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Abstract

Diabetic wounds pose a major challenge due to impaired healing, infection risk, and poor
vascularization. A Dual-layer biomimetic wound dressing was designed to integrate structural
and biochemical functionalities for advanced wound management. The upper layer consisted of
a sponge matrix based on polyacrylic acid and poly(allylamine hydrochloride), embedded with
sitagliptin-loaded fucoidan—chitosan nanoparticles, enabling exudate absorption and sustained
drug release. The lower layer comprised electrospun silk fibroin nanofibers, closely mimicking
extracellular matrix architecture. Characterization was performed using SEM and FTIR. The
dressing demonstrated a swelling ratio of 512.2% in distilled water and degradation of 38.2%
after 7 days immersion in PBS. Sustained sitagliptin release reached 82.4% over 7 days.
Mechanical evaluation revealed tensile strength of 354.0 KPa, elastic modulus of 987.6 KPa,
and elongation of 171.3%, which was adequate for wound healing applications. In vitro assays
confirmed superior L929 fibroblast viability on the Dual-layer dressing, with the nanofibrous
layer supporting extensive adhesion and spreading. In vivo studies in a diabetic rat model showed
enhanced re-epithelialization, organized collagen bundles, improved early-stage angiogenesis,
and reduced inflammation, resulting in nearly complete wound healing within 14 days. These
findings indicate that the Dual-layer dressing provides a promising strategy for diabetic wound
healing.
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1. Introduction

Diabetic wounds pose a major global health and
economic burden, with impaired healing mechanisms
such as reduced cell migration, collagen synthesis, and
angiogenesis, contributing to a high risk of chronic
ulcers, limb amputation, and mortality [1].
Approximately 15% of individuals with diabetes
experience foot ulcers, which contribute significantly to
diabetes-related amputations [2].

Rapid healing of diabetic wounds requires a controlled
microenvironment that supports cellular activity,
prevents contamination, and maintains optimal moisture
and temperature. In this context, the application of
wound dressings plays a pivotal role in facilitating tissue
regeneration and minimizing infection risk. Modern
wound dressings offer key advantages over traditional
gauze by mimicking skin extracellular matrix (ECM)
properties, maintaining moisture, and allowing oxygen
flow. Unlike conventional dressings, they reduce pain,
prevent epithelial damage, and eliminate the need for
frequent changes, promoting faster and safer healing [3].
Sponge-based dressings are well-suited for full-
thickness wounds, offering moisture retention and
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structural support while serving as carriers for
therapeutic agents. Nanofibers, with their ECM-like
architecture and high surface area, enhance cellular
interactions [4]. By integrating these components,
multilayered constructs such as sponge-nanofiber
hybrids, more effectively replicate the hierarchical
structure of native skin, providing synergistic benefits
for advanced wound healing [5]. One of the most critical
steps in designing an effective biomimetic wound
dressing is the strategic selection of biomaterials that can
reproduce the desired structural, biochemical, and
functional properties required for optimal wound
healing. Poly(allylamine hydrochloride) (PAH) is a
synthetic, water-soluble, biodegradable cationic
polymer characterized by a high density of amino
groups, which exist either as free amines (—NH;) or
protonated ammonium salts (+NHs*) [6, 7]. Polyacrylic
acid (PAA) is a water-soluble, non-toxic, and
biodegradable anionic polymer characterized by a high
density of carboxyl groups. Its strong hydrophilicity and
superabsorbent properties make it an effective hydrogel-
forming material for biomedical applications,
particularly in moisture-retentive wound dressings [8,
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9]. PAH and PAA are two oppositely charged
polyelectrolytes that readily dissolve in water. When
mixed in aqueous solution, their cationic and anionic
groups interact electrostatically to form stable polymeric
complexes. This intrinsic ability to self-assemble
without the need for external crosslinking agents stems
from the reaction between the carboxyl groups of PAA
and the amino groups of PAH, resulting in enhanced
moisture resistance and mechanical integrity. Owing to
their biocompatibility, these complexes have been
widely explored in biomedical fields such as tissue
engineering, drug delivery systems, and implant surface
modification [10]. The ECM consists of structural
polysaccharides and proteins that provide architectural
support to surrounding tissues and regulate cellular
adhesion, migration, and organization throughout the
wound healing process [3]. Chitosan (Ch) is a linear
polysaccharide derived from the alkaline N-
deacetylation of chitin, composed of 2-amino-2-deoxy-
D-glucopyranose units linked via 1,4-glycosidic bonds.
Its low toxicity, biodegradability, and biocompatibility
make it highly suitable for biomedical applications. Rich
in amino and hydroxyl groups, Ch readily forms
covalent bonds with various polymers and engages in
electrostatic interactions with negatively charged
molecules due to its cationic nature [11]. Fucoidan (Fc)
is a sulfated polysaccharide primarily extracted from
brown seaweeds, known for its ability to form gels and
enhance integrin expression [12]. Its sulfate groups
contribute to strong antibacterial, antioxidant, and
immunomodulatory properties. Compared to other
marine polysaccharides such as alginate, Fc
demonstrates superior biological activity. Moreover, Fc
effectively activates macrophages, suppressing the
release of pro-inflammatory mediators and exerting
notable anti-inflammatory effects [13]. Fc has been
reported to interact with growth factors such as basic
fibroblast growth factor (bFGF) and transforming
growth factor-beta (TGF-B), enhancing their effects on
cell proliferation, and mesenchymal stem cell activity by
regulating their release and associated signaling
pathways [14]. On the other hand, silk fibroin (SF) is a
protein-based biopolymer with high strength, slow
degradability, and excellent flexibility. Electrospun SF-
based nanofibers closely mimic the ECM, supporting
cell adhesion, proliferation, and migration [15, 16].
Localized drug delivery offers a targeted strategy for
wound healing, overcoming poor perfusion in chronic
wounds (such as diabetic wounds), improving local
bioavailability, and minimizing systemic toxicity [17].
Sitagliptin (Sit) is a dipeptidyl peptidase-4 (DPP-1V)
inhibitor widely used to regulate hyperglycemia in type
2 diabetes [18]. Beyond its glycemic control, Sit has
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shown therapeutic promise in promoting the healing of
diabetic and ischemic wounds. It facilitates angiogenesis
and enhances granulation tissue development, thereby
accelerating the regenerative process in impaired wound
environments [19, 20]. However, given Sit’s limited
bioavailability, short half-life, and rapid clearance,
encapsulation within nanoparticles offers a compelling
strategy to enhance therapeutic retention and optimize
drug utilization [21, 22]. Furthermore, by leveraging
their small size and targeting capabilities, nanoparticles
improve pharmacokinetics, facilitate delivery to target
cells, and enable sustained, site-specific release,
ultimately enhancing therapeutic efficacy while
minimizing systemic side effects [17, 23]. The aim of
this study is to develop and evaluate a dual-layer
biomimetic wound dressing tailored for diabetic wound
healing, integrating both structural and biochemical
functionalities. The upper layer consists of a PAA.PAH-
based sponge matrix embedded with Fc-Ch
nanoparticles loaded with Sit, and the lower layer
comprises electrospun nanofibers made of SF. The
novelty of the present study lies in the rationally
designed dual-layer architecture with clearly separated
yet synergistic functionalities. The upper polyelectrolyte
sponge layer serves as a highly absorbent matrix and a
sustained drug delivery platform through sitagliptin-
loaded fucoidan—chitosan nanoparticles, while the lower
electrospun SF nanofibrous layer specifically mimics the
ECM to promote early cell adhesion and spreading. This
hierarchical integration enables simultaneous control of
wound exudate, localized drug release, and cell-material
interactions, resulting in synergistic wound management
and healing effects. In contrast to previously reported
single-layer dressings or sponge—nanofiber systems, the
present dressing uniquely integrates bioactive
polysaccharide-based nanoparticles  within a
superabsorbent polyelectrolyte sponge matrix, while
simultaneously  incorporating a  protein-based
electrospun nanofibrous layer to enhance chemical and
structural similarity to the ECM. To the best of our
knowledge, this specific combination of material
composition and hierarchical architecture has not been
demonstrated in earlier wound dressing designs.
Comprehensive physicochemical, mechanical, and
biological characterizations were performed, and the
wound healing efficacy was validated in a diabetic rat
model.

2. Materials and methods
2.1. Materials

Poly(allylamine hydrochloride) (PAH, ~17.5 kDa),
polyacrylic acid (PAA, ~450 kDa), and chitosan
(medium molecular weight, 75-85% deacetylated) were
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obtained from Sigma-Aldrich (USA), together with
dimethyl sulfoxide (DMSO), fucoidan (>85% purity),
and dimethyl thiazole diphenyltetrazolium bromide
(MTT). Sitagliptin (Sit) powder was supplied by
Sanamed-Pharma (Iran). Silk fibroin (SF, ~100 kDa),
extracted from Bombyx mori cocoons, was provided by
Medisa Polymer Aria (Iran). Dulbecco’s modified
Eagle’s medium (DMEM) was purchased from Vivacell
(USA). Injectable ketamine (Rotexmedica, Germany)
and xylazine (Alfasan, Netherlands) were also procured
for experimental use.

2.2. Synthesis and characterization of Sit-loaded Fc-
Ch nanoparticles

The nanoparticles were prepared using a polyelectrolyte
self-assembly approach [24, 25], which relies on the
electrostatic attraction between negatively charged Fc
and positively charged Ch. To begin, Ch was dissolved
in 1% acetic acid to obtain a 1 mg/mL solution, while Fc
was dissolved in distilled water at a concentration of 5
mg/mL. The two solutions were then mixed at a Fc-to-
Ch powder ratio of 5:1. The mixture was subjected to
pulse sonication at full amplitude (3 seconds on and 3
seconds off) for a total of 30 seconds to promote the
controlled formation of nanoparticles. Larger aggregates
were removed using an 800 nm syringe filter, and the
nanoparticles were subsequently collected by
centrifugation and then freeze-dried. To improve the
nanoparticle yield, the pulse sonication and subsequent
separation steps were repeated five times before the final
collection and freeze-drying. Additionally, to obtain Sit-
loaded nanoparticles, Sit powder (1.5 mg/mL) was first
dissolved in the mixed solution [26], followed by the
same sonication, purification and lyophilization steps as
described above. Finally, the encapsulation efficiency
and drug loading capacity were determined according to
Equations 1 and 2, respectively.

Encapsulation efficiency (%) =

Initial Sit added—Free Sit in the supernatant
Initial Sit added

x 100

Equation 1

Encapsulation capacity (%) =
Mass of encapsulated Sit % 100

Totall mass of Nanoparticles

Equation 2

To assess the particle size and morphological features, a
droplet of nanoparticle suspension (0.1 mg/mL) was
placed onto a carbon-coated copper grid and left to air
dry. The dried specimens were subsequently visualized
using transmission electron microscopy (TEM;
PHILIPS EM208S) operated at an accelerating voltage
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of 100 kV. The resulting micrographs were processed
and quantitatively analyzed using ImageJ software.
Furthermore, dynamic light scattering (DLS; Cordouan
Technologies, France) was utilized to evaluate the
particle size, polydispersity index (PDI), and zeta
potential of the synthesized nanoparticles.

2.3. Preparation of wound dressings

To fabricate the sponge-like wound dressings, as well as
the sponge layer of the dual-layer construct, an aqueous
solution of 10% w/v polyacrylic acid (PAA) was first
prepared and stirred for 1 hour. Subsequently, 8% wi/v
polyallylamine hydrochloride (PAH) was added to the
solution, followed by vigorous stirring at room
temperature for an additional hour to ensure
homogeneity. Accordingly, the PAA.PAH solution was
successfully prepared. To formulate the nanoparticle-
containing mixtures, Fc-Ch nanoparticles and Sit-loaded
Fc-Ch nanoparticles were separately added to the
PAA.PAH solution at a concentration of 20 mg/mL [27],
yielding PAA.PAH.NPs and PAA.PAH.SitNPs
formulations, respectively. Finally, to generate porous
sponge-like structures, 0.5 mL of each formulation was
dispensed into the wells of a 24-well culture plate. The
samples were frozen at —20°C and subsequently
subjected to lyophilization. The resulting sponges
derived from PAAPAH, PAAPAH.NPs, and
PAA.PAH.SIitNPs solutions were designated as Spg1l,
Spg2, and Spg3, respectively.

For the fabrication of the Dual-layer dressing, the
electrospinning solution was first prepared. For this
purpose, a 14% (w/v) solution of SF in formic acid was
prepared and stirred for 2 hours [28, 29]. For
electrospinning, the Spg3 specimen was fixed on the
collector at a distance of 15 cm from the needle tip. The
solution prepared earlier was loaded into a 5 mL syringe
fitted with 0.4 mm inner-diameter needle, and the
process was carried out under a voltage of 20 kV with a
flow rate of 0.5 mL/h, leading to the formation of the
Dual-layer  dressing.  Following electrospinning,
methanol was sprayed onto the nanofiber mat, and the
samples were subsequently dried for 24 hours.

2.4. Characterization

The surface features of the wound dressings, along with
the cross-sectional morphology of the Dual-layer
construct, were examined using a scanning electron
microscope (SEM; LEO435VP, UK) after sputter-
coating with gold, at an accelerating voltage of
18.00kV. Quantitative analysis of the internal
architecture was performed by measuring both the pore
dimensions of the sponge matrices and the fiber
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diameters within the nanofibrous layer. For each sample,
twenty independent measurements (n = 20) were
obtained using ImageJ software, and the resulting data
were expressed as mean values. The functional groups
of the components and their possible interactions in the
samples were analyzed using FT-IR spectroscopy (6300,
JASCO, Japan). Spectra were recorded within the 600
4000 cm™ region at a resolution of 4 cm™. To evaluate
water uptake and hydration performance, both the
sponges and the Dual-layer construct were subjected to
swelling tests in distilled water. Their initial dry mass
(W1i) was recorded, followed by immersion at 37 °C for
defined intervals. After blotting away excess moisture
with filter paper, the wet mass (Ww) was determined,
and the swelling ratio was calculated according to
Equation 3:

Swelling (%) =
Equation 3

wWw-wi

X 100

2.5. In vitro degradation

Biodegradability of the dressings was assessed
following ASTM F1635-11. Initially, the specimens
were recorded in their dry state (Wi) and subsequently
incubated in vials containing 10 mL of phosphate-
buffered saline (PBS) at 37°C. At predetermined
intervals (1, 3, 5, and 7 days), the samples were
withdrawn, freeze-dried to remove residual moisture,
and reweighed (Wt). The degradation rate was then
calculated according to Equation 4 [30]:

Wi-Wt 100
wi

Degradation (%) =
Equation 4

where Wi represents the initial dry weight of the samples
prior to degradation, and Wt denotes the weight
measured after degradation.

2.6. Evaluation of Sit release

Release profiles of Sit from both the Spg3 and Dual-
layer dressing were investigated in PBS. Specimens
were incubated in 50 mL PBS at 37 °C, and aliquots of
3 mL were withdrawn and replaced with fresh medium
at predetermined intervals (1, 3, 5, and 7 days). The
collected solutions were analyzed by UV-Vis
spectrophotometry at 267nm to quantify Sit
concentration [26]. Cumulative release profiles were
subsequently calculated and plotted, based on triplicate
measurements (n = 3) for each formulation.

2.6.1. Release kinetics

The release kinetics of Sit from the Spg3 and Dual-layer
wound dressings were investigated using Equations 5-8,
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based on zero-order, first-order, Higuchi, and
Korsmeyer—Peppas models [31, 32]:

Zero-order: Qe = Qo+ Kot
Equation 5
First-order: log @y = log Qo — %
Equation 6
Higuchi: Q; = Kyt°®
Equation 7

Korsmeyer—Peppas: log (Qg—f) =nlogt + logk

Equation 8

where Q,is the amount of drug released at time ¢, and
Q,is the initial amount of drug in the wound dressings.
Ky, Ky, and Kyrepresent the zero-order constant, the
first-order constant, and the Higuchi dissolution
constant, respectively. In the Korsmeyer—Peppas release
model, “k” is the kinetic constant and “n” is the release
exponent that explains the release mechanism.

2.7. Tensile properties

Mechanical performance of the wound dressings was
assessed by tensile testing using a universal testing
machine (Hounsfield H25KS, UK) in accordance with
ASTM D-882. Rectangular specimens (30 x 10 mm)
were hydrated in PBS prior to testing, mounted on the
grips, and subjected to uniaxial extension at a constant
crosshead speed of 1 mm/min until rupture [33]. Tensile
properties were determined from the recorded stress-
strain curve, with each experiment conducted in
triplicate (n = 3).

2.8. Cytocompatibility

Cytocompatibility of the wound dressings was examined
using L929 fibroblast cells sourced from the Pasteur
Institute Cell Bank (Iran). Cells were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS) under
standard conditions of 37 °C, 5% CO,, and 95% relative
humidity. Prior to experimentation, cells were
enzymatically detached with trypsin, resuspended in
PBS, and prepared for seeding. Dressing specimens were
sterilized by ultraviolet irradiation for 20 min on each
side, rinsed with DMEM, and positioned in 24-well
culture plates. A suspension containing 2 x 10* cells was
seeded onto each sample and incubated for 1 and 7 days.
At the specified time points, the medium was replaced
with fresh DMEM containing 0.5 mL MTT solution,
followed by a 4-hour incubation to enable mitochondrial
reduction of MTT into formazan crystals. After
incubation, the medium was discarded, crystals were
solubilized in 0.5 mL of DMSO, and 0.1 mL of each
solution was transferred to a 96-well plate. Optical
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density was measured at 570 nm using an ELISA reader
to determine cell viability. Wells without dressings
served as controls (n = 3). Morphological features and
adhesion behavior of L929 fibroblasts on the wound
dressings were investigated by SEM. A suspension
containing 2 x 10* cells was seeded onto each specimen
and cultured for 24 hours under standard conditions.
Following incubation, cells were chemically fixed with
3.5% glutaraldehyde at 4 °C. The samples were then
dehydrated through a graded ethanol series (50%, 60%,
70%, 80%, and 99%)), with each step lasting 15 minutes.
After preparation, the specimens were subjected to SEM
observation to visualize cell attachment and
morphology.

2.9. In vivo wound healing

All animal experiments were performed in compliance
with the European Union Directive 2010/63/EU and
under the supervision of a certified animal care
specialist. Male Wistar rats, approximately 4 months old
and weighing around 300 g, were selected for the study.
Prior to intervention, animals were acclimatized for one
week under controlled environmental conditions,
including a 12 h light/dark cycle, ambient temperature of
25°C, and unrestricted access to water and standard
chow. A total of 30 rats were randomly allocated into
five experimental groups: Control, Spgl, Spg2, Spg3,
and Dual-layer. To establish the diabetic model, rats
received a single intraperitoneal dose of streptozotocin
(60 mg/kg), prepared freshly in 0.1 M citrate buffer at
pH4.5. After induction, fasting blood glucose was
monitored daily with a glucometer for one week.
Animals  that consistently  displayed glucose
concentrations of 300 mg/dL or higher in two successive
assessments were identified as diabetic and subsequently
included in the in vivo experiments [34]. Rats designated
for surgery were first anesthetized with ketamine
(80 mg/kg) combined with xylazine (10 mg/kg). After
shaving the dorsal region, the operative site was
sterilized using 70% ethanol followed by betadine. A
1cm? circular, full-thickness excision wound was
produced with a punch biopsy instrument. In treatment
groups, the wounds were immediately covered with
dressings (except control), and the dressings were

renewed on day 7. Wound sites were photographed
macroscopically on days 1, 7, and 14 to determine the
closure rate. At the end of the 14-day period, animals
were sacrificed via carbon dioxide inhalation. The
wound specimens were harvested, immersed in 10%
formalin for fixation, sectioned at 4 um thickness, and
subsequently stained with hematoxylin and eosin (H&E)
as well as Masson’s trichrome for histological
evaluation. To characterize gene expression during the
early phase of wound repair, quantitative real-time PCR
(gRT-PCR) analysis was conducted on day 7 following
treatment. The transcriptional levels of vascular
endothelial growth factor (VEGF), transforming growth
factor-f (TGF-B), tumor necrosis factor-o. (TNF-a), and
interleukin-1p (IL-1pB) were determined. For molecular
evaluation, three rats from each group were sacrificed on
day 7, and wound tissues were collected. Total RNA was
isolated from homogenized samples using TRIzol
reagent according to the manufacturer’s instructions.
The vyield and purity of RNA were assessed
spectrophotometrically with a NanoDrop 2000 device
(Thermo Scientific, USA). Complementary DNA
(cDNA) was then synthesized from the extracted RNA
employing the iScript™ cDNA Synthesis Kit (Bio-Rad).
Amplification of target transcripts was performed on a
Bio-Rad real-time PCR system. Each reaction was run
in triplicate to ensure reproducibility of the data.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as the internal reference gene to normalize
expression values. All primer sequences used in the qRT
-PCR assays are listed in Table 1 [35].

2.10. Statistical analysis

All statistical analyses were performed using GraphPad
Prism (v8.0). Differences among groups were evaluated
by one-way analysis of variance (ANOVA). When
overall significance was observed, Tukey’s post-hoc test
was applied to determine pairwise group differences.
Data are expressed as mean values accompanied by
standard deviation. A p-value below 0.05 was
considered  statistically ~ significant. Levels of
significance were indicated as follows: * for p <0.05, **
for p<0.01, *** for p<0.001, and **** for p <0.0001.

Table 1. Primer sequences applied for quantitative qRT- PCR gene expression analysis

Gene Forward Primer Reverse Primer

VEGF AGGCTGCACCCACGACAGAA CTTTGGTCTGCATTCACATC

TGF-B CATTGCTGTCCCGTGCAGA AGGTAACGCCAGGAATTGTTGCTA
IL-1B TCTGAAGCAGCTATGGCAAC TCAGCCTCAAAGAACAGGTCA
TNF-a GCTCCCTCTCATCAGTTCCA GCTTGGTGGTTTGCTACGAC
GAPDH CAGCAATGCATCCTGCAC GAGTTGCTGTTGAAGTCACAGG
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3. Results and discussion

Chronic diabetic wounds demand advanced therapeutic
strategies that can actively support the healing process.
To address this need, a dual-layer biomimetic wound
dressing was constructed, combining a PAA.PAH
sponge matrix embedded with Fc-Ch nanoparticles
loaded with Sit and an electrospun SF nanofibrous layer.
This Dual-layer dressing was further compared with
three sponge-based counterparts (Spgl, Spg2, and Spg3)
in terms of physicochemical, mechanical, and biological
properties.

3.1. Morphological characterization

As shown in the TEM images in Figure 1, the
morphology of the synthesized nanoparticles, reveals
irregular and non-uniform structures with no defined
geometric shape. Despite their disordered appearance,
both Fc—Ch and Sit-loaded Fc—Ch nanoparticles remain
within the nanoscale range, with average diameters of
approximately 208.4 + 40.2 nm and 214.8 = 74.7 nm,
respectively. No significant differences in size or overall
morphology could be distinguished between Fc-Ch
nanoparticles and their Sit-loaded counterparts,
indicating that drug incorporation did not markedly alter
the structural characteristics of the nanoparticles. The
irregular morphology of the nanoparticles can be
attributed to the freeze-drying step at the end of the
synthesis process, during which ice crystal formation
and drying-induced stresses can lead to surface
wrinkling, partial  aggregation, and  structural
heterogeneity. While lyophilization is essential for long-
term stabilization and storage, it often introduces
morphological distortions that affect the final
appearance of polymer-based nanoparticles [36, 37].
Moreover, DLS analysis was employed to evaluate the
hydrodynamic size, PDI, and surface charge (zeta
potential) of the synthesized nanoparticles (Table 2).
The results revealed that Fc—Ch nanoparticles had an
average diameter of 423.19 nm and a PDI of 0.17. Upon
Sit encapsulation, the hydrodynamic diameter increased
to 497.30 nm, consistent with drug incorporation, while
the PDI slightly decreased to 0.16. The variation in
particle size between TEM and DLS measurements
arises from methodological differences. TEM captures
images of a restricted subset of particles, whereas DLS
provides a statistical average over the entire suspension.
Moreover, DLS calculations assume spherical particles
with a hydrodynamic solvent layer, while TEM clearly
indicated deviations from perfect sphericity [38]. Both
nanoparticle formulations exhibited negative zeta
potential values (—44.4 mV for Fc—Ch and —42.2 mV for
Sit-loaded Fc—Ch), suggesting electrostatic repulsion
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between particles and indicating good colloidal stability.
The observed negative surface charge is likely
associated with the higher proportion of Fc in the
nanoparticles, owing to the sulfate groups present along
its backbone. These observations are consistent with
results reported in previous studies [39, 40].

Overall, the synthesized nanoparticles remain within the
standard nanoscale range (20-500 nm) reported for
wound-healing applications [41], and can therefore be
considered well-suited as drug-delivery carriers in
diabetic wound therapy. The morphology and
microstructure of the sponge dressings (Spgl, Spg2, and
Spg3) and Dual-layer dressing, as examined by SEM
imaging, are presented in Figure 2. All three sponges
exhibited  highly  porous architectures  with
interconnected pores and irregular surface topographies
(Figure 2a). The average pore diameters were measured
to be 242.7 £ 47.6 um for the Spgl, 200.3 + 39.5 um for
the Spg2, and 193.2 + 38.9 um for the Spg3. The reduced
pore size observed in the Spg2 and Spg3 formulations
compared to the Spgl, can be attributed to the presence
of nanoparticles in the precursor solution, which
increased the overall concentration and viscosity prior to
freeze-drying, leading to a more compact and organized
pore architecture [42]. The open-pore networks
observed across all sponge samples are favorable for
exudate absorption, nutrient diffusion, and cellular
infiltration, which are key parameters for effective
wound healing [43, 44]. Figure 2b shows the
electrospun SF nanofibers served as the bottom layer in
the Dual-layer wound dressing. The nanofibers
exhibited a continuous, bead-free morphology with
random orientation and dense packing, indicating well-
controlled fabrication. The average fiber diameter was
measured at 485.50 + 50.02 nm, which is suitable for
mimicking ECM features and facilitating cellular
interactions. Figure 2c presents a cross-sectional SEM
image of the Dual-layer dressing, clearly demonstrating
the integration between the SF nanofibrous layer and the
sponge matrix. The thickness of the sponge layer was
measured about 953.60 + 34.08 um, while the thickness
of the nanofibrous layer was determined to be
776.42+49.27 um. The fibrous layer is uniformly
anchored to the sponge, with appropriate physical
interlocking and no signs of delamination. The
engineered Dual-layer wound dressing was designed to
integrate two complementary structural components,
each serving distinct biological functions. The SF
nanofibrous layer, positioned at the base of the construct,
can mimic the architecture of native ECM by providing
a high surface area and nanoscale topography that
promotes initial cell adhesion, spreading, and signaling.
On the other hand, the overlying sponge layer
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contributes additional functionality by offering a porous, in the fibrous layer and micrometric in the sponge—
volumetric structure capable of absorbing wound creates a dual-porosity environment that supports both
exudate while simultaneously enabling cell infiltration, surface-level cell anchorage and deeper tissue
migration, capillary ingrowth and angiogenesis. In fact, integration [45, 46].

the coexistence of multiple pore size scales—nanometric

(a) (b)

Figure 1. TEM images of (a) Fc—Ch nanoparticles and (b) Sit-loaded Fc—Ch nanoparticles

Table 2. Characteristics of synthesized nanoparticles measured by DLS

Nanoparticle sample Z-average (nm) PDI Zeta potential (mV)
Fc-Ch 423.19 0.17 -44.4
Sit-loaded Fc-Ch 497.30 0.16 -42.2

(b)  SF nanofibers |

Figure 2. SEM micrographs showing (a) the porous morphology of the Spgl, Spg2, and Spg3 wound dressings, (b) the fibrous structure of the SF
nanofibers, and (c) the cross-sectional architecture of the Dual-layer wound dressing

d-) 10.57647/pibm.2025.1404.62
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3.2. Chemical investigation

To elucidate the chemical structure and confirm the
presence of different constituents within the fabricated
wound dressings, FTIR analysis was performed, and the
resulting spectra are displayed in Figure 3. In the
spectrum of the Spgl, the appearance of strong peaks in
the 2600-3000 cm~ ! region corresponds to the
stretching mode of the -NH3; * group in PAH, which
overlaps with the bands associated with CH,

asymmetric and symmetric  stretching  modes.
Additionally, the peaks observed at 1471 and 1100 cm™ ?
are attributed to the bending vibrations of the -NH; *

group and the C-N stretching vibrations in amines,
respectively [47]. The broad band observed around 3500
cm™ *and the band at 1727 cm™ * correspond to the OH
stretching vibration and the C=0 stretching of PAA,
respectively [8]. Upon interaction with the protonated
ammonium groups of PAH, these bands exhibit weak
intensities. Furthermore, the presence of an N-H band
around 1700 cm™ ! together with the unusually low
frequency of the C=0 stretching suggests the formation
of amide groups, whereby the C=0O band partially
overlaps with the N-H bending vibration in the 1700—
1730 cm™ tregion and consequently appears as a doublet
[48]. Therefore, it can be concluded that the
polyelectrolyte complex between PAH and PAA was
successfully formed. In the FTIR spectrum of Sit-loaded
Fc-Ch nanoparticles, the absorption band at 850 cm™ 1
corresponds to the B-1,4 glycosidic linkage of the Ch
backbone, the peak at 1016 cm~ ! is attributed to C-O
stretching vibrations of primary and secondary alcohol
groups, and the band at 1150 cm™ ? arises from C-O-C
stretching vibrations of glycosidic bonds within the
polysaccharide structure. Also, the band appeared at
1653 cm™ ! corresponds to Amide | (C=0 stretching),
while the band at 1523 cm™ * is related to Amide 11 (N-
H bending and C-N stretching). The broad band
observed in the region of 3500-3600 cm™ 1 is attributed
to the overlapping stretching vibrations of hydroxyl (O—
H) groups and amino (N-H) groups [49]. The absorption
bands corresponding to the saccharide structures of Fc
overlap with those of Ch, while the stretching vibrations
of the sulfonate group in Fc are distinctly evidenced by
a characteristic peak at 1271 cm™ 1 [50]. Although most
of the characteristic peaks of Sit overlap with those of
Ch and Fc, the presence of Sit within the nanoparticles
can be confirmed by the distinct band at 1722 cm™
which corresponds to the C=0 group [21]. The FTIR
spectrum of the Spg3 exhibits all the characteristic peaks
of its individual components; however, the incorporation
of Sit-loaded Fc-Ch nanoparticles leads to the overlap of
their characteristic bands within the 1700-1730 cm™ !
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region, resulting in a modest increase in intensity and
slight broadening of the peak in this area compared to
the Spgl. In the FTIR spectrum of the Dual-layer
sample, all the characteristic peaks of the constituent
components are detectable with altered intensities due to
the extensive hydrogen bonding among them; however,
the presence of the nanofibrous SF layer, and the overlap
of Amide | and Amide 1l bands with the characteristic
peaks of other components, resulted in an increase in
intensity and slight broadening of the peaks observed in
the 1523-1730 cm™ * region [51].

3.3. Swelling, degradation and drug release

High water absorption and swelling capacity without
structural disintegration are essential features of a
modern wound dressing, enabling efficient exudate
management while maintaining a moist wound
environment conducive to healing. The swelling profiles
of Spgl, Spg2, Spg3, and Dual-layer dressings were
monitored over 72 hours in distilled water, as shown in
Figure 4a. All samples exhibited a rapid increase in
swelling during the initial 36-48 hours, followed by a
plateau or slight decline until 72 hours. The equilibrium
swelling ratios of the Spgl, Spg2, Spg3, and Dual-layer
samples were measured to be 383.3 + 20.7%, 464.3 +
26.6%, 477.8 £ 43.0%, and 512.2 + 21.9%, respectively.
The significantly higher swelling observed in the Spg2
and Spg3 compared to the Spgl (p < 0.05) can be
attributed to the presence of Fc—Ch-based nanoparticles
within the sponge matrix. Due to the abundance of
amino and hydroxyl groups, Fc—Ch nanoparticles can
interfere with the polyelectrolyte network by competing
with interpolymeric interactions, which disrupts network
cohesion and increases free volume, thereby enhancing
water uptake in nanoparticle-containing sponges [52].
Also, the Dual-layer dressing demonstrated a higher
swelling capacity compared to the Spg2 and Spg3 (p <
0.05), primarily due to the presence of an additional
hydrophilic nanofibrous layer with a high specific
surface area. The biodegradation behavior of the
fabricated sponge-based and the Dual-layer wound
dressings was evaluated by monitoring their weight loss
in PBS over a 7-day period. As shown in Figure 4b, all
samples exhibited a time-dependent increase in weight
loss, reflecting their progressive degradation. Following
7 days of incubation, the Spgl showed a weight loss of
25.5+2.6%, whereas the Spg2, Spg3, and the Dual-layer
dressings showed significantly higher degradation, with
values ranging between 36.0 and 38.2% (p<0.05).
Consistent with the trends observed in water uptake and
swelling behavior, the nanoparticle-containing dressings
exhibited higher biodegradability in 7 days. Therefore,
water absorption and the hydrolytic degradation of the
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dressing components are considered the primary
contributors to the observed weight loss in PBS. Overall,
the observed degradation profiles suggest that the
dressings were tunable in terms of biodegradability,
suitable for wound environments requiring gradual
material resorption, sustained release of therapeutic
agents, and progressive replacement by newly
regenerated tissue. The release behavior of Sit from the
Spg3 and Dual-layer wound dressings was assessed over
a 7-day period. As illustrated in Figure 4c, both systems
demonstrated a progressive, time-dependent increase in
cumulative Sit release, with the Spg3 consistently
yielding higher levels at all measured intervals. After 7
days, the cumulative release of Sit from the Spg3 and
Dual-layer dressings was measured at 89.3 +9.3% and

82.4+6.2%, respectively. Although the Dual-layer
construct showed a slightly lower release, the difference
between the two formulations was statistically
insignificant (p > 0.05). The presence of an electrospun
nanofibrous layer in the Dual-layer system likely
contributed to a more controlled release behavior, acting
as a diffusion barrier that modulates drug transport from
the sponge matrix into the surrounding medium.
Swelling, diffusion and degradation of the dressings
served as key triggers for Sit release, facilitating gradual
diffusion into the surrounding medium. Such drug
delivery systems, like the designated wound dressings,
can sustain therapeutic agent release while maintaining
drug concentrations within the therapeutic window and
reducing systemic side effects [53, 54].
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Figure 3. FTIR spectra of (a) Spgl composed of PAA.PAH, (b) Sit-loaded Fc—Ch nanoparticles, (c) Spg3 composed of PAA.PAH containing Sit-
loaded nanoparticles, and (d) the Dual-layer dressing
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To better understand the drug release mechanism from
the Spg3 and Dual-layer dressings, the release data were
fitted to various kinetic models, including Zero-order,
First-order, Higuchi, and Korsmeyer—Peppas, and the
results are summarized in Table 3. For the Spg3
dressing, the Korsmeyer—Peppas model provided the
best fit with a correlation coefficient of R2=0.9955. The
release exponent (n = 0.7293) for this wound dressing
suggests an anomalous transport mechanism, reflecting
a combination of drug diffusion and polymer chain
swelling/relaxation [55]. This behavior is consistent
with the porous sponge-like structure and high-water
absorption capacity of the Spg3 scaffold. In contrast, the
Dual-layer dressing showed the highest fit with the Zero-
order model (R?=0.9867) and an acceptable fit with the
Korsmeyer—Peppas model (R? = 0.972). The release
exponent for this scaffold (n = 1) indicates a Case II
transport mechanism, which is typically associated with
Zero-order release, where polymer swelling and chain
relaxation predominantly govern drug release while
diffusion plays a minor role [55]. This behavior can be
attributed to the dual-layer structure of the dressing, in
which the nanofibrous layer acts as a barrier, preventing
excessive drug diffusion and ensuring sustained and
controlled release.

3.4. Tensile properties

The tensile strength of a dressing is a key determinant of
its capacity to withstand handling stresses and maintain
effective mechanical protection of the wound [56]. Since
diabetic wounds are generally associated with
considerable exudate, the mechanical performance of
dressings under wet conditions becomes particularly
important. Therefore, the tensile properties of the
dressings were evaluated in the hydrated state and are
depicted in Figure 5. As evident, the tensile strength,

elastic modulus, and elongation of the dressings were
measured in the ranges of 170-354 KPa, 417-987 KPa,
and 110-171%, respectively. The lower limits of these
ranges correspond to the Spgl dressing, while the upper
limits are associated with the Dual-layer dressing.
Statistical analysis revealed no significant variation in
the tensile properties of the sponge dressings (Spgl,
Spg2, and Spg3) (p > 0.05); however, the Dual-layer
dressing demonstrated a marked enhancement in tensile
behavior (p < 0.01). This improvement in tensile
properties is directly attributed to the presence of SF
nanofibers. SF nanofibers act as a reinforcing network,
enhancing load transfer and mechanical stability. SF
consists of B-sheet crystallites and amorphous domains,
where the crystalline regions provide strength and the
amorphous segments enable extensibility. The [3-sheet
crystalline domains of SF nanofibers primarily
contribute to tensile strength and stiffness, while
indirectly supporting elasticity by anchoring amorphous
regions that undergo reversible deformation [57], which
synergistically improve the overall mechanical
performance of the Dual-layer dressing compared to the
sponge dressings. Mohandas et al. [58] developed drug-
loaded bi-layered sponges composed of hyaluronic acid
and chitosan for wound management under
hyperfibrinolytic conditions, reporting tensile strength
values of about 0.08-0.1 MPa and elongation of about
35-45%. They concluded that these values were
adequate for wound dressing applications. Furthermore,
previous related studies have also reported tensile
properties comparable to those obtained in the present
work [33, 59, 60], confirming that both the sponges and
Dual-layer dressings fabricated herein  possess
mechanically acceptable characteristics for wound
healing applications.

Table 3. Comparison of kinetic models for Sit release from wound dressings, showing correlation coefficients (R2) and the Korsmeyer—Peppas release

exponent (n)

Kinetic models (7 days)
Samples Zero-order First-order | Higuchi Korsmeyer-Peppas
R? R? R? R? n
Spg3 0.9768 0.9774 0.977 0.9955 0.7293
Dual-layer 0.9867 0.9142 0.9625 0.9723 1.0006
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Figure 6. (a) MTT assay results showing the viability of L929 fibroblasts cultured on different wound dressings at 1 and 7 days. (b) representative
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3.5.Cytocompatibility

To explore the biological performance of the fabricated
wound dressings, their cytocompatibility was examined
through MTT assay alongside the observation of L929
fibroblast adhesion and spreading on the dressing
surfaces, providing insight into their potential for
supporting cellular activity during wound healing.
Figure 6a illustrates the cell viability of L929 fibroblasts
cultured on different wound dressings, as determined by
MTT assay at days 1 and 7. The nanoparticle-containing
wound dressings exhibited higher cell viability than the
Spgl dressing at both day 1 and day 7. At day 1, the Spg3
dressing exhibited lower cell viability compared to Spg2
and the Dual-layer construct. This reduction can be
attributed to the faster release of Sit from the Spg3
relative to the Dual-layer dressing, which likely has
exerted a negative influence on cellular viability.
Previous studies have also highlighted the ability of Sit
to attenuate the proliferation of different fibroblast types
[18, 61]. Conversely, dressings containing Sit-loaded
nanoparticles (Spg3 and Dual-layer) demonstrated
higher cell viability than Spg2 at day 7 (p < 0.05), with
the Dual-layer construct exhibiting the greatest viability
overall. This finding indicates that during the extended
culture period, accompanied by medium replacement
and the consequent decline in Sit concentration, cellular
viability improved. Indeed, while the rapid release of Sit
and the resulting sudden elevation of its concentration in
the medium negatively affected fibroblast proliferation,
a slower release profile maintaining lower
concentrations favored cell growth. In line with our
findings, previous studies have demonstrated that Sit
enhances cell viability by reducing oxidative stress and
ROS-mediated cytotoxicity, thereby exerting protective
effects [62, 63]. The morphology of cells adhered to the
surface of different wound dressings after 24 hours of
culture is presented in Figure 6b. Cells on the Spgl
exhibited minimal adhesion, with sparse distribution and
limited surface interaction. Incorporation of Fc-Ch
nanoparticles improved cell compatibility and adhesion
likely by balancing surface charge, introducing bioactive
functional groups, and providing nanoscale topography
[64, 65]. On the Spg2 and Spg3, cells exhibited better
adhesion compared to Spgl; however, they still
maintained a rounded morphology and formed cluster-
like aggregates, indicating suboptimal spreading and
substrate affinity. In contrast, the nanofibrous layer of
the Dual-layer dressing supported extensive cell
adhesion and spreading, with cells displaying flattened
morphologies and intimate contact with the SF
nanofibers. This behavior reflects the ECM-mimicking
architecture of electrospun SF, which promotes cellular
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anchorage and surface coverage essential for early
wound healing [66].

3.6. In vivo wound healing

The progression of diabetic wound closure was
evaluated in the control group and treatment groups
receiving the fabricated wound dressings over a 14- day
period. Representative macroscopic images of the
wound surfaces in each group, together with the
quantitative graph of wound closure rates, are presented
in Figure 7. On day 7, no significant difference in wound
closure was observed between the control group and the
Spgl group (p>0.05), whereas the other groups
demonstrated a significantly accelerated healing
compared to the control (p<0.05). Over the 14- day
period, all treatment groups exhibited significantly
greater wound closure compared to the control
(p<0.05). Wound dressings containing Sit- loaded
Fc- Ch nanoparticles markedly accelerated healing
relative to the Spgl and Spg2 dressings (p < 0.001), with
the Dual- layer group achieving the highest wound
closure rate at both day 7 and day 14, thereby
underscoring the critical role of the nanofibrous layer in
accelerating wound repair. To further evaluate the
healing process in the diabetic rat wound model,
histopathological analyses were performed on tissue
specimens harvested at day 14, enabling comparison of
re-epithelialization, granulation tissue formation, and
collagen deposition among the groups. In Figure 8a,
H&E- stained tissue sections are presented, allowing
assessment of the wound healing process and evaluation
of epidermal alterations as well as the formation of
cutaneous appendages. The findings indicate that in the
control group, even after 14 days, the epidermal layer
(Ep.D) had not yet formed, and the wound surface
remained largely covered by a blood crust. Moreover,
abundant  neovascular  (N.V)  structures and
inflammatory cells (If.Cs) were clearly evident
throughout the tissue. The abundant N.Vs observed
indicates an active angiogenic phase, supporting tissue
repair through oxygen and nutrient supply as well as
immune cell recruitment. Overall, these findings suggest
that in the control group the inflammatory phase
persisted, and wound healing had only just initiated after
14 days. In the Spgl group, the Ep.D layer was partially
formed across the wound surface, with only a small
portion of crust remaining at the wound center. The
number of N.Vs and If.Cs was reduced, indicating an
earlier onset of the proliferative phase and diminished
inflammation compared to the control group. In groups
treated with the Spg2, the Ep.D layer was completely
formed, with only a minor crust observed at the wound
center. The reduced presence of N.Vs and If.Cs
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suggested that the angiogenic phase had been surpassed
and that the healing process had markedly progressed. In
the Spg3 group, a continuous Ep.D layer was established
across the wound surface, while the amount of crust was
markedly reduced compared with the Spg2 and Spgl.
Histological evaluation showed N.Vs and If.Cs were
scarcely detectable in the Spg3 group, indicating
angiogenesis regression and progression toward
near- complete wound healing. In the Dual- layer
group, the Ep.D layer was completely formed with
greater thickness compared to the other groups. The
presence of N.Vs and If.Cs was markedly reduced and
observed only in limited numbers. Remarkably,
cutaneous appendages such as sweat glands (Sw.G),
sebaceous glands (Sh.G), and particularly hair follicles
(H.F) were abundantly detected within the regenerated
area (R.A). Overall, the full development of the Ep.D
layer, together with the presence of cutaneous
appendages and H.Fs, and the absence of extensive N.V
structures, indicates the termination of the wound
healing phase in this group. Figure 8b presents
histological sections of the groups following Masson’s
Trichrome staining, enabling evaluation of collagen
organization and matrix status during wound repair. In
the Control, Spgl, and Spg2 groups, collagen fibers
appeared sparse, irregular, and loosely distributed
(particularly in Control and Spgl) reflecting limited
progression of the healing process. In contrast, the Spg3
and especially the Dual- layer group exhibited densely
packed and well- organized collagen bundles within the
dermal (D) layer. This organization was consistent with
the development of the Ep.D layer and the reappearance
of cutaneous appendages, collectively indicating
high- quality reconstruction of the skin architecture.
The expression of VEGF and TGF-p, representing key
regulators of angiogenesis and tissue regeneration,
together with TNF-a and IL-1B, as major inflammatory
cytokines, was evaluated by qRT-PCR on day 7 to
provide insight into the early phase of wound healing.
The results in Figure 9 clearly demonstrated that
treatment groups generally exhibited higher expression
of repair-associated genes compared to the control.
However, VEGF expression in the Spgl was not
significantly different from the control (p > 0.05). In
contrast, the Spg3 and Dual-layer groups showed
markedly elevated VEGF expression relative to the other
groups, although no significant difference was observed
between these two groups (p > 0.05). Also, TGF-p
expression was enhanced in both the Spg3 and Dual-
layer groups; however, the Dual-layer formulation
induced a significantly greater increase in TGF-B
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expression compared to the Spg3 (p < 0.05). It is
noteworthy that the expression level of VEGF in the
Spg2 group was statistically significantly higher
compared to the Spgl (p<0.01). Although the expression
of the pro-inflammatory cytokine TNF-a did not differ
significantly between the Spgl and the control group (p
> 0.05), all other treatment groups exhibited markedly
reduced TNF-a levels compared to the control (p <0.05).
The lowest expression values were observed in the Dual-
layer and Spg3 groups (p < 0.0001 compared with the
control), with no significant difference detected between
them (p > 0.05). Similarly, IL-1B expression in all
treatment groups was significantly lower than that of the
control, with the lowest level observed in the Dual-layer
group (p < 0.0001 compared to the control). These
results clearly indicate that the presence of Fc-Ch
nanoparticles within the dressings and the release of Sit
from them played a pivotal role in promoting
angiogenesis, enhancing tissue repair, and reducing
wound inflammation. Moreover, the presence of a
nanofibrous layer mimicking the ECM further boosted
the regenerative effect and contributed to a more
pronounced reduction in inflammation. The anti-
inflammatory properties and angiogenic stimulation
induced by Ch and Fc have been repeatedly reported in
previous studies [65, 67-69]. It has also been reported
that Sit can enhance the expression of angiogenic
factors, including VEGF, thereby promoting angiogenic
activity through the stimulation of endothelial progenitor
cells [70]. Furthermore, Sit exerts a potent anti-
inflammatory effect by suppressing CD26/DPP-1V
expression and reducing proinflammatory cytokines,
receptors, and kinases such as TNF-a, TLRs, JNK-1, and
IKKB [71]. In addition to these factors, the presence of a
biomimetic SF nanofibrous layer resembling the ECM,
which enhances cell proliferation and adhesion, enabled
the Dual-layer dressing to exhibit the most effective
performance in diabetic wound healing among all the
dressings studied, specifically through the regulation of
inflammation and the promotion of angiogenesis.
Importantly, these findings highlight the translational
potential of the Dual-layer construct as a multifunctional
wound dressing that integrates exudate absorption,
sustained drug delivery, and ECM mimicry, thereby
addressing key clinical challenges in diabetic wound
management. Nevertheless, certain limitations remain,
including the lack of precise quantification of Sit
concentrations in the wound microenvironment, the
absence of in vivo release studies, and the need for
systematic evaluation of safe and cytotoxic drug levels.
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4. Conclusion

In this study, the Spgl, Spg2, Spg3, and Dual-layer
dressings were successfully fabricated with the aim of
enhancing wound healing and accelerating the repair
process in diabetic wounds. These dressings were
systematically evaluated in terms of physicochemical,
mechanical, and biological properties. All formulations
demonstrated appropriate  moisture absorption and
biocompatibility, while the Dual-layer construct
exhibited superior swelling behavior and mechanical
properties. Sustained release of Sit from the Dual-layer
dressing continued up to day 7. In vitro cellular assays
confirmed enhanced L929 cell viability and adhesion,
particularly supported by the nanofibrous layer. In vivo
experiments revealed accelerated re-epithelialization
and organized collagen deposition in the Dual-layer
dressing treated group during 14 days, which was
facilitated by early-stage angiogenesis and reduced
inflammation. The Dual-layer wound dressing,
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integrating nanoparticle-mediated drug delivery within a
sponge matrix and nanofibrous ECM mimicry,
demonstrated superior physicochemical, mechanical,
and biological performance, establishing it as a highly
promising candidate for advanced wound healing
applications,  particularly in  diabetic wounds.
Importantly, the novelty of this work lies in the unique
dual-layer architecture that combines a polyelectrolyte
sponge matrix embedded with sitagliptin-loaded
nanoparticles, together with an electrospun SF
nanofibrous layer that mimics ECM properties. This
synergistic  integration provides a comparative
advantage over conventional single-layer dressings by
simultaneously addressing exudate absorption, drug
delivery, and cellular interactions. Nevertheless, this
study has certain limitations, and future investigations
should  systematically evaluate varying drug
concentrations and nanoparticle formulations, explore
alternative structural configurations, and include
comprehensive in vitro and in vivo drug release studies
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as well as determination of safe and cytotoxic Sit
concentrations for target cells to further optimize
therapeutic efficacy.
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