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ABSTRACT

ARTICLE INFORMATION

Chitosan/poly(vinyl alcohol)/sodium alginate (CS/PVA/SA) hydrogels have been
established as a potential drug delivery vehicle for controlled drug release in wound
healing applications when formulated with antimicrobial nanoparticles. In this
research, we characterize the effect of particle loading (0-20 wt%) of mesoporous
Ag,0/Si0; nanoparticle addition on the curcumin drug release from CS/PVA/SA
hydrogels. A first-order kinetic model was created to be able to predict drug release
from CS/PVA/SA hydrogels with varying Ag,0/SiO, NP composition fractions. The
experimental results validated the model well (i.e., global RMSE = 0.0625),
demonstrating that drug release is effectively slowed in a substantive manner
depending on the nanoparticle loading added. Reliability of the system in the context
of parametric uncertainty was evaluated through the use of Monte Carlo Simulations
along with the kinetic model, where success probability was defined as the potential
to achieve >80% cumulative drug release. Our results demonstrated a significant time-
dependent increase in the success probability (R? = 0.9822) toward nearly complete
certainty after 20 hours, while nanoparticle loading exhibited an inverse relationship
on drug release efficiency (R? = 1), with the best drug release efficiency occurring at
loading below 10wt%. Results offer a way to predictively design nanocomposite
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hydrogels for personalized drug release applications.
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1. Introduction

Hydrogels are three-dimensional polymeric structures that are
incapable of dissolving in water, and can absorb significant
amounts of biological fluid [1-3]. Hydrogels can be made from
both natural and synthetic polymers [4]. Hydrogels are usually
classified as either physical, which are held in place by weak
secondary forces, or chemical, where stable crosslinked networks
are developed through covalent bonds, depending on the
interactions that maintain these structures [5, 6]. Swelling
behavior, mechanical strength, and biological properties of
hydrogels are significant considerations for their structure and
morphology [7]. Hydrogels are often used as absorbent, non-
adhesive dressings, typically made from either crosslinked gelatin
or polysaccharide-based polymers [8].

It is important to understand the wound healing process when
developing innovative wound dressing [9, 10]. he human body
operates as a highly complex biological system, and cellular
mechanisms work together to repair damaged tissues [11]. While
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healing time often varies with the type of wound and the patient,
the biological sequence of repair is similar for all patients. Healing
wounds needs to take many factors into consideration, including
the choice of an appropriate dressing or ongoing wound care [12].

As one of the innovative wound dressings today, hydrogels
made of hydrophilic polymeric materials have demonstrated
swelling abilities that create a cooling surface to relieve pain and a
moist environment for wound healing [13]. Hydrogels can absorb
exudates, facilitate autolytic debridement through hydration, and
improve tissue regeneration. Diabetes mellitus is one of the most
prevalent chronic metabolic diseases leading to impaired
metabolism of carbohydrates, lipids, and proteins due to
abnormalities in insulin secretion or sensitivity [14]. This systemic
disease can impact multiple organ systems and has several
sequalae, including diabetic foot ulcers (DFUs), which are some of
the most complex to manage [15]. Ulcers are also attributed to
peripheral neuropathy and vascular disease, while skin atrophy
decreases the skin’s capacity to sustain injury [16]. In addition, loss
of pain sensation due to diabetic neuropathy means that many
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patients are unaware of minor wounds until they are infected,
which was found to occur in approximately 15% of patients
requiring amputations [17]. Reduced blood circulation and
immune response also diminish wound healing [18]. Therefore, it
is of increasing importance to generate modern wound dressings
that permit healing and administered, controlled drug release [19].

Polymeric systems for local drug delivery based on
biocompatible and biodegradable materials have recently gained
attention in wound management. Polymeric dressings have been
evaluated for the management of wounds including polyurethane
sponges, chitosan membranes, hydrocolloids, and alginates.
Chitosan, a natural polycationic polysaccharide, derived from the
partial deacetylation of chitin [20] has garnered interest for its non-
toxic biodegradable, biocompatible, hemostatic role, and
antimicrobial properties [21]. Due to these characteristics, chitosan
is considered a promising material for drugs delivery systems, and
tissue engineering in the field of wound healing.

Several studies have reported the successful incorporation of
chitosan in wound dressing systems. Mi et al.[22] developed a
bilayer chitosan-based dressing with a dense outer layer and a
porous inner layer for the controlled delivery of silver sulfadiazine.
Lu et al. [23] synthesized chitosan—nanosilver composite dressings
using self-assembly techniques for enhanced antimicrobial
performance. Jayakumar et al. [24] and Liu et al. [25] reviewed the
applications of chitosan-based hydrogels and drug delivery
systems (DDSs) in wound healing. Liang et al. [26] fabricated
AgNP/chitosan composites with asymmetric surface wettability,
while Ehterami et al. [27] designed insulin-loaded chitosan
nanoparticles coated onto electrospun
poly(ecaprolactone)/collagen scaffolds. Adeli et al. [28] produced
electrospun PVA/chitosan/starch nanofibrous mats, and Amirian
et al. [29] developed an injectable hydrogel using amidated pectin
and oxidized chitosan through a Schiff-base reaction without
chemical crosslinkers.

The rise of antimicrobial activity in metal nanoparticles,
specifically those based on silver, has prompted substantial interest
in their use for medical applications in terms of biosensing [30,
31], labeling [32], imaging [33], cell separation [34], and infection
control [35]. Metal oxide nanoparticles remain an attractive
approach due to favorable chemical stability, cost, and functional
properties [36]. However, high surface energy would results in
aggregation and loss of activity during the course of chemicals
processing to produce a metal oxide nanoparticle [37]. If the metal
oxide nanoparticle can be encapsulated in a nanoshell or through
nanoporous materials, migration and coalescence can be
minimized and stability and activity of the nanoparticle maximized
[38]. In the case of biomedical applications, an ideal encapsulating
matrix would also be chemically inert, biocompatible, non-toxic,
and cost-effective. In this regards, silica (SiO2) is a satisfactory
encapsulating material as it possesses desirable chemical stability,
morphological integrity, non-toxicity, biocompatibility and high
porosity [39]. These attributes allow an increased surface
interaction and diffusion of the nanoparticle through the silica
matrix.

The inhibitive properties of silver nanoparticles, alongside the
porous structure of silica, optimize both antimicrobial efficacy and
drug release capabilities in hydrogel matrices. Farazin et al. [40],
reported silver nanoparticles being stabilized by encapsulation
with mesoporous silica to reduce agglomeration and develop
surface effectiveness. They proceeded to fabricate and characterize
chitosan/poly(vinyl alcohol)/sodium alginate (CS/PVA/SA)
hydrogels that were carrying mesoporous AgO,/SiO, and
curcumin nanoparticles. The biocompatible and efficient wound
dressing system showed improved drug release properties and
successfully combined the bioactive properties of curcumin with

the antibacterial properties of silver and stability properties of
silica.

In this investigation, we explore the impact of different
composition fractions of Ag,0/SiO, nanoparticles (NPs) on
CS/PVA/SA hydrogels in terms of the controllable drug release
behavior. A first-order kinetic model has been established to
predict the drug release within hydrogels varying in composition
fractions of Ag,O/SiO, NPs. This first order model is then
incorporated into the Monte Carlo simulations to evaluate success
probability and find good parameter values needed to achieve a
targeted drug release profile. These predictive insights will give a
procedural framework to optimize hydrogels formulation, which
could be beneficial in wound healing applications that requires
controlled and sustained drug release to enhance tissue
regeneration and infection control.

2. Materials and methods

A first-order kinetic model was developed to describe the drug
release behavior of CS/PVA/SA hydrogels of varying composition
fractions from Ag,0/SiO, NPs:

ﬂ— — e~ k@
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M . .
where M—t represents the fraction of drug released at time ¢,
0

A(¢)is the maximum release fraction that is also dependent upon
fractional composition of Ag,O/SiO, NPs, ¢, and k(@) is the
release rate constant is also dependent on ¢.

Where both A(p)and k(p)are represented as cubic
polynomials of ¢:

A(@) = co + 10 + ;0 + c39° )]
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Co> €15 €25 C3, €', C'1, €'5, and ¢'5 re unknowns that are obtained
with the experimental dataset. Once developed, the first order
model is combined with Monte Carlo simulation [41] to predict
success probability, in order to develop true optimally
parameterized values for obtaining desired drug release. This
method provides a quantitative understanding of the robustness
and reliability of delivery of drug release while also allowing for
the design and optimization of controlled release formulations.

3. Results and discussion

In Ref. [40], the drug release behavior of CS/PVA/SA
hydrogels containing different composition fractions of Ag,0/SiO,
nanoparticles (0, 5, 10, 15, and 20 wt%) was evaluated using an in
vitro release study in phosphate-buffered saline (PBS) at pH 7.4.
For each formulation, 60 mg of dried hydrogel was immersed in
40 mL of PBS inside an Erlenmeyer flask and placed in an orbital
shaker maintained at 37 °C and 300 rpm to simulate physiological
conditions. At predetermined time intervals, 5 mL aliquots were
withdrawn from each flask and immediately replaced with an equal
volume of fresh PBS to maintain sink conditions. The
concentration of curcumin released into the medium was
quantified using a UV-visible spectrophotometer at its
characteristic absorption wavelength. A calibration curve was first
established using standard curcumin solutions of known
concentrations to correlate absorbance values with drug
concentration. The percentage of drug released at each time point
was calculated based on the ratio of the amount of curcumin
released at time ¢ (C)) to the initial total amount of curcumin loaded
in the hydrogel (C;), according to the equation:
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This procedure allowed for a comparative assessment of how
varying Ag,0/SiO, nanoparticle content influenced the release
kinetics of curcumin from the hydrogel matrix.

In the following, the experimental release profiles of curcumin
from hydrogels containing different nanoparticle loadings (0-20
wt%) [40] are successfully fitted using a cubic ¢-dependent first-
order model:

M,
— =(0.98 + 0.01¢ + 0.001¢? — 0.00007¢3) X
Moo s)

_ ,—(0.29-0.051¢+0.0039%-0.00008¢ %)t
(1-e )

A comparison of the experimental cumulative curcumin release
from CS/PVA/SA hydrogels [40] and the curves predicted by the
proposed @-dependent cubic model, is shown in Fig. 1 The model
has a global RMSE of 0.0625, demonstrating good agreement for
all NP loadings. The drug-release kinetic profiles for hydrogels
containing 0, 5, 10, 15, and 20 wt% mesoporous Ag,0O/SiO, NPs
suggest a clear dependence of the curcumin release process on NP
content.

Curcumin released quickly in nanocrystal-free hydrogels (0
wt%), achieving nearly 100% cumulative release (~98%) in 16
hours, which is consistent with burst-release profiles. Increasing
the NP content of Ag,O/SiO, NPs resulted in a progressively
slower release that became more sustained and balanced; thus, the
release increased more slowly. This is largely due to the
mesoporous structure of SiO, that physically encapsulates
curcumin molecules, and intermolecular interactions, for example,
hydrogen bonding or adsorption of curcumin to the surface of the
nanoparticles or chemistries within the polymer itself. As such,
having a larger total NP content led to less total curcumin released,
as at least a small fraction of it was being sequestered in
phosphorous nanopores and physically in the polymer network
itself, during the timescale of the experiment.

It is interesting that while cumulative release was somewhat
lower, the hydrogels containing more nanoparticles, especially 20
wt%, exhibited controlled and sustained release kinetics that are
desirable traits for long-term therapeutic dosing and improved
wound healing. In addition, these outcomes indicate that
nanoparticle concentration is a modulating factor and release rates
and cumulative drug release can be adjusted by nanoparticle
concentration for targeted biomedical applications.

Finally, the developed first order model is integrated with
Monte Carlo simulation to assess the success probability,
determining optimal parameter values for obtaining desired drug
release. Considering the experimental data reported by [40], the
LSF is defined as:

M,
. 08>0 ©6)
The coefficient 0.8 is chosen based on the results obtained by
Farazin et al. [41]. Considering the uniform probability
distribution for composition fractions of Ag,O/SiO, NPs, ¢, and
time, ¢, defined within the specified ranges listed in Table 1. Then,
by generating 100,000 random values for each measurable
variable, the probability of drug release falling within the
functional safety region is derived based on the developed model.

Table 1
The range of parameter used in the Monte Carlo simulation [41].
Range
Parameters Minimum value Maximum value
@ (Wt%) 0 20
¢ (hr) 0 24

The success probability of drug release, defined as the
probability of achieving the drug release exceeding 0.8%, was
systematically evaluated as a function of both time and the
composition fraction of Ag,0/SiO, NPs. As illustrated in Fig. 2a,
the release probability exhibits a pronounced time-dependent
increase, following a nonlinear polynomial trend (y = 2E—05 x°¢—
0.002 x° + 0.06 x*— 0.8278 x* + 5.3231 x*— 10.712 x + 1.2669, R?
= 0.9822), indicating that the release kinetics are governed by a
complex, multi-stage mechanism, likely involving initial lag phase
followed by accelerated diffusion or matrix erosion, ultimately
reaching near-complete release after approximately 20 hours. On
the contrary, Fig. 2b shows a strong inverse relationship between
the composition of nanoparticles and the probability of release
success, where the fitted curve (y = —0.0061x* + 0.2402x> —
2.7297x* + 3.4721x + 78916, R? = 1) indicates that release
efficiency declines rapidly when the Ag,0/SiO, composition
exceeds 10%, potentially due to drug diffusion being impeded
from a denser matrix or because the nanoparticles are clumped
together, increasing the interactions between the drug molecules
and the polymer. There is an important design trade-off to consider
as Ag,O/SiO, NPs will provide certain beneficial functions (such
as antimicrobial resistance or targeting) but it is important to
consider concentrations which do not detract from the overall
release goals of the drug itself.

Drug Release with Cubic Fit A(g) & k(@)

® Data 0.0 wt%

|| — Model 0.0 wt%
® Data 5.0 wt%
— Model 5.0 wt%
® Data 10.0wt%
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s

°
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Fig. 1. Drug release behavior of CS/PVA/SA hydrogels with different composition fractions of Ag2O/SiO2 NPs.
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Fig. 2. The success probability of drug release in terms of (a) time, (b) composition fraction of Ag>O/SiO2 NPs.

4. Conclusion

This research illustrates that the incorporation of mesoporous
Ag,0/Si0, NPs alters the release kinetics of curcumin in a quoted
fashion into CS/PVA/SA hydrogels to develop a tunable platform
for advanced wound dressings.

A p-dependent first-order kinetic model was developed to
capture how the nanoparticles affect both the quantity and rate of
drug release, and experimental data [41] showed good agreement
with the statistical model (RMSE = 0.0625). Higher nanoparticle
loadings (>10 wt%) exhibited slower release profiles as a result of
entrapment within the silica and in the interactions between the
nanoparticles and the polymer; however, the higher nanoparticle
content associated with decreasing cumulative release of curcumin
illustrates the tension between a functional material and
therapeutic wisdom. Using a Monte Carlo simulation, it was
established that success > 80% release (percentage of drug
released) is strongly time-dependent, with a near 100% probability
after 20 hours, but inversely dependent on the fraction of the
nanoparticle loading, as lower fractions of nanoparticle
concentrations showed more success. This work demonstrates a
predictive and driven data structure to create optimal formulations
of hydrogel nanocomposites which are designed with an
appropriate ratio of sustained release of therapeutic use with anti-
microbial functionality, which is crucial for the control of complex
wounds such as diabetic foot ulcers.
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