 2019; Beg et al.,
2018; Singh et al., 2016).

In this context, the present study was designed to
develop and optimise a biopolymer-based
nanoparticulate delivery system for silibinin using
chitosan and sodium alginate, with the overarching
aim of enhancing its oral delivery performance. A
QbD-driven Box—Behnken Design was employed to
systematically investigate the influence of
formulation variables on critical quality attributes
such as particle size, entrapment efficiency, and drug
release behaviour (Beg et al., 2019; Beg et al., 2018;
Singh et al., 2016). Comprehensive physicochemical
characterisation, in vitro release studies, kinetic
modelling, and stability evaluation were undertaken
to establish a robust and reproducible
nanoparticulate system. Through this approach, the
study sought to provide a rational formulation

strategy capable of overcoming the
biopharmaceutical challenges associated with
silibinin and to contribute to the broader

development of effective oral delivery platforms for
poorly soluble phytoconstituents.

2. MATERIAL AND METHODS

2.1 Materials

Silibinin (>98% purity) was procured from Sigma-
Aldrich (St. Louis, MO, USA). Chitosan (medium
molecular weight, degree of deacetylation 80-85%)
and sodium alginate were obtained from HiMedia
Laboratories (Mumbai, India). Polyvinyl alcohol
(PVA, Mw 30,000-70,000), calcium chloride
dihydrate, acetic acid (glacial), ethanol, methanol,
and other analytical-grade reagents were purchased
from Merck Life Science Pvt. Ltd. (India). Double-

distilled water was used throughout the experimental
work. All materials were used as received without
further purification.

2.2 Experimental Design and Quality by Design
(QbD) Framework

A Quality by Design (QbD) approach was employed
to systematically develop and optimise silibinin-
loaded biopolymeric nanoparticles intended for oral
delivery. The Quality Target Product Profile (QTPP)
was defined with the aim of achieving nanoscale
particle size (<250 nm), narrow size distribution
(PDI <0.3), high drug entrapment efficiency (>75%),
sustained release over 24 hours, and improved oral
bioavailability. Based on preliminary risk
assessment using Ishikawa diagrams and prior
literature, chitosan concentration (Xi), sodium
alginate concentration (X2), and cross-linker
concentration (calcium chloride, Xs) were identified
as Critical Material Attributes (CMAs). Particle size
(Y1), entrapment efficiency (Y2), and cumulative
drug release at 12 hours (Y3) were selected as Critical
Quality Attributes (CQAs) (Beg et al., 2019; Beg et
al., 2018; Singh et al., 2016). A three-factor, three-
level Box—Behnken Design (BBD) comprising 17
experimental runs, including five centre points, was
generated using Design-Expert® software (Version
13, Stat-Ease Inc., USA). Independent variables
were studied at low (—1), medium (0), and high (+1)
levels. Polynomial equations were generated to
understand factor-response relationships and to
predict the optimised formulation (Beg et al., 2019;
Beg et al., 2018; Singh et al., 2016).

2.3 Preparation of Silibinin-Loaded Biopolymeric
Nanoparticles

Silibinin-loaded nanoparticles were prepared using a
modified ionic gelation technique. Chitosan was
dissolved in 1% (v/v) acetic acid solution under
continuous magnetic stirring until a clear solution
was obtained. Sodium alginate was dissolved
separately in distilled water. Silibinin was dissolved
in a minimal volume of ethanol and added dropwise
to the chitosan solution under constant stirring at 800
rpm. The alginate solution containing calcium
chloride was then added slowly to the chitosan—
silibinin mixture to induce nanoparticle formation
through electrostatic interaction between the
positively charged amino groups of chitosan and
negatively charged carboxyl groups of alginate. The
dispersion was stirred for 60 minutes and
subsequently subjected to probe sonication (Sonics
Vibra-Cell, USA) at 40% amplitude for 5 minutes
with intermittent cooling to reduce particle size. The
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resulting nanoparticles were centrifuged at 15,000
rpm for 30 minutes at 4 °C, washed twice with
distilled water to remove unentrapped drug, and
lyophilised using a freeze dryer (Labconco, USA) for
further characterisation (Ali & Lamprecht, 2017
Campos et al., 2015; Gomes et al., 2017; Joseph &
Saha, 2017; Kahraman et al., 2017; Sgorla et al.,
2016; Soppimath et al., 2001).

2.4 Particle Size, Polydispersity Index, and Zeta
Potential Analysis

The mean particle size, polydispersity index (PDI),
and zeta potential of silibinin-loaded nanoparticles
were determined by dynamic light scattering using a
Malvern  Zetasizer Nano ZS90 (Malvern
Instruments, UK). Samples were diluted
appropriately with distilled water prior to analysis to
avoid multiple scattering effects. Measurements
were performed at 25 °C with a scattering angle of
173°. All analyses were conducted in triplicate and
expressed as mean =+ standard deviation (Guilherme
etal., 2017; Hu et al., 2017; Javid et al., 2017; Jiang
etal., 2017).

2.5 Determination of Entrapment Efficiency and
Drug Loading

Entrapment efficiency (EE%) was determined by
measuring the amount of free silibinin present in the
supernatant after centrifugation. The supernatant was
analysed spectrophotometrically at 288 nm using a
UV-Visible spectrophotometer (Shimadzu UV-
1800, Japan). Drug loading (DL%) was calculated
based on the total weight of nanoparticles obtained.
Entrapment efficiency and drug loading were
calculated using standard equations and expressed as
mean £ SD (Guilherme et al., 2017; Hu et al., 2017;
Javid et al., 2017; Jiang et al., 2017).

2.6 Fourier Transform Infrared
Spectroscopy

FTIR spectroscopy was performed to assess drug—
polymer compatibility and to identify possible
chemical interactions. FTIR spectra of pure silibinin,
chitosan, sodium alginate, physical mixtures, and
optimised nanoparticles were recorded using an
FTIR spectrometer (Bruker Alpha I, Germany) over
the range of 4000400 cm™ using the KBr pellet
method.

2.7 Differential Scanning Calorimetry (DSC)
Thermal behaviour of silibinin and nanoparticle
formulations was evaluated using differential
scanning calorimetry (DSC 214 Polyma, NETZSCH,
Germany). Samples (5-10 mg) were sealed in
aluminium pans and heated from 30 to 300 °C at a
heating rate of 10 °C/min under nitrogen atmosphere.

(FTIR)

2.8 Surface Morphology Analysis

The surface morphology of optimised silibinin
nanoparticles was examined using scanning electron
microscopy (SEM). Lyophilised samples were
mounted on aluminium stubs using double-sided
adhesive tape, sputter-coated with gold, and
observed under SEM (JEOL JSM-7610F, Japan) at
appropriate accelerating voltage (Guilherme et al.,
2017; Hu et al., 2017; Javid et al., 2017; Jiang et al.,
2017).

2.9 In Vitro Drug Release Study

In vitro release of silibinin from nanoparticles was
evaluated using a dialysis bag diffusion method.
Release studies were performed sequentially in
simulated gastric fluid (pH 1.2) for 2 hours followed
by simulated intestinal fluid (pH 6.8) for up to 24
hours at 37 + 0.5 °C. Samples were withdrawn at
predetermined intervals and analysed
spectrophotometrically. Fresh medium was replaced
to maintain sink conditions (Guilherme et al., 2017;
Huetal., 2017; Javid et al., 2017; Jiang et al., 2017).
2.10 Drug Release Kinetic Modelling

Release data were fitted to zero-order, first-order,
Higuchi, and Korsmeyer—Peppas kinetic models to
elucidate the mechanism of drug release. Regression
coefficients (R?) and release exponent (n) values
were calculated.

2.11 In Vitro Stability Studies

Stability studies of the optimised nanoparticle
formulation were conducted as per ICH guidelines at
4+2°Cand40+2 °C/75 + 5% RH for three months.
Samples were evaluated periodically for particle
size, entrapment efficiency, and drug content
(Guilherme et al., 2017; Hu et al., 2017; Javid et al.,
2017; Jiang et al., 2017).

2.12 Statistical Analysis

All experimental data were expressed as mean +
standard deviation. Design-Expert® software was
used for DoE analysis and optimisation, while
GraphPad Prism (Version 9.0) was used for
graphical representation. Statistical significance was
assessed at a confidence level of 95%.

3. RESULTS

31 Optimisation of Silibinin-Loaded
Biopolymeric Nanoparticles Using Box—Behnken
Design

The Box—Behnken Design successfully generated 17
experimental runs exploring the combined influence
of chitosan concentration (Xi), sodium alginate
concentration  (X2), and calcium chloride
concentration (Xs) on the critical quality attributes of
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the nanoparticles. Considerable variability was
observed across formulations, indicating a strong
dependence of nanoparticle characteristics on
polymeric composition and cross-linking density.
Particle size ranged from 162.4 + 6.1 nm to 298.7 +
9.4 nm, while entrapment efficiency varied between
61.3 +£2.8% and 88.6 + 3.1%. The cumulative drug
release at 12 hours showed values between 46.8 +
2.5% and 72.9 + 3.4%, reflecting modulation of
release behaviour by polymer concentration and
ionic cross-linking.

3.2 Regression Analysis and Model Validation
Polynomial regression analysis revealed that all three
independent ~ variables  exerted  statistically
significant effects on particle size and entrapment
efficiency (p < 0.05). Chitosan concentration
demonstrated a positive effect on particle size and
entrapment efficiency, attributable to increased
viscosity and enhanced polymer—drug interactions.
Conversely, excessive calcium chloride
concentration resulted in larger particle size due to
over-cross-linking and reduced drug diffusion. High
coefficients of determination were observed for all
responses (R?>0.96), confirming good model fitness
and predictive capability.

Table 1. Regression statistics for response variables

Respons | R? Adjust | Predict | Adequa

e ed R? ed R? te
precisio
n

Particle 0.97 | 0.958 0.944 18.6

size 1

Entrapm | 0.96 | 0.953 0.938 17.9

ent 8

efficienc

y

Drug 0.96 | 0.949 0.931 16.8

release at | 3

12h

Figure 1. Response surface plots showing the effect
of chitosan and alginate concentrations on particle
size of silibinin-loaded nanoparticles.
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~
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Figure 2. Response surface plots showing the effect
of chitosan and alginate concentrations on
entrapment efficiency of silibinin-loaded
nanoparticles.

3.3 Characterisation of Optimised Nanoparticle

Formulation

The optimised formulation, predicted by desirability
function (desirability = 0.982), consisted of chitosan
(150 mg), sodium alginate (150 mg), and calcium
chloride (0.1%). The experimental values closely
matched predicted values, validating the
optimisation strategy.

Table 2. Physicochemical characteristics of the

optimised formulation

Parameter Value
Particle size (nm) 168.4+5.6
Polydispersity index 0.224 £ 0.018
Zeta potential (mV) +31.6+24
Entrapment efficiency (%) 87.9+2.7
Drug loading (%) 12.8+0.9

The positive zeta potential indicated strong

electrostatic stabilisation imparted by chitosan,
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which is favourable for oral mucosal interaction and
prolonged gastrointestinal residence.
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Figure 3. Particle size distribution of the optimised
silibinin-loaded nanoparticles.
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Figure 4. Zeta potential profile of the optimised
silibinin-loaded nanoparticles.

3.4 FTIR Analysis
FTIR spectra of pure silibinin showed characteristic
peaks at 3430 cm™ (—OH stretching), 1632 cm™
(C=0O stretching), and 1510 cm™ (aromatic C=C
stretching). These peaks were preserved in the
nanoparticle formulation with slight shifts,
suggesting physical entrapment without chemical
incompatibility.

.Y

% T

FEEERE R

£ w E) e £ [ s
om-l

Figure 5. FTIR spectra of optimised nanoparticles.

3.5 Surface Morphology

SEM images demonstrated that the nanoparticles
were nearly spherical with smooth surfaces and
minimal aggregation. The morphology corroborated
the nanoscale size observed in dynamic light
scattering analysis.

loaded biopolymeric nanoparticles
3.6 In Vitro Drug Release Profile
The in vitro release study revealed minimal silibinin
release in simulated gastric fluid (pH 1.2), with only
12.6 £ 1.4% drug release within the first 2 hours.
Upon transition to intestinal pH (6.8), a sustained
release pattern was observed, reaching 81.3 + 3.2%
over 24 hours.
Table 3. In vitro cumulative release profile of
silibinin-loaded nanoparticles

Time (h) Cumulative release (%)

1 6.4+0.8

2 126+ 1.4

4 249+19

8 423+£25

12 63.7+3.0

24 81.3+3.2
_ 801
§ 701
é 60 q
E 50 1
% 40
E 30
g 201
© 104

0 5 10 15 20 25

Time (h)
Figure 7. Comparative in vitro release profiles of
free silibinin and nanoparticulate formulation.

3.7 Drug Release Kinetics

Release data best fitted the Korsmeyer—Peppas
model (R? = 0.987), with a release exponent (n =
0.61), indicating anomalous (non-Fickian) transport
governed by diffusion and polymer relaxation.
Table 4. Drug release kinetic modelling of optimised
formulation

Model R

Zero-order 0.921
First-order 0.934
Higuchi 0.968
Korsmeyer—Peppas 0.987
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3.8 Stability Studies

Stability studies demonstrated no significant changes
in particle size, entrapment efficiency, or drug
content over three months, confirming formulation
robustness.

Table 5. Stability data of optimised nanoparticles

Parameter Initial | 3 3 months (40
months | °C/75% RH)
“4°0)

Particle size | 168.4 | 171.2 + | 178.6 +6.4

(nm) +56 | 6.0

Entrapment | 87.9+ | 86.5 + | 84.8+3.1

efficiency 2.7 2.9

(%)

Drug content | 98.6 = | 97.9 + | 96.8 +1.6

(%) 1.2 1.4

Stability profile of particle size

751

Particle size (nm)
=
o
o

w
o

25

\nitial

3 morthe 4 EC; nontns (40 7¢/7 5% Rt
Figure 8. Stability profile of silibinin-loaded
nanoparticles under different storage conditions.

4. DISCUSSION

The present investigation systematically
demonstrated the successful development and
optimisation of a biopolymer-based nanoparticulate
delivery system for silibinin with the objective of
overcoming its well-documented limitations related
to poor aqueous solubility, rapid metabolism, and
low oral bioavailability. The application of a Quality
by Design (QbD) framework, coupled with Box—
Behnken Design (BBD), enabled a rational and
statistically robust approach to formulation
development, ensuring reproducibility and enhanced
control over critical quality attributes. The observed
particle size range obtained across experimental runs
confirmed the strong dependence of nanoparticle
dimensions on polymer concentration and cross-
linking density. The reduction in particle size at
intermediate concentrations of chitosan and sodium
alginate may be attributed to optimal electrostatic
interactions between the cationic amino groups of
chitosan and anionic carboxyl groups of alginate,

leading to compact nanoparticle formation. At higher
polymer or calcium chloride concentrations,
increased viscosity and excessive ionic cross-linking
likely promoted particle aggregation, resulting in
larger particle sizes. Similar observations have been
reported for chitosan—alginate nanoparticulate
systems encapsulating poorly soluble flavonoids,
where polymer balance played a decisive role in
controlling nanoparticle morphology and size
distribution.

Entrapment efficiency values exceeding 85% for the
optimised  formulation  indicated  effective
incorporation of silibinin within the polymeric
matrix. The amphiphilic nature of silibinin,
combined with hydrogen bonding and hydrophobic
interactions with chitosan and alginate chains, likely
contributed to enhanced drug retention. The decline
in entrapment efficiency at higher calcium chloride
concentrations suggested that excessive cross-
linking restricted polymer chain flexibility, thereby
limiting drug accommodation during nanoparticle
formation. These findings were consistent with
earlier reports describing the inverse relationship
between cross-linker concentration and drug loading
in ionically gelled nanoparticles. The Box—Behnken
regression analysis revealed high coefficients of
determination (R? > 0.96) for all response variables,
confirming the suitability of the quadratic model for
predicting formulation behaviour. The contour and
three-dimensional response surface plots clearly
identified a well-defined design space, within which
the desired particle size, entrapment efficiency, and
release  characteristics were achieved. The
desirability function approach further validated the
optimisation strategy, as the experimentally
observed responses closely matched predicted
values. Such agreement underscored the robustness
of the QbD-driven optimisation process and
highlighted its suitability for scale-up and regulatory
acceptance.

The positive zeta potential value (+31.6 + 2.4 mV)
observed for the optimised nanoparticles indicated
excellent colloidal stability, primarily due to
electrostatic repulsion between particles. From a
biopharmaceutical perspective, the positive surface
charge imparted by chitosan is particularly
advantageous for oral delivery, as it facilitates
interaction with negatively charged mucosal
surfaces, potentially enhancing intestinal residence
time and drug absorption. Previous studies have
demonstrated that positively charged nanoparticles
exhibit improved mucoadhesion and increased
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paracellular transport through transient opening of
tight junctions, thereby contributing to enhanced oral
bioavailability of encapsulated drugs. FTIR analysis
confirmed the absence of chemical incompatibility
between silibinin and the biopolymers used. The
preservation of characteristic silibinin peaks with
minor shifts suggested physical entrapment rather
than chemical modification, which is desirable for
maintaining drug integrity and therapeutic activity.
The disappearance of the sharp melting endotherm of
silibinin in DSC thermograms further indicated its
conversion from a crystalline to an amorphous or
molecularly  dispersed  state  within  the
nanoparticulate matrix. This transformation is
particularly significant, as amorphisation is known to
enhance dissolution rate and apparent solubility of
poorly water-soluble drugs, thereby improving their
oral absorption.

The surface morphology observed through SEM
analysis revealed spherical nanoparticles with
smooth surfaces and minimal aggregation. Such
morphology is  favourable  for  uniform
gastrointestinal transit and predictable release
behaviour. The absence of surface irregularities or
cracks further supported the integrity of the
polymeric matrix and its ability to sustain drug
release. In vitro release studies demonstrated a
biphasic release pattern characterised by minimal
drug release in simulated gastric fluid followed by
sustained release in intestinal pH conditions. The
limited release observed at pH 1.2 can be attributed
to the protonation of chitosan, which resulted in a
compact polymeric network that restricted drug
diffusion. Upon exposure to pH 6.8, partial
deprotonation and swelling of the polymer matrix
facilitated controlled diffusion of silibinin. This pH-
responsive behaviour is particularly advantageous
for oral delivery, as it protects the drug from gastric
degradation while promoting release in the intestinal
region, where absorption is more favourable.
Kinetic modelling revealed that the release data best
fitted the Korsmeyer—Peppas model, with a release
exponent indicative of anomalous transport. This
suggested that drug release was governed by a
combination of diffusion and polymer relaxation
mechanisms. Such release behaviour is commonly
reported for biopolymer-based nanoparticulate
systems and reflects the dynamic interplay between
matrix swelling, and drug diffusion.
Stability studies conducted under refrigerated and
accelerated conditions demonstrated that the
optimised formulation maintained acceptable

erosion,

particle size, entrapment efficiency, and drug content
over three months. The slight increase in particle size
and marginal reduction in entrapment efficiency
under accelerated conditions were  within
permissible limits and may be attributed to minor
polymer relaxation or moisture-induced changes.
Importantly, the drug content remained above 96%,
confirming the chemical stability of silibinin within
the nanoparticulate matrix. These findings suggested
that the formulation possesses adequate shelf
stability and is suitable for further preclinical and
clinical evaluation. Collectively, the results indicated
that the biopolymer-based nanoparticulate system
effectively addressed the key challenges associated
with oral delivery of silibinin. By enhancing
solubility, controlling

release, and potentially

improving mucosal interaction, the developed
nanoparticles hold promise for improving the
therapeutic efficacy of silibinin in the management
of hepatic disorders, oxidative stress-related
conditions, and other indications where systemic
bioavailability is critical.

5. CONCLUSION

The present study successfully established a robust,
biopolymer-based nanoparticulate delivery system
for silibinin using a systematic Quality by Design
approach. The formulation strategy effectively
addressed the intrinsic challenges associated with
silibinin, particularly its poor aqueous solubility,
limited dissolution rate, and low oral bioavailability.
By employing chitosan and sodium alginate as
complementary  biopolymers and optimising

formulation variables through a Box—Behnken

Design, nanoparticles with desirable
physicochemical and biopharmaceutical attributes
were consistently obtained. The optimised

nanoparticles exhibited nanoscale particle size with
a narrow distribution, high entrapment efficiency,
and a strongly positive zeta potential, indicating
excellent colloidal stability and favourable prospects
for intestinal mucosal interaction. Solid-state
characterisation confirmed the amorphisation of
silibinin within the polymeric matrix without
chemical incompatibility, a transformation that is
critically important for enhancing dissolution
behaviour. The in vitro release studies demonstrated
a pH-dependent, sustained release profile, with
minimal drug loss under gastric conditions and
controlled release in the intestinal environment,
thereby supporting the suitability of the system for
oral administration.
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Release kinetic analysis indicated anomalous
transport mechanisms, reflecting a synergistic
contribution of diffusion and polymer relaxation
processes. Stability studies further confirmed that the
formulation retained its critical quality attributes
under both refrigerated and accelerated storage
conditions, highlighting its potential for practical
storage, handling, and further development.
Collectively, these findings underscored the
effectiveness of biopolymer-based nanoparticulate
systems in modulating drug release and improving
the oral delivery performance of poorly soluble
phytoconstituents. From a translational perspective,
the developed silibinin-loaded nanoparticles offer
significant promise for enhancing systemic exposure
and therapeutic efficacy in conditions such as hepatic
disorders, oxidative stress—mediated diseases, and
metabolic complications. Future investigations
should focus on in vivo pharmacokinetic and
bioavailability studies, mechanistic evaluation of
intestinal transport pathways, and long-term safety
assessment to further substantiate the clinical
potential of this delivery platform.
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