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nalized polyguluronate enriched
sodium alginate wetspun fibers with immobilized
platelet lysate for diabetic wound healing

Hafsa Khanam,a Ashraful Hoque,b Mohammad A. Jafar Mazumder cd

and M. Tarik Arafat *a

The development of advanced wound dressings with multifunctional properties is crucial for accelerating

healing in diabetic wounds. Platelet lysate contains many biologically active substances, which have

tremendous clinical benefits in treating diabetic wounds. However, its clinical use and therapeutic

efficacy are severely limited by its poor mechanical qualities and the sudden release of active chemicals.

To address these challenges and minimize the risk of wound infection, sodium alginate–polyethylene

glycol wetspun fibers were developed and immobilized with platelet lysate. Furthermore, surface

modification with dopamine introduced catechol groups, enhancing interfacial adhesion and bioactivity

to promote effective healing in diabetic wounds. Morphological and physicochemical analyses

confirmed improved thermal stability and crystalline behavior in the dopamine modified fibers (SA-PEG-

D-PL). The modified fibers achieved sustained PL release over 18 days with 90% cumulative release,

a 30% improvement over free PL and a 20% improvement over unmodified fibers. The whole blood

clotting index demonstrated a notably lower BCI of 15% for dopamine functionalized fibers, indicating

enhanced coagulation potential due to increased surface striation and water absorption. Moreover, in

a diabetic mice wound model, the functionalized fibers drove >85% wound closure by day 7 and

complete reepithelialization by day 14, while reducing scar formation to a scar index of 7.3, significantly

lower than controls (22–42.6). These outcomes suggest that the synergistic effects of dopamine

functionalization and PL immobilization on alginate based fibrous matrices not only improve mechanical

and biological responses but also accelerate wound closure and minimize scarring. Overall, the

developed dopamine modified fibers demonstrate high potential as an advanced wound care material

for diabetic patients.
1. Introduction

Diabetic wounds affect millions of people worldwide, creating
a substantial and growing socioeconomic burden. Recurrent
ulcer infections can lead to serious consequences, including
amputation and a higher risk of death.1 These wounds are
further complicated by a multifactorial pathological environ-
ment, including lack of growth factors (GFs), decreased micro-
vasculature, increased pro-inammatory cytokines and
proteases, compromised cellular functioning, and microbial
invasion.2,3 Consequently, there is a delay in the shi from the
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inammatory to the proliferative phase of wound healing.4 As
primary inammatory cells, macrophages are essential for
triggering inammatory responses during wound healing
processes.5 Their morphologies vary, with M1 macrophages
encouraging inammation and M2 macrophages aiding in
wound healing.6 The control of macrophage polarization from
M1 to M2 phenotypes is therefore critical for the healing of
diabetic wounds.

Platelet lysate is a complex mixture of proteins and growth
factors derived from lysed platelets. As corpuscular blood
components, platelets are crucial for wound healing, tissue
regeneration, and the control of hemostasis and clot formation
during bleeding.7 PL's high amounts of growth factors, which
interact with tyrosine-kinase receptors to promote cell prolif-
eration and inhibit apoptosis, are the reason for its widespread
use as a serum substitute. Mechanistically, GFs bind to cell
protein tyrosine kinase receptors and trigger intracellular
events, making them very attractive molecules for use in
manipulating cell behavior.8 Platelet-derived growth factors
(PDGFs) recruit neutrophils and macrophages to the wound via
© 2026 The Author(s). Published by the Royal Society of Chemistry
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chemotaxis. VEGFs promote angiogenesis and neurogenesis,
while TGF-b1 regulates inammation, epithelialization, and
connective tissue regeneration. EGFs accelerate keratinocyte
migration, and cytokines attract immune cells to clear debris.9,10

However, the short half-life of 95% of these GFs, which are
produced within an hour and rapidly dilute and degrade into
the tissue uid, and the burst release of PL limit their applica-
tions.11,12 Platelet rich plasma (PRP) and PL have been incor-
porated into diverse biomaterial carriers such as injectable
hydrogels,13 electrospun nanobers,14 and collagen or chitosan
scaffolds,15 nanoparticles7 to enhance growth factor delivery for
wound repair.

Notably, several recent investigations have attempted to
address the fast release of growth factors (GFs) from PRP gels by
including extra gel matrices to produce network topologies that
penetrate deeply.16–18 Researchers have also anchored PRP onto
scaffold surfaces, including lms and foams. However, in
comparison to clinical PRP gels, the efficacy was restricted by
the weak interfacial interaction between platelets and the
scaffold, which only prolonged GF release by roughly three
days.19 Consequently, ber-based dressings, with their advan-
tageous physicochemical, mechanical, and biological proper-
ties, show great promise for the treatment of skin wounds. Wet
spinning is one of the various ber production techniques that
may turn biomolecules into bers without requiring high
voltage during production, and is less likely to result in dena-
turation.20 Furthermore, it offers greater control over yarn
preparation, doping or surface modication, ber morphology
and structure, and other factors, expanding the range of
possible applications.21,22

Building on the capability of wet spinning to produce
continuous, cell interactive bers, sodium alginate (SA) was
selected as the primary. SA is a family of naturally occurring
polysaccharides that are taken from seaweed or brown algae. SA
chains are made up of copolymers of b-D-mannuronate (M) and
its C-5 epimer, a-L guluronate (G), which have a GAG proxy
structure.23 For instance, guluronate (G) blocks of alginate and
calcium electrolyte (Ca2+) can combine to produce an egg-box
like structure, where the majority of M blocks are le
unused.24 SA releases encapsulated medications and
compounds when it comes into contact with a moist environ-
ment. It restricts wound secretions and lowers bacterial
contamination because of its excellent water absorption capa-
bilities.25 Polyethylene glycol (PEG) was used as a secondary
polymer to provide exibility and regulated hydration. It has
FDA approval for intravenous, oral, and cutaneous use in
humans and is harmless.26 PEG and its derivatives are exten-
sively used in tissue engineering because of their high
biocompatibility, which allows them to break down and
create a scaffold for the migration of cells during wound heal-
ing. It has been documented that PEG based wound healing
speeds up wound closure by encouraging skin cells to expand
and multiply with collagen deposition, particularly in diabetic
wounds.27

Scientists have investigated the special qualities of dopa-
mine for possible wound healing applications, motivated by
mussels' capacity to stick to a range of surfaces in watery
© 2026 The Author(s). Published by the Royal Society of Chemistry
conditions.28 It has strong self-polymerization properties, and
its functionalization and modication procedure have drawn
a lot of interest.29,30 In recent research, DA has been utilized to
improve the interfacial interaction between bers and the
composite matrix.31–33 Due to possible conformational changes
or steric obstruction, covalent binding may allow for the more
controlled release of GFs. This could have an impact on the GFs'
biological activity and how well they interact with cell
receptors.34,35

Previous studies have demonstrated the potential of silk
broin and synthetic polymer based bers for PL delivery;
however, their reliance on organic solvents, limited swelling
behavior, and poor suitability for chronic diabetic wounds pose
signicant limitations.36,37 Nevertheless, there are drawbacks to
administering PL straight to the wound site, though. Many
wounds have irregular geometry, which makes it difficult to get
complete and consistent coverage and may lead to inconsistent
therapeutic outcomes. Furthermore, because PL is liquid,
keeping it stable at the wound site is difficult because body
movements can easily move it. Additionally, works incorpo-
rating PRP into PLGA or chitosan-based scaffolds have suffered
from burst release and inadequate long term evaluation under
physiological conditions.38,39 To address these gaps, the present
study offers an eco friendly and mechanically stable platform
with sustained GF release tailored for diabetic wound healing.
Even so, surface functionalized wetspun bers incorporated
with PL have not been studied yet. This unexplored combina-
tion holds signicant potential to enhance GF retention and
sustained bioactivity, which are key requirements for effective
diabetic wound healing. With the help of moisture, structural
support, and an ongoing supply of growth factors, this
composite dressing addresses the underlying reasons and the
ability to prevent the wastage of GFs.

This study aims to develop SA–PEG bers via wet spinning,
with glycerol incorporated to enhance exibility. PEG was added
to improve mechanical compliance, and the polymer solution
was extruded into a calcium ion (Ca2+) coagulation bath to
achieve ionic cross linking. The bers were then functionalized
with catechol groups using polydopamine (PDA) and immobi-
lized with platelet lysate (PL) to impart bioactivity. Character-
izations were conducted to evaluate the morphology, physical,
and mechanical properties. Additional assessments, such as in
vitro PL release and in vivo wound healing ability of the bers in
diabetic wounds were investigated.
2. Materials and methods
2.1 Materials

Sodium alginate (SA), dopamine hydrochloride (DA), strepto-
zotocin (STZ), and glycerol were purchased from Sigma-Aldrich.
Polyethylene glycol (6000) (PEG), potassium chloride (KCl),
sodium chloride (NaCl), disodium hydrogen phosphate
(Na2HPO4), potassium dihydrogen phosphate (KH2PO4),
sodium hydroxide pellets (NaOH) were purchased from Merck,
Germany. Calcium chloride (CaCl2) was purchased from Loba.
Hydrochloric acid (HCl) was purchased from ACI Labscan.
RSC Adv., 2026, 16, 14328–14349 | 14329
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2.2 Preparation of platelet lysate (PL)

Human blood was drawn in compliance with the Declaration of
Helsinki and relevant national laws in order to extract PL. With
permission number NIBPS-February24/03, the National Insti-
tute of Burn & Plastic Surgery's ethical committee gave its
consent to the experiments. The study's human subjects gave
their informed consent. Platelets were pooled from multiple
donors to ensure biological reproducibility and minimize
batch-to-batch variability. The initial platelet count in PRP was
2.5 × 109 platelets per mL as determined by an automated
hematology analyzer. To prepare PL, the PRP was subjected to
three repeated freeze–thaw cycles consisting of freezing at−80 °
C followed by thawing at 37 °C to rupture platelet membranes
and release bioactive contents (Fig. S1). The lysed suspension
was then centrifuged at 3000×g for 15 minutes at 4 °C to remove
platelet debris. The resulting supernatant, rich in growth
factors, cytokines, serotonin, adenosine, and histamine, was
collected as platelet lysate. To ensure sterility, the PL was
ltered through a 0.22 mm sterile lter, aliquoted, and stored at
−80 °C until further use.40,41
2.3 Fabrication of wetspun bers

20% PEG and 5% SA solutions were prepared separately in
deionized (DI) water. A combined solution was then prepared at
SA : PEG ratio of 5 : 3, followed by the addition of 15% glycerol.
The mixture was ultrasonicated for 15 minutes to eliminate air
bubbles. A 15-gauge stainless steel needle was used to ll a 10
milliliter syringe with the combined solution. Following its
extrusion from the nozzle tip, the polymer solution was placed
in a coagulation bath that contained 5% CaCl2 solution.42 Ionic
crosslinking occurred primarily through the polyguluronate (G-
block) regions of SA. These regions facilitated the formation of
stable ‘egg-box’ structures with divalent cations. A gel resem-
bling bers developed immediately; however, it took some
maturation time of three to ve minutes. Aer a careful bath
extraction, the wetspun bers were then rinsed in DI for an
additional three to ve minutes and dried individually at room
temperature for two days. It was named SA–PEG bers.
2.4 Fabric manufacturing process

Wetspun bers were gathered and allowed to dry before being
used to make fabric. SA–PEG bers were woven into two-
dimensional textile structures using a manual handloom
setup, with controlled tension to guarantee consistency. Tight
interlacing and constant spacing were maintained by carefully
adjusting the warp and we alignment. Exact control over the
overall fabric architecture and weave density was made possible
by the handloom process. The purpose of this fabric construc-
tion was to improve mechanical integrity and offer an appro-
priate platform for long term release of biomolecules and cell
contact in wound healing applications.
2.5 Catechol functionalization and PL immobilization

SA–PEG fabrics were collected and immersed in 0.01 M NaOH
for half an hour. NaOH treatment resulted in an increase in
14330 | RSC Adv., 2026, 16, 14328–14349
hydroxyl and carboxyl functional groups on the polymer chain,
which in turn boosted DA adherence.43 A solution containing
2 mg mL−1 of dopamine hydrochloride was produced in an
aqueous medium. Basic circumstances allow DA to self-poly-
merize.44 Consequently, 10 mM of Tris–HCl was added to the
solution to bring its pH down to 8.5. Aer being partially
submerged in the DA solution, the functionalized SA–PEG
fabrics were le in an incubator set to 37 °C for three hours.
Aer that, DI water was used to rinse these fabrics three times.
Then, the surface modied (SA-PEG-D) fabrics were immersed
in activated PL, ensuring that those bers were fully immersed.
Kept it in the incubator for two hours and dried at room
temperature, and the fabric was named SA-PEG-D-PL.
3. Characterization
3.1 Field emission scanning electron microscopy (FESEM)

The surface morphology of the bers was examined using
FESEM (Zeiss Sigma 300 VP) with an acceleration voltage of 2
kV. To improve conductivity and lessen charging effects, a small
layer of gold was sputter-coated onto the samples before
imaging. The bers were examined at different magnications.
The images were examined for surface striation, and any
structural alterations following PL inclusion or surface modi-
cation with DA. Observing how the crosslinking and modica-
tion operations affected the surface integrity and uniformity of
the bers received particular focus. Fiber diameters were
measured from the FESEM images using ImageJ soware. The
average of the standard deviation (SD) was used to depict the
data.
3.2 Attenuated total reection Fourier transformation
infrared spectroscopy analysis (ATR-FTIR)

The chemical composition of the DA modied and unmodied
bers was analyzed by ATR-FTIR using Nicolet iS5 FTIR Spec-
trometer (Nicolet Instrument Corporation, WI, USA) in the
range of 4000–400 cm−1 with a resolution of 2 cm−1.
3.3 Tensile test

Mechanical properties of the fabricated dried bers were eval-
uated using a Wance ETM 501 universal testing machine
equipped with a 10 N load cell. To ensure consistency across all
experiments, the samples were prepared by cutting the bers to
a standard length. To ensure homogeneous stress distribution,
each sample was placed between two grips with a gauge length
of 50 mm. The test was carried out in ambient conditions at
a controlled crosshead speed of 3 mm min−1. For testing the
signicance of the data, one-way ANOVA was used to test the
data's signicance, with p < 0.001 being deemed statistically
signicant.
3.4 Thermogravimetric analysis (TGA)

TGA was performed to prove the wetspun bers were thermally
stabilized using NETZSCH TG 209 F1 at a rate of 10 °C min−1,
while nitrogen was ushed at a rate of 100 mL min−1.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.5 X-ray diffraction analysis (XRD)

An X-ray diffractometer (XRD-SchimadzuXD-D1) with nickel-
ltered Cu-K radiation at 30 kV and 45 mA was used to study
the X-ray diffraction patterns of the bers. The samples were
scanned from 10° to 80° 2q. The ratio of the area corresponding
to the crystalline phase to the total area covered by the XRD
curve was calculated using the provided formula to determine
the degree of crystallinity for each sample.

Crystallinityð%Þ ¼ Acr

Atotal

� 100%

where, the entire area under the XRD curve is represented by
Atotal and the crystalline area by Acr.

3.6 Water absorption measurements

Water absorption capacity is a key parameter for evaluating the
performance of wound dressings, as it inuences moisture
management and biological interactions. Each ber was cut
into uniform pieces of approximately equal dimensions to
ensure consistency in measurements. The initial dry weight of
each ber sample was recorded using an analytical balance
(Wd). Each sample was carefully dried at 37 °C for 24 hours to
remove any residual moisture. The dried ber samples were
immersed in distilled water (DI water) at room temperature for
24 hours. The volume of water should be sufficient to fully
submerge the samples. Aer 24 hours, the ber samples were
removed from the water, gently blotted with a tissue paper to
remove excess surface water, and weighed (Ww). The formula for
calculating water absorption measurements is given below;

Water absorptionð%Þ ¼
�
Ww �Wd

Wd

�
� 100%

3.7 Water vapor transmission rate (WVTR)

For measuring the samples' WVTR, fabrics were added one at
a time to seal off the top of a beaker containing DI.44,45 Aer
being weighed, the beakers were stored in an airtight chamber
at 37 °C. For ten days, the beakers' weight was recorded on
a regular basis. This equation was used to measure WVTR;

WVTR ¼ DW

tA

where, t = time in days, A = test area, and DW = weight
difference. Three iterations of the test were conducted, and
average data with standard deviation were produced.

3.8 Whole blood clotting

To evaluate the entire blood clotting test, the blood clotting
index (BCI) value was computed. The lower the BCI number, the
more clotting power dressings have. Eventually, the supernatant
of the precipitated blood clot has a lower absorbance value than
blood cells and takes on a lighter color. The test was performed
according to the previously published protocol.46 The rst step
involved adding 100 mL of fresh whole blood to each sample
and letting it sit at 37 °C for ten minutes. Then, 30 mL of DI was
© 2026 The Author(s). Published by the Royal Society of Chemistry
gradually added to the sample, and it was centrifuged for
a minute and 3000 rpm was required. And the absorbance
values at 540 nm were recorded using a UV-3100 spectropho-
tometer (J.P. Selecta, Spain). Blood was used as the control data
without a sample. The blood clotting index (BCI) was computed
using;

BCIð%Þ ¼ Absorbance of blood with sample

Absorbance of blood without sample
� 100%
3.9 Hemolysis ratio as an indicator of biocompatibility

The direct contact method, as described in ISO 10993-4, was
used to investigate the hemolysis ratio in order to prove that the
generated bers were hemocompatible.47,48 In short, the eryth-
rocytes were separated from the fresh human blood by centri-
fuging it at 3500 rpm min−1. The resultant erythrocytes were
suspended at a volume concentration of 2% (v/v) in saline. Next,
the erythrocyte suspensions were incubated for one hour at 37 °
C with the produced sample (10 mg), and then centrifuged for
ten minutes at 3000 rpm min−1. Using a UV-3100 spectropho-
tometer (J.P. SELECTA, Spain), the UV absorbance of the
supernatant at 545 nm was determined. PBS was used as the
negative control, and 1% Triton X-100 was used as the positive
control. The samples hemolysis ratio (%) was determined using;

Hemolysis ratioð%Þ ¼ Ns �Nn

Np �Nn

� 100%

where, Ns, Np, and Nn were the absorbance values of the sample,
positive control group Triton X-100, and negative control group
PBS, respectively.
3.10 RBC adhesion

According to the previously established protocol,46,49 human
whole blood was centrifuged at 1200 rpm for 10 minutes. To
create a 10% (v/v) RBC solution with PBS, the RBCs were
extracted from the platelet-rich plasma (PRP) and separated. For
every sample weighing 10 mg, 200 mL of RBC solution was
added. The combinations were then allowed to sit at 37 °C for
one hour. Aer that, the samples were eluted with PBS three
times. While the tightly attached RBCs were stabilized with
2.5% glutaraldehyde for two hours and stored in a freezer aer
dehydration with a series of 20, 40, 60, 80, and 100% ethanol for
ten minutes each, the samples were air dried for 48 hours and
nally investigated using FESEM.
3.11 In vitro PL release

A 25 mL solution of pH 7.4 PBS was added to the sample con-
taining PL. The uid was maintained at 37 °C to mimic wound
conditions. The absorbance value at 278 nm was measured
using a UV spectrometer aer 18 days of data collection on
absorbance. Every time, 3 mL of PBS was utilized and placed
back into the primary solution. Aer the acquired data was
analyzed, the cumulative release percentage was calculated.
RSC Adv., 2026, 16, 14328–14349 | 14331
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Cumulative PL releaseð%Þ ¼ Concentration

Initial amount
� 100%

The protein release kinetics were calculated by calculating
the best t of the cumulative percentage (%) drug release
against time data to the Higuchi, Korsmeyer–Peppas, zero
order, and rst order equations.

Qt = KHt
(1/2)

The drug release quantity at time (t) is denoted by Qt, whereas
the (Higuchian) release rate constant is represented by KH.

50

ln

�
Qt

QN

�
¼ ln k þ n ln t

k is a constant that involves the geometry and structural prop-
erties of the lm, n is the release exponent, Qt is the amount of
drug released at a specic time (t), and QN is the amount of
drug present initially (Korsmeyer–Peppas).

Qt − Q0 = k0t

The quantity of medication released in time (t) is denoted by
Qt, the amount dissolved at time zero by Q0, and the zero-order
release rate constant by k0.51

ln

�
QN

Q1

�
¼ k1t

Q1 is the amount of drug le at time (t), QN is the initial total
amount of drug present, and k1 is the rst order release rate
constant.52
3.12 Molecular docking

Using AutoDock tools, the hydrogen bond prediction steps were
examined. The alginate monomer (sodium glucuronate, MW
216.12 gmol−1) and PEGmonomer (ethylene glycol, MW 62.07 g
mol−1) three dimensional structures were acquired in sdf
format from PubChem and used without conformational
modication. The structures of PDGF, VEGF, and EGF were
obtained in PDB format from the RCSB Protein Data Bank
(PDB). These proteins were then prepared with AutoDock and
saved in pdbqt format. Using the PyMol soware, the ligand
(SA–PEG monomer combination) was transformed to pdb
format before being converted to pdbqt format. Since monomer
units were docked rather than full polymers, standard Auto-
Dock protocols are appropriate for this analysis. Lastly, LigPlus+
soware was utilized to visualize whether hydrogen bonds were
present between the ligands and the protein. These computa-
tional ndings are preliminary and suggest potential interac-
tions that require experimental validation.
3.13 In vivo diabetic wound healing experiment

These experiments were performed under the close supervision
and authorization of Animal Care and Use Committee (ACUC),
14332 | RSC Adv., 2026, 16, 14328–14349
Department of Biomedical Engineering at Bangladesh Univer-
sity of Engineering and Technology (BUET) (approval number:
2024/BME/04). A total of 32 male Swiss albino mice weighing
35–40 g each were used in the investigation. When the mice
were operated on, they were 8–10 weeks old. Mice were acquired
from the International Centre for Diarrheal Disease Research,
Bangladesh (ICDDR, B), and were kept in stainless steel cages
with alternating cycles of light and dark. Both water and the
same quantity of standard lab pellets were given to the animals.
Before inducing diabetes, the mice were provided with 10%
sucrose solution instead of normal drinking water for a period
of two days. Subsequently, diabetes was induced by intraperi-
toneal administration of streptozotocin (40 mg per kg body
weight), freshly prepared in citrate buffer (2.6 mg mL−1),
following 5 hours of fasting each day, for ve consecutive days.
Blood glucose concentrations were measured on days 0, 5, 10,
and 15 using a glucometer (Gluco Dr SuperSensor Meter, Model
AGM-2200) to verify successful diabetic induction. Mice were
considered diabetic and eligible for inclusion in the experi-
mental study when their blood glucose levels exceeded 150 mg
dL−1 (8.3 mmol L−1) and were signicantly higher compared to
the control group.53 This threshold was selected as it is
consistently above the normal physiological range for mice
(approximately 4–7 mmol L−1), conrming a sustained diabetic
state suitable for evaluating impaired wound healing. A total of
32 mice were used across two independent cohorts (n = 16 per
cohort). In each cohort, sixteen mice were randomly divided
into four groups: control, SA-PEG-D-PL, SA-PEG-PL, and PL. For
each time point (days 3, 7, 10, and 14), separate sets of mice
from each group were designated for sacrice and tissue
collection. The progression of hyperglycemia in the cohort was
as follows. On day 5 post-injection, themean blood glucose level
of the animals was 10.2 ± 2.1 mmol L−1. By day 10, this had
increased to 13.8 ± 1.9 mmol L−1. On day 15, immediately prior
to the wounding procedure, the mean blood glucose level was
14.5 ± 1.5 mmol L−1. All 32 mice successfully met the inclusion
criterion of >8.3 mmol L−1 on day 15 and were subsequently
used in the wound healing experiments. Before beginning
wound studies, all of the mice with severe hyperglycemia were
given an intraperitoneal injection of ketamine hydrochloride at
an optimal dose based on their body weight. Before being
wound, the mice's dorsal hair was clipped off and disinfected
with 70% ethanol. A typical wound was created using a biopsy
punch that had a 1/4-inch (6.35 mm) diameter. Two wounds
were created simultaneously on the le and right dorsal
regions. These wounds were closed with sterilized SA-PEG-D-PL,
SA-PEG-PL, and PL. The control group received no samples. The
mice's incision sites were examined daily, and their regular
postoperative feeding was maintained; no problems arose
during this time. A camera was used to take pictures of the
wound area at a predetermined height on the third, seventh,
tenth, and fourteenth days.

Since a total of 32 mice were used across two independent
cohorts, with n = 4 mice per group per cohort. Aer conrming
consistency between cohorts, data were pooled, resulting in n =

8 mice per experimental group. These were distributed across
four time points (days 3, 7, 10, and 14), yielding n = 2 mice per
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00827e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/1

6/
20

26
 7

:4
4:

38
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
group per time point. Each mouse bore two wounds, providing
four wounds per group per time point (2 mice × 2 wounds),
these were not treated as independent biological replicates.
During histological processing, one wound per group per time
point was excluded due to technical artifacts (e.g., tissue
damage). All remaining evaluable wounds (n = 3) were included
in quantitative analysis.

Quantitative measurements were rst performed at the
wound level and subsequently averaged per mouse to obtain
one biological replicate per animal. Thus, the nal biological
sample size used for statistical analysis was n = 2 mice per
group per time point. The mice were sacriced on days three,
seven, ten, and fourteen. The skin samples were preserved in
10% neutral buffered formalin. Additionally, the samples were
embedded in paraffin and dehydrated in alcohol with varying
concentrations. Sections of the implanted samples, each 4 mm
thick, were cut out. Skin morphology and collagen deposition
were observed using hematoxylin–eosin staining (H&E), peri-
odic acid Schiff (PAS) staining, andmasson's trichrome staining
(MT), respectively, under the specication and conventional
techniques. The healing process of diabetic wounds has been
demonstrated to be exemplied by the reduction of the wound
area over time. In particular, the wound regions on days 7 and
14 are highly predictive of wound healing.54 Scar index and
wound closure were determined using the following equations:

Scar index ¼ Scar area

Adjacent normal dermal thickness

Wound closure rate ¼ Final wound area� initial wound area

Initial wound area

� 100%
3.14 Statistical analysis

Every experiment was run in triplicate, with each assay being
independently repeated at least twice. In Minitab statistical
soware, the data were statistically examined using Tukey's
multiple comparison test aer one-way analysis of variance
(ANOVA). The differences were considered signicant at (*) P <
0.05, (**) P < 0.01, (***) P < 0.001.
4. Results and discussions
4.1 Fiber formation mechanism

In earlier research, wetspun SA bers were effectively created
and cross-linked using metal ions, although only G blocks were
used.55,56 In this study, a homogenous aqueous solution of SA
and PEG is extruded through a spinneret into a calcium ion
(Ca2+) coagulation bath, illustrated in Fig. 1(A). Ionic cross-
linking mostly takes place between the calcium ions and the
guluronic acid (G) residues of alginate upon contact with the
Ca2+ rich media, leading to the creation of bers.42 The gelation
process is started by the quick ion-exchange between calcium
ions (Ca2+) in the coagulation uid and sodium ions (Na+) in the
© 2026 The Author(s). Published by the Royal Society of Chemistry
SA backbone. However, the kinetics of this exchange are altered
by the presence of PEG. A more uniform and slow crosslinking
process may result from inhibited Ca2+ transport into the ber
matrix caused by greater PEG concentrations. The bers'
mechanical performance and structural integrity are enhanced
by this regulated gelation.

Here, hydroxyl groups (–OH) in PEG weakly interact with SA
carboxyl groups or hydroxyl groups.57 Although weak and non-
covalent, hydrogen bonds are the main mediator of these
interactions and can affect the surface striation and swelling
behavior of the polymer network. A denser yet more elastic
hydrogel structure can result from PEG's exible chains lling
in the gaps between the SA network's interstitial spaces. It adds
to the biocompatibility and exibility of the bers, also lowering
the viscosity of the SA solution and enhancing its spinnability.58

4.2 Catechol functionalization and PL immobilization

While dopamine based coating has been extensively utilized in
various studies for improving bioactivity and surface adhesion,
its application for platelet lysate immobilization is being
demonstrated in this study for the rst time. Which immobilize
bioactive chemicals and enhance cellular interactions and
therapeutic results. Since SA–PEG bers are hydrophilic and
lack particular cell binding sites, they naturally have limited cell
adhesion capabilities. In order to solve this, hydroxyl groups are
introduced via surface modication using NaOH, which
increases surface reactivity, as seen in Fig. 1(B).59 A poly-
dopamine (PDA) layer is then created (Fig. S2) by the application
of DA, which goes through oxidative self-polymerization. This
PDA coating, which is abundant in catechol and amine groups
and was inspired by mussel adhesive proteins, offers a exible
substrate for further functionalization.60 PDA coatings are
appropriate for biomedical applications since studies have
shown that they promote cell proliferation and improve protein
adsorption.61 In order to ensure prolonged release and bioac-
tivity, the PDA layer on the bers helps immobilize PL by
covalent bonding and physical adsorption. This immobilization
technique has been demonstrated to improve cell differentia-
tion, adhesion, and proliferation. A biomaterial with improved
biological usefulness and mechanical integrity is produced by
sequentially altering SA–PEG bers with DA and NaOH, then
immobilizing them with PL. These changes have been linked to
better wound healing results, such as faster angiogenesis and
re-epithelialization.

4.3 Characteristics of morphological structures

Fig. 2(A) shows the wetspun bers' morphological characteris-
tics. Since SA naturally has gel like and hydrophilic qualities,
the surface of the SA only ber appears rough. However, the
absence of glycerol and PEG could lead to low mechanical
strength and brittle bers. SA's low stability when employed
alone is highlighted by the apparent striation, which may be the
result of shrinking aer drying.62 When PEG is added to the SA
matrix, SA–PEG (5%), the bers' surface becomes smooth
moreover still exhibits ne striations. The two polymers exhibit
partial miscibility, as evidenced by the presence of distinct yet
RSC Adv., 2026, 16, 14328–14349 | 14333
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Fig. 1 (A) Schematic illustration of the wet spinning process of SA–PEG fibers. (B) Represents the surface modification steps: fibers are treated
with NaOH to raise the pH, followed by polydopamine (PDA) coating. The PDA layer introduces catechol and amine groups that bind to the fiber
surface through covalent and non-covalent interactions (hydrogen bonding, p–p stacking), facilitating the immobilization of proteins and
growth factors.

14334 | RSC Adv., 2026, 16, 14328–14349 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Surfacemorphology of the fibers. SA fiber's surface is noticeably rough, perhaps as a result of the quick solvent exchange. SA–PEG (5 :
3) shows a smooth fiber surface, further refined by the increased glycerol content, which likely enhances flexibility and reduces surface tension.
SA-PEG-D-PL fiber demonstrates a layered morphology, attributed to the incorporation of PL and surface treatment that impacts the fiber
structure. SA-PEG-PL sample displays slight surface irregularities. (B) Comparison of fiber diameters for SA–PEG (5 : 3), SA–PEG (5%), SA-PEG-D-
PL, and SA-PEG-PL, the data were statistically examined using Tukey's multiple comparison test after one-way analysis of variance (ANOVA) (***p
< 0.001). (C) ATR-FTIR spectra of SA–PEG, SA-PEG-D-PL, and SA-PEG-PL showing successful immobilization of PL on the fiber surface.
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interconnected ne structural features in the observed
morphology. The brittleness of SA is offset by PEG's elasticity,
which enhances the composite's mechanical qualities. The
remaining surface imperfections suggest that the polymer
matrix may not be completely homogenized by the PEG content.
This composition is better suited for applications requiring
both absorption and mild mechanical stability due to its exi-
bility and structured surface. In comparison to the earlier
samples, SA (5%)–PEG (20%)–Gly (5%) bers surface show
improved smoothness and decreased striation depth with
© 2026 The Author(s). Published by the Royal Society of Chemistry
a higher PEG content and the addition of 5% glycerol as
a plasticizer. Glycerol, SA and PEG combine to form a more
cohesive polymer matrix. While the presence of glycerol
improves exibility and elasticity, the more compact surface
indicates better mechanical stability. Applications needing both
structural integrity and the capacity to adapt to uneven wound
surfaces seem to be most suited for this composition.63 When
the glycerol concentration is increased to 15%, the ber surface
becomes smooth and dense, with a more uniform surface and
reduced striation visibility.
RSC Adv., 2026, 16, 14328–14349 | 14335
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The SA-PEG-D-PL formulation is particularly suited for
applications requiring long-term wound coverage. A potential
consideration for such smooth surfaces is that reduced topo-
graphical features could theoretically hinder the release of
bioactive agents. However, this formulation is specically
designed to counteract this limitation. It incorporates bioactive
proteins and growth factors that are released to stimulate
cellular responses, including proliferation and migration,
which are vital for tissue regeneration. The surface of the
unmodied bers, which have the same composition as the
surface modied sample, is still compact and smooth shown in
SA-PEG-PL. Because no extra microcracks are introduced
Fig. 2(A), this intact surface morphology is signicant because
microcracks are known to act as stress concentration points
that initiate mechanical failure, with studies reporting up to
25% reduction in tensile strength when such defects are
present.64 Therefore, the absence of treatment-induced micro-
cracks in SA-PEG-PL suggests that avoiding chemical surface
treatments preserves mechanical stability by maintaining
a defect-free surface structure. While minimal surface imper-
fections can restrict passive protein adsorption and cell adhe-
sion based on topographical cues alone,65 this physical
limitation is offset by the bioactive functionality imparted by
the surface modication. The modication enhanced PL inte-
gration and uniform dispersion, enabling sustained release of
bioactive factors. Consequently, the mechanism of cell–matrix
interaction shis from a reliance on surface topography to
sustained biochemical signaling. This prolonged bioactivity
actively promotes cell–matrix interactions essential for regen-
eration, even on a relatively homogeneous ber surface.
Compared to unmodied bers, the synergistic effect of surface
functionalization and PL incorporation markedly improves the
wound healing efficacy of the modied bers. Fig. 2(B) repre-
sents the variation of ber's diameter. The diameters of SA–PEG
(5 : 3) and SA–PEG (5%) are 1134.8 mm and 949.5 mm, respec-
tively. SA–PEG (5 : 3) bers were thicker than SA–PEG (5%) due
to higher PEG content, which increased solution viscosity. SA-
PEG-D-PL is oen thinner approximately 309.7 mm, because
surface treatments like NaOH or DA can lead to shrinkage or
material loss due to dissolution or crosslinking, which
compacts the ber structure. On the other hand, SA-PEG-PL
bers caused slight swelling, increasing their diameter than
surface modied bers.
4.4 ATR-FTIR spectral analysis

Fig. 2(C) represents the ATR-FTIR analysis of the SA–PEG, SA-
PEG-D-PL, and SA-PEG-PL, as well as the presence of bonding
in the sample. Regarding pure SA bers, two distinct absorption
bands were found at 1608 cm−1 and 1408 cm−1, which were
ascribed to the symmetric and asymmetric stretching vibrations
of the –COO group, respectively. It was determined that the
bending vibration of C–O was responsible for the distinctive
absorption band at 1101 cm−1 of PEG, whereas the bending and
stretching vibrations of C–H were responsible for two absorp-
tion bands at 1340 cm−1 and 2886 cm−1, respectively.66 Also, the
stretching vibration of O–H was the cause of the broad
14336 | RSC Adv., 2026, 16, 14328–14349
absorption band is also visible in 3421 cm−1. However, from the
ATR-FTIR spectra of SA–PEG blend bers, for SA, the absorption
bands at 1608 cm−1 and 1408 cm−1 moved to lower wave-
numbers (1596 cm−1 and 1408 cm−1) due to symmetric and
asymmetric stretching of carboxylate (COO−) groups. The N–H
group's stretching vibration, which was normally bonded to the
O–H group at 3421 cm−1, was moved to 3278 cm−1.42,67 SA and
PEG exhibit good molecular compatibility and strong intermo-
lecular interactions, as evidenced by all those alterations. Peaks
at 1540 cm−1 and 1451 cm−1 are associated with the amide II
bending and stretching vibrations (NH and CN groups,
respectively), whereas the absorption band at 1641 cm−1 is
associated with the C]O stretching vibration of amide I. In the
1400–1200 cm−1 area, amide III-related NH bending vibration
contributions are evident.68,69 These indicate that PL is immo-
bilized in both surface modied and unmodied bers. SA-
PEG-D-PL bers show a peak at 3278 cm−1, which corre-
sponds to the O–H stretching vibration from hydroxyl groups
present in both SA and PEG. Peak at 3278 cm−1 in case of
modied sample, it would indicate that the –OH groups from
SA–PEG are still present but possibly weakened due to the
interaction with the surface modication that introduces over-
lap with a new peak near 3277 cm−1, corresponding to the NH
stretching vibration (amide A). It might not be as intense as in
the unmodied sample, but it could still be visible. In contrast,
the surface modied bers demonstrate strong and more
dened peaks for protein interactions. This indicates improved
incorporation and strong interactions between the PL and the
ber structure.
4.5 Mechanical properties analysis

Tensile tests were performed on single dried bers using
a gauge length of 50 mm. Fiber diameter was measured using
digital calipers during testing. The caliper measurement reects
the actual bulk diameter of the ber used during tensile testing.
The cross-sectional area was calculated assuming a circular

cross-section A ¼ p

�
d
2

�2

. The diameters ranged from 560 mm to

980 mm, resulting in the following cross-sectional areas: SA–PEG
(5 : 3) = 0.75 mm2, SA–PEG (5 : 5) = 0.95 mm2, SA–PEG (5%) =
0.44 mm2, and SA-PEG-D-PL = 0.29 mm2. The mechanical
behavior of wetspun composite bers composed of SA and PEG
in a 5 : 3 mass ratio has been extensively studied along with
other compositions (Fig. S3), to understand their tensile prop-
erties. The stress–strain curve of the SA–PEG (5 : 3) composite
exhibits high strain-to-failure. This behavior is attributed to the
increased chain mobility facilitated by the higher PEG content,
which is a exible polymer with a low glass transition temper-
ature (Tg). By decreasing SA's interchain contacts and reducing
ionic crosslinks and hydrogen bonds, the PEG chains increase
elongation. Also in PEG, the dipole and van der Waals intra-
molecular forces predominate, which lessen stiffness. PEG
dilution reduces the formation of crosslinks by the carboxyl and
hydroxyl groups of SA, which are in charge of ionic and
hydrogen bonding. A more exible and deformable ber is the
end product. SA chains are penetrated by PEG macromolecular
© 2026 The Author(s). Published by the Royal Society of Chemistry
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chains, giving the polymer matrix exibility but decreasing its
cohesive strength.70

As well as SA–PEG (5 : 3) shows 39.3 MPa young's modulus
and 2.05 MPa tensile strength, highlighting its capacity to bear
a certain amount of strain before cracking in Fig. 3(B). The
exibility of PEG's macromolecular chains, which lowers the
density of hydrogen and ionic bonds in the SA matrix, is re-
ected in the lower modulus. Greater PEG concentration lowers
the load bearing capacity while permitting ductile deforma-
tion.67 SA–PEG (5 : 5) shows an optimal balance between stiff-
ness and exibility. Ionic crosslinks in alginate, such as Ca2+

bridges between guluronic acid residues, intensify and add to
the material's stiffness. However, some of these interactions are
broken by PEG, which reduces brittleness. To achieve inter-
mediate mechanical qualities, the exible chains of PEG
Fig. 3 (A) Stress–strain curve. (B) Young's modulus (MPa) and tensile stre
PEG-D-PL (D) XRD pattern of SA-PEG, SA-PEG-D-PL and SA-PEG-PL. M
role of DAmediated surfacemodification in enhancing elasticity and stren
and intermolecular interactions in PL-loaded and surface modified fiber

© 2026 The Author(s). Published by the Royal Society of Chemistry
partially soen the hard network of SA, forming a semi-
interpenetrating network (semi-IPN).

Nevertheless, SA–PEG (5 : 5) shows a young's modulus of
177.2 MPa and a tensile strength of 1.7 MPa, indicating
increased stiffness. SA adds stiffness; however, PEG content
compromises the overall structural integrity. SA–PEG (5%)
sample exhibits a sharp rise in stress, and a lack of signicant
PEG content limits exibility. The macromolecular chains of SA
are closely packed together, and the polymer matrix is domi-
nated by strong ionic and hydrogen bonds. With a young's
modulus of 291.7 MPa and a tensile strength of 22.7 MPa, SA–
PEG (5%) exhibits superior mechanical strength and stiffness,
albeit with decreased elasticity. On the other hand, DA and
NaOH surface modication add catechol groups (also evident
from Fig. S4) and enhance adhesion to PL proteins, strength-
ening intermolecular bonds. By interacting with SA and PEG via
ngth (MPa) (C) TGA thermogram of SA–PEG (5 : 3), SA-PEG-PL and SM-
echanical testing demonstrates the reinforcing effect of PEG and the
gth. Thermal and structural analyses confirm improved thermal stability
s, indicating their potential suitability for wound healing applications.

RSC Adv., 2026, 16, 14328–14349 | 14337
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hydrogen bonds and electrostatic forces, PL proteins (like
PDGF, VEGF, EGF) can create a stiffer network. Through ionic
interactions with the carboxyl groups of SA and the ether oxygen
of PEG, the proteins from PL form a dense secondary network.
Moreover, SA-PEG-D-PL shows young's modulus of 1228.5 MPa
because of hydrogen bonding and adhesion to PL, increasing
stiffness and tensile strength of 20.9 MPa. However, Thinner
bers exhibit higher Young's modulus due to enhanced chain
alignment and reduced defects, and dopamine modication
further reinforces the network, improving mechanical
stability.71–73 Overall, this structural stiffness provides support
over the wound, while its strength ensures stability and
longevity during handling and application.

4.6 Thermal properties evaluation

Fig. 3(C) demonstrates the thermal stability and decomposition
behavior by the TGA plot. Compared to SA–PEG and SA-PEG-PL,
the weight loss in the SA-PEG-D-PL sample is more gradual
throughout the rst decomposition stage (150 °C to 250 °C).
Main stage of degradation (250 °C to 400 °C), degradation for
the SA-PEG-PL starts earlier (about∼240 °C) than for the surface
modied sample (around ∼270 °C). This suggests that altering
the surface postpones the start of deterioration. SA–PEG and SA-
PEG-PL show nearly total breakdown at high temperatures 400 °
C, although the surface modied sample keeps a sizable
amount of its weight.74 Thermally stable compounds could be
the cause of the surface modied sample's greater residue
weight. The onset temperature is somewhat shied by protein
interactions when PL is added to SA-PEG-PL, however the
thermal stability is unaffected.75 Conversely, DA surface modi-
cation probably results in the formation of covalent connec-
tions between DA molecules and SA–PEG chains, which raises
the crosslink density. Additionally, proteins and GFs can help
reinforce the polymer matrix. Moreover, it shows that the
modied sample produces more thermally stable carbonaceous
char, which may be related to the integration of DA with PEG
and SA and their polymerization. Notably, the delayed onset of
breakdown and higher residual weight of the SA-PEG-D-PL
indicate that it has better thermal stability than the unmodi-
ed and SA–PEG samples.

4.7 XRD analysis of structural crystallinity

Fig. 3(D) shows the XRD patterns of 3 samples SA–PEG, SA-PEG-
D-PL and SA-PEG-PL. We can see the peaks at 2q = 13.5°, 22.5°
and 32°, these correspond to the (110), (200), and (211) planes,
which are produced by the crystalline areas of SA that are
created by intermolecular hydrogen bonds in its polymer
chains. PEG contributes extra peaks at 19° and 23°, which are
oen connected to the (120) and (112) planes and reect its
crystalline structure.76 The inclusion of PL improves the crys-
tallinity of PEG, as seen by the sharpening of the peaks at 19°
and 23° in the SA-PEG-PL sample. Although the SA peaks at
13.5°, 22.5°, and 32° are still discernible, their relative intensi-
ties vary, maybe as a result of interactions with growth factors
and proteins. The relative intensities of SA are still present in
SA-PEG-D-PL, but they are altered by PL immobilization. Peaks
14338 | RSC Adv., 2026, 16, 14328–14349
at 31°, 40°, and 45° are more intense and sharper than those at
SA-PEG-PL; this could be because of the surface functionaliza-
tion process.

The crystallinity percentage and crystalline size of the
samples were also calculated to further evaluate the impact of
PL immobilization and catechol functionalization. SA–PEG
showed 34.2% crystallinity with a crystalline size of 10 nm,
reecting its semi-crystalline nature. Upon PL addition, crys-
tallinity increased to 36.6% and size to 17.3 nm in SA-PEG-PL,
indicating improved molecular ordering due to interactions
with PL components. Similarly, SA-PEG-D-PL exhibited 35.8%
crystallinity and a similar crystal size of 17.3 nm, suggesting
that DA modication promotes crystal growth, possibly by
facilitating surface interactions, despite minor structural
disruptions. Overall, both PL and surface modication enhance
crystalline organization within the polymer matrix.

4.8 Water absorbency

Fig. 4(A) represents the water absorbency of three different
fabrics: SA–PEG, SA-PEG-D-PL, and SA-PEG-PL. The water
absorbency of SA–PEG is the lowest (around 14%). The
untreated bers' compact structure restricts their surface stri-
ation and water retention capacity. Conversely, the SA-PEG-D-PL
bers exhibit a signicant increase in water uptake of approxi-
mately 719%, which can be attributed to the chemical alter-
ations induced by surface functionalization, leading to
enhanced hydrophilicity. By drawing and holding onto water
molecules via hydrogen bonds and dipole interactions, as
hydrophilicity improves water absorbency also evident from
swelling and degradation properties Fig. S5. Strong interactions
between hydrophilic groups like hydroxyl (–OH) and carboxyl (–
COOH) and water enable thematerial to absorb and retainmore
moisture.62 On the other hand, SA-PEG-PL absorbs about 47%
water, due to the addition of growth factors and hydrophilic
proteins from PL, which interact with water molecules and
improve the material's moisture retention capacity.

4.9 Water vapor transmission rate

Fig. 4(B) shows WVTR of three samples SA–PEG, SA-PEG-D-PL,
and SA-PEG-PL. SA–PEG shows the greatest WVTR among all,
indicating a more permeable structure that allows water vapor
to pass through. A high WVTR can help avoid excessive uid
buildup, but it can also cause the wound to rapidly dehydrate,
which is not ideal for long term wound healing applications like
diabetic wounds. The dressing with a WVTR of roughly 2028.3 g
per m2 per day might preserve the ideal moisture content for
broblast and epidermal cell growth and function.77 Addition-
ally, it was shown that a WVTR rate of 2000–2500 g per m2 per
day would supply a sufficient amount of moisture without
running the danger of desiccation.78 A further decline in WVTR
of about 2297.3 g per m2 per 24 day was seen in the SA-PEG-D-PL
sample. This implies that the surface modication process adds
to other modications in the ber network, which could change
the material's surface striation and make it more hydrophilic.79

Polydopamine surface coatings are known to produce an
adhesive, hydrophilic layer that improves water affinity and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Evaluation of (A) water absorption capacity, (B) water vapor transmission rate (WVTR), and (C) blood clotting index (BCI) of SA–PEG based
fibrous dressings. SA-PEG-D-PL exhibited significantly enhanced water absorption and reduced BCI, indicating improved exudate handling and
hemostatic performance. Statistical significance is indicated as p < 0.01 (**) and p < 0.001 (***). The exceptional water absorption ability of SA-
PEG-D-PL highlighted its potential to sustain amoist woundmicroenvironment that promotes healing. In comparison to the control, SA-PEG-D-
PL significantly lowers BCI, confirming improved blood interaction and clot promoting capacity.
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surface free energy.80 This altered interface may improve the
material's ability to retain moisture by reducing vapor driven
moisture loss. However, compared to the pure SA–PEG sample,
the SA-PEG-PL sample, which contains PL but does not have
surface modication, showed a lower WVTR of approximately
2343.3 g per m2 per day. The presence of proteins and bioactive
compounds from the PL may have an impact on the polymer
network by enhancing moisture retention and marginally
decreasing ber permeability, and for this, WVTR has
decreased. Water vapor permeability may decrease as a result of
a dense or more structured arrangement created by the inter-
action of PL components with the polymer matrix. This denser
arrangement creates a tortuous path for water vapor diffusion,
a well-established mechanism where llers physically hinder
vapor transport by forcing water molecules to travel longer
pathways through the polymer matrix.81
4.10 Whole blood clotting

Fig. 4(C) shows the hemostatic property of bers. The SA-PEG-D-
PL group exhibited a BCI of 14.6%, whereas the SA-PEG-PL
© 2026 The Author(s). Published by the Royal Society of Chemistry
group showed a higher BCI of 23.8%. The reduction in BCI
reects an enhanced anticoagulant property of the surface
modied bers, suggesting that both dopamine mediated
surface functionalization and the incorporation of PL
contribute to decreased blood clot formation. The surface
modied sample's rapid rate of expansion, and potent
water absorption capability allow it to absorb blood water
rapidly, encourage blood cell adhesion and aggregation,
and exhibit good coagulation ability in vitro. Rapid
hemostasis is made possible by the brous network
that supports uid exchange and cell inltration and a high
rate of expansion, which improves red blood cell
adsorption capacity.82 Compared to the SA-PEG-D-PL group, the
BCI% of the SA-PEG-PL group is marginally greater, approxi-
mately 23%. This suggests a moderate level of anticoagulant
activity. Because PL releases bioactive substances such as
growth factors and cytokines, which alter clotting mechanisms
and improve anticoagulant qualities, it raises the BCI. It makes
the substance more blood compatible by lowering the produc-
tion of clots.
RSC Adv., 2026, 16, 14328–14349 | 14339
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4.11 Hemocompatibility evaluation

Fig. 5(A) represents the hemolysis ratio to evaluate the blood
compatibility of the bers. The degree of red blood cell fracture
and disintegration caused by the sample coming into contact
with blood is indicated by the hemolysis ratio.83 During hemo-
lysis, red blood cells (RBCs) are destroyed, and the two
surrounding environments contain free hemoglobin. Conse-
quently, a lower hemolysis ratio is linked to better blood
compatibility. According to ASTM guidelines, a material's
permissible hemolysis ratio for medical use must be less than
5%.84 SA is more likely to interact with RBCmembranes because
of its larger molecular weight, whichmay lead to a higher rate of
cell lysis.85 The results showed that all of the dressings with PL
had hemolysis rates less than 5%. As a result, SA-PEG-D-PL
scaffolds were found to have a very good blood compatibility
level. Plasma proteins (albumin, brinogen) and growth factors
(PDGF, VEGF, and TGF-b) are abundant in PL. These proteins
Fig. 5 (A) Hemolysis ratio, (B) RBC adhesion, and (C) in vitro cumu-
lative release of PL from fibrous dressings. Comparing SA-PEG-D-PL
to SA-PEG-PL, the hemolysis ratio was much lower (0.81%), both
staying far below the 5% blood compatibility criterion. Red blood cell
attachment on SA-PEG-D-PL is dense and consistent, according to
SEM measurement of RBC adhesion; this indicates a favorable blood–
material interaction, while SA–PEG showed scant cell presence.
However, over the course of 18 days, PL was shown to have a sus-
tained release; SA-PEG-D-PL showed the largest cumulative release,
indicating that it may have long term therapeutic activity in wound
healing applications.

14340 | RSC Adv., 2026, 16, 14328–14349
can reduce direct interaction between the biomaterial and RBC
by attaching themselves to the surface of the biomaterial and
creating a barrier. This reduces RBC damage and hemolysis
from chemical or mechanical causes. DA may induce severe
hemolytic damage due to its high charge density of free amino
groups, which causes excessive interaction with erythrocyte
membrane components and destroys the membrane struc-
ture.74 The combination of NaOH and dopamine treatment
likely enhances the hydrophilicity of the bers. Increased
hydrophilicity reduces nonspecic protein adsorption and cell
adhesion, thereby minimizing RBC damage.86,87 In contrast, the
SA-PEG-PL samples may exhibit lower hydrophilicity, which
could promote stronger interactions with blood cells and
a higher risk of hemolysis. These ndings emphasize the crucial
role of surface modication in improving the blood compati-
bility of the bers.

4.12 RBC adhesion

Fig. 5(B) shows the hemostatic mechanism to examine the
surface adhesion and morphology of blood cells and platelets.88

The SA–PEG surfaces exhibit minimal brin network formation
and limited blood cell adhesion, indicating weak interactions
with blood components. This suggests inadequate tissue
adhesiveness and suboptimal hemostatic performance. Blood
cell adhesion is signicantly increased in SA-PEG-D-PL samples,
where cells are closely packed throughout the substance.
Surface changes like DA coating, which increase tissue adhe-
siveness and speed up the coagulation process, are probably the
cause of this improved connection. A thick brin network is
seen in SA-PEG-PL samples, which capture a lot of blood cells.
The brin structure holds the cells in place, suggesting better
hemostatic qualities than the pure SA–PEG. This is probably
because PL was added. Comparing the interaction to the surface
modied samples, it is less consistent. The DA coating's
increased adhesiveness promotes stronger RBC interaction and
noticeable deformation during adhesion. Which causes the
shape shi of RBCs on the surface modied sample. However,
this deformation was not associated with cell rupture, and it
was consistent with lower hemolysis. On the SA–PEG surface,
erythrocytes retained their characteristic biconcave shape and
were sparsely adhered, indicating minimal interaction with the
surface. In contrast, SA-PEG-PL and SA-PEG-D-PL exhibited
signicantly higher erythrocyte adhesion, with a noticeable
morphological transition of RBCs from their native biconcave
structure to spherical forms. This transformation is indicative
of erythrocyte activation, oen associated with the development
of stable clots and enhanced hemostatic performance.89 As well
as numerous phenolic hydroxyl groups found in DA in SA-PEG-
D-PL can interact with plasma bronectin and erythrocytes and
platelets adhesion to cause platelet activation.86

4.13 Release of PL from brous wetspun

Fig. 5(C) represents the cumulative release (%) over 18 days. The
analytic release data were examined using the zero order, rst
order, Higuchi, and Korsmeyer–Peppas models in order to
comprehend the manner of drug release from three samples.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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The primary determinant of the best-tting model is the
correlation coefficient (R2), Fig. S6. Comparing the three
samples to other models, it was discovered that the Korsmeyer–
Peppas model's R2 (0.99) was higher. Based on these ndings, it
is likely that the Korsmeyer–Peppas model governs the release
kinetics of these dressings.90 PL exhibited a rapid initial release,
reaching approximately 50% cumulative release within the rst
50 hours, followed by a slower phase at around 60% by 432
hours. This burst release is likely due to the absence of a regu-
lating matrix, allowing rapid diffusion of PL into the
surrounding medium. In contrast, the SA-PEG-PL sample
showed a moderate initial release of about 30% in 50 hours and
a gradual increase to nearly 70% by 432 hours, indicating the
matrix's ability to act as a diffusion barrier and sustain release
over time. The SA-PEG-D-PL sample demonstrated the most
controlled and extended release prole, reaching around 35% at
50 hours and nearly 90% at 432 hours, suggesting that dopa-
mine functionalization further enhanced the matrix's capacity
for prolonged and regulated release. The surface alteration,
which improves hydrophilicity and promotes better lysate
diffusion, is probably the cause of the increased release when
compared to the unmodied sample.91,92 A more open and
interconnected matrix structure makes the matrix's channels
bigger or more linked, which facilitates the PL's easier diffu-
sion. Water absorption is improved by increased hydrophilicity,
which also causes the matrix to swell and weaken its structure,
which facilitates PL release. When combined, these character-
istics lower diffusion barriers, resulting in increased and pro-
longed PL release.
Fig. 6 Molecular docking analysis of hydrogen bonding between
sodium alginate–PEG with (A) VEGF, (B) PDGF, (C) EGF which are the
key components of PL. The docking simulations reveal specific binding
conformations and interaction sites, suggesting potential affinity of
sodium alginate–PEG for stabilizing and immobilizing these growth
factors within the fiber matrix.
4.14 Molecular docking

The interaction between SA–PEG with PL, which contains
important GFs, such as VEGF Fig. 6(A), PDGF Fig. 6(B), and EGF
Fig. 6(C), was assessed using molecular docking experiments.
Both panoramic and two-dimensional views of the discovered
docking conformations shed light on the binding behavior and
possible bioactivity of these complexes. The panoramic views
display several spatial congurations and show the general
binding direction of each growth factor within the SA–PEG
matrix. Specic non-covalent interactions that support the
stability of the complexes, such as hydrophobic contacts, elec-
trostatic interactions, and hydrogen bonds, are further claried
by the 2D interaction maps. The binding affinities of the three
growth factors varied, VEGF exhibiting −6.5 kcal mol−1, PDGF
−7.2 kcal mol−1, and EGF demonstrating −6.9 kcal mol−1. The
varying binding energies suggest differences in the complexes'
stability and molecular recognition. PDGF's greater binding
affinity could be explained by the complex being predicted to
have more hydrogen bonds, electrostatic interactions, and
hydrophobic contacts. A more negative binding energy suggests
a stronger and more stable interaction between the biomaterial
and the growth factor. The docking result suggests that PDGF
may have a more favorable and stable integration within the SA–
PEG matrix compared to the others. The higher binding energy
of PDGF can be attributed to the formation of multiple stabi-
lizing interactions in silico.
© 2026 The Author(s). Published by the Royal Society of Chemistry
The strong binding of PDGF may be attributed to the pres-
ence of multiple hydrogen bonds and electrostatic interactions,
likely involving positively charged residues such as Arg and Lys
engaging with the carboxyl groups of SA. These molecular
interactions could enhance physical encapsulation and
promote controlled release, aligning well with observed in vitro
release trends. The panoramic and 2D interaction views
conrmed structural compatibility and revealed how the growth
factors were spatially oriented within the polymeric network.
4.15 In vivo experiment

Fig. 7(A) represents the SA-PEG-D-PL bers' ability to repair
wounds in vivo compared to that of PL in mice. The sequential
photos of the wounds were taken at days 0, 3, 7, 10, and 14. As
can be seen from Fig. 7(A), SA-PEG-D-PL improved wound
healing. Even aer 14 days, as anticipated, the wound could not
be closed by natural healing. Furthermore, when SA-PEG-PL
and PL were utilized to treat wounds, they did not heal
completely. Nevertheless, improved wound healing was evident
from day 7 when evaluating the effectiveness of SA-PEG-D-PL.
RSC Adv., 2026, 16, 14328–14349 | 14341
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Fig. 7 (A) Images of wounds treated by control, PL, SA-PEG-PL, and SA-PEG-D-PL at different time points of 0, 3, 7, 10, and 14 days, also show
dermoscopic images of wound beds after day 14. SA-PEG-D-PL promoted better wound healing than the other samples. (B) Represents H & E-
stained tissue sections that ensure re-epithelialization and tissue regeneration. Black arrows represent re-epithelialization, and blue arrows
represent neovascularization.
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Aer 14 days, wound traces were found in all samples except for
SA-PEG-D-PL. Fig. 7(A) also shows the wound beds. However, in
SA-PEG-PL and PL, there were indications of tissue abnormali-
ties and wounds surrounding the treated area.
14342 | RSC Adv., 2026, 16, 14328–14349
To investigate the impact of SA-PEG-D-PL on wound healing
and its many characteristics, excised wounds were stained with
H & E, MT, and PAS. The excised wounds were examined for
inammatory cells, neoangiogenesis (Fig. S7), scar index, re-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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epithelialization, and epithelial gap, among other wound heal-
ing indicators. On day 3, wounds treated with SA-PEG-D-PL and
SA-PEG-PL showed a strong inammatory response with
neutrophils, macrophages, and lymphocytes present, indicating
an early immune response required for wound cleaning.
However, by day 7, a direct comparison of inammatory cell
counts Fig. 8(A) reveals that SA-PEG-D-PL treated wounds had
dramatically fewer inammatory cells than SA-PEG-PL and
control group, indicating a quicker resolution of inammation.
Prolonged immune activation and chronic inammation were
suggested by the control group's highest inammatory
response, which persisted until day 14. A continuous layer of
epidermis was developed by day 7, indicating active migration
and proliferation of keratinocytes. The well-stratied epidermis
of SA-PEG-D-PL by days 10 and 14 demonstrated full tissue
remodeling and epithelialization. Direct comparison of re-
Fig. 8 (A) The number of inflammatory cells per mm2 was calculated on
The epithelial gap of all four wounds after three days. After three days, t
compared to other samples. (C) MT staining, the yellow area represents c
all the cases on days 3, 7, 10, and 14. Significant differences are indicate

© 2026 The Author(s). Published by the Royal Society of Chemistry
epithelialization Fig. 8(B) shows that SA-PEG-PL treated
wounds had slower epidermal coverage with visible gaps even at
day 10, while PL-only and control groups showed only partial
closure by day 14. With partial closure at day 14, the PL-only and
control groups showed the slowest epidermal recovery, under-
scoring the limited effectiveness of PL by itself in fostering
epidermal regeneration. The SA-PEG-D-PL group had the high-
est levels of collagen deposition and broblast proliferation,
which are essential for ECM remodeling. Collagen bers were
closely packed by day 10, which suggested improved tissue
strength and matrix remodeling. On the other hand, wounds
treated with SA-PEG-PL showed considerable broblast activity,
but the extracellular matrix remained loosely organized, indi-
cating slower matrix organization.

There was insufficient structural support for wound
contraction in the PL-only group, as evidenced by the limited
days 3, 7, 10, and 14 for SA-PEG-D-PL, SA-PEG-PL, PL, and control. (B)
he gap of the wound treated by SM-PEG-D-PL significantly decreased
ollagen deposition in the wounded area. (D) PAS staining of wounds in
d by * (p < 0.05), ** (p < 0.01), *** (p < 0.001).

RSC Adv., 2026, 16, 14328–14349 | 14343
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broblast proliferation and ECM deposition in the control
group. Early and continuous blood vessel development was seen
in the SA-PEG-D-PL group by day 7 and persisted until day 14.
This implies that the bioactive surface alteration enhanced
cellular interactions and GF retention, hence encouraging
vascular regeneration. In contrast to the control group, which
showed poor vascularization, the SA-PEG-PL and PL groups
showed conned angiogenesis, which may have limited the
delivery of nutrients and oxygen to the regenerated tissue. This
study shows that SA-PEG-D-PL bers promote quicker inam-
mation resolution, re-epithelialization, ECM remodeling, and
angiogenesis, all of which greatly improve wound healing.
Fig. 9 (A) Wound closure (%) on 3, 7, 10, and 14 days. (B) Scar index of all
case of SA-PEG-D-PL. Compared with the control and other treatment
wound contraction over time. Also showed enhanced skin regeneration
day 10. (D) granulation tissue thickness (mm) in diabetic wounds treated
performed using one-way ANOVA with Tukey's; exact p-values are prov

14344 | RSC Adv., 2026, 16, 14328–14349
Fig. 8(C) represents the samples' MT staining. Information
about collagen deposition in the cutaneous region is given. A
better structured collagen network with more deposition was
seen in the SA-PEG-D-PL group on day 7, indicating improved
ECM remodeling and wound healing. Conversely, the PL and
SA-PEG-PL groups displayed less structural organization and
moderate collagen formation. The control group had uneven
tissue architecture and little collagen deposition, which sug-
gested that wound healing was delayed. By day 14, the scar areas
in the control group were more prominent, whereas the SA-PEG-
D-PL group exhibited reduced scar formation in Fig. 9(B),
indicating superior wound healing. The scar index comparison
four wounds after 14 days, where the scar area was the smallest in the
groups, the SA-PEG-D-PL group demonstrated noticeably improved
and a discernible decrease in scar tissue. (C) % Re-epithelialization on
with different formulations on days 7 and 10. Statistical analysis was
ided in the Results section (*p < 0.05, **p < 0.01, ***p < 0.001).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9(B) directly shows that SA-PEG-D-PL (7.3) is signicantly
lower than unmodied bers (SA-PEG-P) (29), PL (42.6), and
control (22). Additionally, epithelial thickness measurements
suggest that the SA-PEG-D-PL group facilitated better re-
epithelialization compared to the other groups. The basement
membrane rebuilding is a crucial factor because it divides the
dermis layer beneath the epidermis.93 Several crucial proteins,
including collagen IV and laminin, are found in the dermis
layer, which also regulates both dermal and epithelial cells.94

On day 7, the control group's basement membrane was
absent in all the wound sites in Fig. 8(D), indicating a break in
the epidermis-dermis link. With partially regenerated BM con-
necting the epidermal and dermal layers, the SA-PEG-D-PL and
SA-PEG-PL groups, on the other hand, demonstrated superior
basement membrane integrity. However, direct comparison on
day 14 reveals that only SA-PEG-D-PL showed a well-compacted,
continuous basement membrane at the wound center, while SA-
PEG-PL continued to exhibit persistent gaps between epithe-
lium and dermis. Nonetheless, the SA-PEG-PL group continued
to exhibit persistent gaps between the epithelium and dermis,
whereas the SA-PEG-D-PL group showed a more continuous
basement membrane, suggesting better epithelial regeneration.
All groups showed more formed basement membrane struc-
tures by day 14, with the wounds treated with SA-PEG-D-PL
showing a well-compacted basement membrane, especially at
the wound center. Furthermore, this group's epidermis showed
early ridge formations, which signaled the papillary dermis's
appearance. In contrast, the other groups' epidermis remained
comparatively at. Additionally, follicular structures were
visible in the wounds treated with SA-PEG-D-PL, although the
follicular structures of the SA-PEG-PL group were restricted. In
the wounds treated with SA-PEG-D-PL, neoangiogenesis was
seen as early as day 3, indicating faster vascular regeneration.
All groups' blood vessel creation was measured by day 7;
however, the wounds treated with SA-PEG-D-PL showed the
highest levels of angiogenesis, most likely as a result of the
bioactive environment promoting healing. Angiogenesis had
decreased by day 14, which was consistent with the typical
course of wound healing. According to these results, SA-PEG-D-
PL plays a promising role in improving diabetic wound healing
by markedly enhancing angiogenesis, follicular restoration,
papillary dermis creation, and basement membrane
regeneration.

At day 10, the SA-PEG-D-PL and SA-PEG-PL groups exhibited
signicantly higher re-epithelialization percentages compared
to the PL and control group (P < 0.001 for all comparisons),
indicating enhanced wound closure Fig. 9 (C). Consistent with
these results, wound thickness measurements at days 7 and 10
showed that SA-PEG-D-PL treatments led to thinner wounds
compared to others. Statistically signicant differences were
observed between SA-PEG-D-PL and SA-PEG-PL (P = 0.009), and
between SA-PEG-PL and PL (P= 0.009), highlighting the limited
efficacy of PL alone. The superior performance of SA-PEG-D-PL
formulations may be attributed to improved bioavailability and
sustained delivery of bioactive molecules.

Collectively, these direct comparisons demonstrate that SA-
PEG-D-PL functionalized bers exhibit superior therapeutic
© 2026 The Author(s). Published by the Royal Society of Chemistry
efficacy compared to unmodied bers and controls. The
modied bers signicantly enhance wound healing through
multiple mechanisms: faster inammation resolution, acceler-
ated re-epithelialization, improved ECM remodeling with dense
collagen organization, reduced scarring, restored basement
membrane integrity, and enhanced angiogenesis with follicular
regeneration. These outcomes conrm that the synergistic
effects of dopamine functionalization and PL immobilization
translate into meaningful biological and therapeutic benets
for diabetic wound healing.

5. Conclusion

This study successfully developed wetspun composite bers
based on SA and PEG with immobilized PL for diabetic wound
healing applications. The surface modication using PDA
signicantly improved PL immobilization without compro-
mising ber integrity. Mechanical evaluation showed that the
SA-PEG-D-PL achieved a tensile strength of 20.9 MPa and
a young's modulus of 1228.5 MPa, indicating suitability for
applications. The surface modied sample also demonstrated
the highest water absorbency compared to unmodied controls
and maintained a WVTR of ∼2300 g per m2 per day, supporting
a moist wound environment. Hemocompatibility tests
conrmed the safety of both catechol-modied and unmodied
samples, with hemolysis ratios of 0.81% and 2.22%, respec-
tively. The SA-PEG-D-PL group also demonstrated the BCI of
15% compared to 23% in the SA-PEG-PL group, indicating
improved hemostatic modulation. In vitro cumulative release
shows that PL alone has a rapid release, reaching ∼50% within
50 hours and ∼60% by 432 hours. The SA-PEG-PL sample
exhibited a slower, sustained release, increasing from ∼30% at
50 hours to ∼70% at 432 hours. On the other hand, the SA-PEG-
D-PL sample demonstrated the highest and most consistent
release, reaching ∼35% at 50 hours and ∼90% by 432 hours,
indicating the effect of catechol functionalization on enhancing
lysate diffusion. In vivo studies using STZ induced diabetic mice
conrmed the fabric's therapeutic potential, with the SA-PEG-D-
PL sample exhibiting 90% wound closure by day 10, compared
to <60% in control groups. Histological analysis revealed
enhanced neovascularization, organized granulation tissue,
reduced scarring, and improved re-epithelialization in the
modied sample, indicating functional skin regeneration.
These ndings validate the potential of the SA-PEG-D-PL wet-
spun ber as a bioactive wound dressing platform that
combines mechanical robustness, high absorbency, sustained
growth factor release, and accelerated diabetic wound healing.
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characterization of bers (digital image analysis and EDS
spectra), mechanical testing results (stress–strain behavior),
swelling and degradation studies at different pH conditions,
standard curve for in vitro platelet lysate release, and quantita-
tive analysis of vessel density from in vivo wound healing
studies. See DOI: https://doi.org/10.1039/d6ra00827e.
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