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Innovation in microbial bioactive materials:
electrospun ectoine/s-PL/PVA fiber dressing as

a bioactive and hemocompatible material with
potential for wound healing applications

Hamidreza Hagh Ranjbar

and Afrouzossadat Hosseini Abari*

Bioactive fibers are innovative natural therapeutics, which are capable of mimicking the body's biological

environment to accelerate healing, fight infections, and revolutionize regenerative medicine with

extraordinary precision and effectiveness. In this study, we produced ectoine and epsilon-poly-L-lysine

using Halomonas elongata and Streptomyces albulus, respectively, and utilized these compounds to

fabricate ectoine/epsilon-poly-L-lysine/polyvinyl alcohol fibers via electrospinning for the development
of a multifunctional wound dressing. The physicochemical properties of the biofibers were characterized
using Field Emission Scanning Electron Microscopy (FE-SEM), differential scanning calorimetry (DSC), and

Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR). Additionally, their

antibacterial, antibiofilm, antioxidant, and cytotoxic effects were evaluated. The potential of these

biofibers as wound dressings was further assessed through hemocompatibility testing, in vitro scratch
assay, and gene expression analysis during in vitro scratch-induced gap closure by gRT-PCR on L929
fibroblast cell cultures. The results of this study confirmed the fabrication of smooth, regular, and bead-
free microfibers with a size of 0.8 £ 0.157 um. These biofibers also exhibited significant biological activity

without any toxicity or blood incompatibility. Finally, the induction of cell migration and the increased
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expression of matrix metalloproteinase-9 (MMP-9) and Transforming Growth Factor beta (TGF-f)

demonstrate the potential of this biofiber as a bioactive wound dressing. The results of this study
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1. Introduction

Biocomposites are innovative materials that have gained
significant interest in recent years due to their biocompatibility,
biodegradability, and non-toxicity." These composites, which
are obtained from the synergy of biopolymers and reinforcing
agents, have led to the development of new materials with
unique properties.> There are various methods for preparing
biocomposites, including laser printing, extrusion, grafting,
phase separation, melt mixing, filament winding, solvent
casting, and electrospinning.® Electrostatic fiber spinning (also
known as electrospinning) is a sophisticated and versatile
technique that applies high electric voltage to fabricate nano- or
microscale materials.* Microfibers with high specific surface
area, controllable permeability, and appropriate absorbency are
potential candidates for use in various food, medical, textile,
and pharmaceutical industries.”* Moreover, integrating
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indicate the promising potential of ectoine/epsilon-poly-L-lysine/polyvinyl alcohol biofiber as bioactive,
hemocompatible, and multifunctional wound dressings for advanced biomedical applications.

bioactive compounds into microfibers during synthesis can
impart additional functionalities such as antimicrobial, anti-
cancer, anti-inflammatory, and antioxidant properties.®
Bioactive compounds are natural products synthesized by
a wide range of living organisms, including plants, fungi, and
bacteria.® Bacteria convert various organic sources into intra-
cellular and extracellular metabolites, which are considered
potential candidates for use in different scientific and industrial
fields due to their high production capacity and bioactive
effects.” Ectoine 4,5,6-tetrahydro-2-methyl-4-pyrimidine-
carboxylic acid (ECT) is a natural protective molecule found in
some extremophilic microorganisms that protects against
various harsh and extreme environmental conditions, such as
salinity, heat, dryness, and ultraviolet radiation.® This low
molecular weight cyclic amino acid derivative has gained
prominence among many researchers and industrialists due to
its anticancer, antioxidant, and especially anti-inflammatory
effects.” The protective effect of ECT, which is achieved
through water binding and complex formation, is driven by an
entropy-based mechanism called “preferential elimination” or
“preferential hydration”, which affects the properties of the
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“water shell” surrounding biomolecules.” It seems that
exploiting this property and combining it with other bioactive
compounds could lead to synergistic bioactive effects.

In addition to bacterial metabolites like ECT, bacterial
polymers also serve as promising materials for biofiber
synthesis. Epsilon-poly-L-lysine (e-PL) is a homo biopolymer that
consists of 25-35 lysine residues that are linked together by
peptide bonds.™ The &-PL exhibits notable properties, including
water solubility, biodegradability, safe for consumption, and
non-toxicity to humans and the environment.” Within the last
few years, e-PL has been distinguished as an important
biopolymer with potential applications in various industrial
and medical fields, including food, medicine, environmental
science, and electronics.”® Numerous studies have shown its
physicochemical characteristics as well as its antimicrobial,
antioxidant, and anticancer properties, often demonstrating
synergistic effects when combined with other compounds.*****
Among its well-recognized uses are enhancing food safety,
dietary supplementation, fiber development, drug and gene
delivery, and promoting skin regeneration.®

Considering the complementary physicochemical traits of
ECT and &-PL, such as their water-complexing behavior, tar-
geted health-protective mechanisms, and significant biological
activities, the combination of these two bioactive agents offers
a compelling opportunity for advancing biofiber technology.
Given the unique properties of these compounds, our goal was
to create a new biodegradable and non-toxic bioactive
compound with multiple applications. In this case, we synthe-
sized a novel electrospun fiber, ECT/e-PL/PVA, and conducted
a comprehensive evaluation of its potential as an advanced
wound dressing. Beyond a thorough characterization of its
physicochemical and morphological properties, we rigorously
assessed its multifaceted bioactivity, including potent antibac-
terial, antioxidant, and anticancer effects. Critically, its practical
efficacy was confirmed through hemocompatibility tests,
scratch assay, and quantitative real-time PCR (qRT-PCR) anal-
ysis of scratch-induced gap closure related genes.

2. Materials and methods

2.1. Ectoine production

The bacterial milking process was used to produce ECT from
Halomonas elongata IBRC-M 10216 (ATCC 33173). First, the cells
were grown in nutrient broth (Ibresco, Iran) containing 20% [W/
V] NaCl (Neutron Chemical, Iran) at 30 °C and 150 rpm for 24
hours. Then, the culture was centrifuged at 800 RCF for 10
minutes (Hermle Z300-K; Germany), and the pellet was trans-
ferred to nutrient broth with 5% [W/V] NaCl. After 24 hours of
incubation at 30 °C and 150 rpm, the produced ECT was sepa-
rated and purified using the ethanol crystallization method
described by Wei et al.””

2.2. Epsilon-poly-i-lysine production

The &-PL was produced from Streptomyces albulus through
a fermentation process in M3G medium (glucose 10 g L™,
glycerol 15 g L™, (NH,),SO, 10 g L™ ", yeast extract 5 g L™},
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Na,HPO, 1.6 g L', K,HPO, 0.8 g L', KH,PO, 1.4 g L},
MgSO,-7H,0 0.5 g L™', ZnSO,-7H,0 0.04 g L', and FeSO,-
-7H,0 0.03 g L™ "). The culture was incubated at 30 °C, 150 rpm
for 168 hours. After fermentation, cells were removed by
centrifugation at 800 RCF (Hermle Z300-K; Germany) for 10
minutes, and the &-PL was separated and purified from the
supernatant using precipitation with sodium tetraphenylborate
(NaTPB), following the method adapted from Katano et al.*®

2.3. Fabrication of ECT/¢-PL/PVA

To fabricate biofibers, polyvinyl alcohol (PVA; CAS 9002-89-5,
Neutron Chemical, Iran) was dissolved in a 50% ethanol
aqueous solution (Merck, USA) at 7.5% w/v. To prevent aggre-
gation, the mixture was heated at 60 °C and stirred continuously
for 12 h. Subsequently, ECT (1% w/v) and &-PL (0.1% w/v) were
sequentially incorporated into the PVA solution under constant
stirring. The resulting polymer blend was loaded into a 1 mL
syringe equipped with a 23-gauge needle for electrospinning.
Electrospinning was performed under controlled conditions
with the applied voltage of 18 kV, flow rate of 1 mL h™", and
12 cm distance between the syringe needle and the drum. The
obtained ECT/e-PL/PVA fibers were dried at room temperature
for 24 h to remove residual solvent."®

2.4. Characterization of ECT/¢-PL/PVA biofibers

2.4.1. Field emission scanning electron microscopy (FE-
SEM). The FE-SEM microscopy was utilized to examine the
topography and porosity of the electrospun biofibers. The
synthesized biofibers were scanned using a QUANTA FEG-450
FE-SEM (FEI, USA), which provided high-resolution images of
the fiber morphology.

2.4.2. Attenuated total reflectance-fourier transform
infrared spectroscopy (ATR-FTIR). The infrared spectrum of the
ECT/e-PL/PVA Dbiofibers, which enabled a comprehensive
understanding of the molecular interactions and structural
features within the fiber matrix, was analyzed using ATR-FTIR
(JASCO FTIR-6300 spectrometer, Japan) at 4 cm ' resolution
across the 350-4000 cm ™" range.?

2.4.3. Differential scanning calorimetry (DSC). The thermal
behavior of ECT/e-PL/PVA biofibers was analyzed using DSC
analysis (Setaram, Model 131 evo, France) under a nitrogen
atmosphere. The heating operation was performed in the range
of 20-600 °C at a rate of 5 °C min".

2.4.4. Invitro release of &-PL. The Itzhaki method was used
to investigate the release behavior of &-PL from the biofiber.*
For this purpose, a piece of biofiber (1 cm?) was immersed in
1 mL of PBS (pH 7.2). After the desired time, 100 pl of the
prepared solution was added to 2 mL of 1 mM methyl orange
and 1.9 mL of PBS. After that, the suspension was placed in
a shaking bath at 30 °C for 30 minutes. Then, the samples were
centrifuged for 5 minutes at 800 RCF (Hermle Z300-K; Ger-
many), and the absorbance was evaluated using a UV-Vis spec-
trophotometer at 465 nm (PD-303, Apel, Japan). The cumulative
release of &-PL was estimated by a standard curve. This test was
performed in triplicate by three different pieces of biofiber
(1 cm®), and the results are reported as an average.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.5. Antibacterial activity

The bacterial strains, including Staphylococcus aureus ATCC
25923, Methicillin-resistant S. aureus ATCC 33591, Enterococcus
faecalis ATCC 29212, Streptococcus mutans ATCC 25175, Escher-
ichia coli ATCC 25922, Klebsiella pneumonia ATCC 13883, Ser-
ratia marcescens ATCC 13880, and Pseudomonas aeruginosa
ATCC 27853, were obtained from the Rah Zist Noavaran Co.

The antibacterial activity of the ECT (100 mg mL™"), &PL
(10 mg mL™"), PVA (70 mg mL™"), and ECT/e-PL/PVA micro-
fibers was evaluated using the macrodilution method.”” The
absorbance of the bacterial cultures was measured at 600 nm
using UV-Vis spectrophotometer (PD-303, Apel, Japan), and the
percentage of the growth inhibition was calculated using
formula (1):

Growth inhibition (%) =
(1 - (Abstrealed sample/AbScontrol)) X 100 (1)

2.6. Anti-biofilm activity

To evaluate the inhibitory effect of ECT/e-PL/PVA biofibers on
biofilm formation, a bacterial suspension equivalent to 0.5
McFarland standard was prepared from an overnight culture
in PBS. Subsequently, 1 mL of this suspension was inoculated
into 149 mL of Tryptic Soy Broth (TSB; Ibresco, Iran) to achieve
a final concentration of 1 x 10° CFU mL ™. Then, 0.5 mL of the
bacterial suspension was added to each well of the 48-well flat-
bottom microplate. A piece of biofiber (1 cm?) was immersed
in each well, and the plate was incubated at 37 °C for 24 hours.
The ability of the biofibers to inhibit biofilm formation was
assessed using crystal violet (CV) staining, following the
method described by Haney et al., with minor modifications.>
Briefly, 0.5 mL of 0.01% CV solution (Sigma-Aldrich, USA) was
added to each well and incubated at 25 °C for 30 minutes. The
CV solution was then removed, and the wells were gently
washed three times with 0.5 mL of sterile distilled water to
preserve the biofilm. Plates were dried at 60 °C for 30 minutes,
after which 0.5 mL of 95% ethanol was added to each well to
solubilize the stained biofilm by vigorous pipetting. The OD of
the resulting solution was measured at 570 nm using a multi-
mode microplate reader (HTX BioTek, USA). The percentage of
biofilm inhibition was calculated using the formula (2):

Biofilm inhibition (%) = (1 — (AbSgmple/ AbScontror)) X 100 (2)

2.7. Radical scavenging activity

The antioxidant potential of ECT/e-PL/PVA fibers was evalu-
ated by the DPPH (2,2-diphenyl-1-picrylhydrazyl) radical
scavenging method.>* Briefly, a piece of biofiber (1 cm?) was
immersed in 1 mL of 0.2 mM DPPH solution and placed in the
dark at 25 °C for 30 minutes. Then, the reduction in DPPH
absorbance at 517 nm was measured using a multi-mode
microplate reader (HTX BioTek, USA). The percentage of
DPPH radical scavenging activity was determined using the
following equation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Antioxidant activity (%) =
(Abspppr — Abssample)/(AbsDPPH) x 100 (3)

Ascorbic acid and DPPH solution without biofiber exposure
were used as positive and negative controls, respectively.

2.8. Cell cytotoxicity

The cytotoxic effects of ECT/e-PL/PVA biofibers were investi-
gated on human malignant melanoma cell line (A375), Human
Umbilical Vein Endothelial Cells (HUVECs), and mouse fibro-
blast cells (L929) by MTT assay and flow cytometry analysis. The
cells were obtained from the University of Isfahan Cell Line
Bank and cultivated in Dulbecco’s modified Eagle's minimum
media/Nutrient Mixture F-12 (DMEM/F12; Bioldea, Iran), sup-
plemented with 10% fetal bovine serum (Bioldea, Iran) and 1%
penicillin-streptomycin solution (Sigma, USA). The cells were
seeded into 48-well plates at a density of 10" cells cm™2 and
incubated at 37 °C in 5% CO, and 95% humidity for 24 hours
before treatment.

The MTT method was conducted according to the Mosmann
method to analyze cell viability.> Briefly, a piece of biofiber (1
em?) was placed into the wells which the cells were seeded and
incubated for 24 h. The percentage of cell viability relative to the
untreated control was quantified by measuring the absorbance
at 570 nm using a multi-mode microplate reader (HTX BioTek,
USA) and calculated as follows:

Cell viability (%) = (AbSyreated sample/ AbScontrot) X 100 (4)

In parallel, flow cytometry was employed to provide
a detailed evaluation of cell viability. For this purpose, cells were
freshly harvested in DMEM/F12 culture medium and treated
with biofibers. The cells were stained with propidium iodide (PI,
Merck, Germany) to discriminate viable from non-viable pop-
ulations. Data acquisition was performed on a Becton Di-
ckinson FACS Calibur flow cytometer, and analysis was
conducted using Cell Quest software.

2.9. In vitro blood compatibility assay

The hemolysis assay was used to evaluate the blood compati-
bility of ECT/e-PL/PVA biofibers.”® Fresh blood was collected
from a healthy volunteer and diluted by adding it to a tube
containing 2 mL EDTA and 2.5 mL PBS. The biofibers (1 cm?)
were immersed in 10 mL PBS and incubated in a shaking bath
at 37.5 °C. Subsequently, 0.2 mL of the diluted blood solution
was added to 0.2 mL of the biofiber suspension and incubated
for 1 h. After incubation, the mixture was centrifuged at 100
RCF for 5 min (CF-10; Daihan Scientific, South Korea), and the
absorbance of the released hemoglobin in supernatant was
measured using a UV-Vis spectrophotometer (PD-303, APEL,
Japan) at 540 nm. Deionized water and PBS were used as posi-
tive and negative controls, respectively. The hemolysis ratio was
calculated from eqn (5):

Hem01ySiS ratio (%) = (Asample - Anegative comrol)/
(Aposilive control — Anegative control) x 100 (5)

RSC Adv, 2026, 16, 16963-16975 | 16965


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09550f

Open Access Article. Published on 30 March 2026. Downloaded on 6/9/2026 8:48:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

2.10. In vitro scratch assay

The scratch assay was conducted to assess the effect of ECT/e-
PL/PVA biofibers on fibroblast cell migration.”” Initially,
5 x 10* cells were seeded in each well of a 12-well plate con-
taining antibiotic-free DMEM culture medium and allowed to
adhere for 24 hours at 37 °C under 5% CO, and 95% humidity.
Next, a linear scratch was made across the center of each well
using a sterile pipette tip. Then, a piece of biofiber (1 cm?) was
placed into each well, and the plate was incubated again for 24
hours. The wells treated with PBS served as a control. After
incubation, the wells were gently rinsed three times with PBS,
and the cells were fixed in formaldehyde for 1 hour at room
temperature. Subsequently, the fixed cells were incubated with
a PBS-distilled water mixture for 5 minutes, and the staining
process was performed after draining the wells and adding CV
solution (diluted 1 : 5 in distilled water) for 20 minutes. Finally,
excess stain was removed by thoroughly washing the wells six
times with tap water, and migrating cells were visualized and
documented under a light microscope at 100x magnification.
The extent of wound closure was evaluated by comparing
images of treated and control wells with Image] analysis soft-
ware (National Institutes of Health, USA).

2.11. Gene expression analysis during in vitro scratch-
induced gap closure and migration

The effects of ECT/e-PL/PVA biofibers on the expression levels of
MMP-9, IL-6, TGF-B, and TNF-a as key genes in cell migration
and gap closure were investigated via quantitative real-time
polymerase chain reaction (qQRT-PCR).?**

Atotal of 5 x 10* L-929 cells per well were seeded in a 12-well
plate and treated with 1 cm® of ECT/e-PL/PVA biofibers. Then,
the cells were incubated at 37 °C with 5% CO, and 95%
humidity for 24 hours. The total RNA was extracted by MEGA-
RENA RNA extraction kit (Cat no.: FPKT029.0050, KIAGENE
FANAVAR, Iran) at 24 hours following the manufacturer's
instructions, and cDNA was synthesized from mRNA using
cDNA Reverse transcription kit (Cat no.: FPLF012.0050, KIA-
GENE FANAVAR, Iran). The Quantitative PCR amplification was
carried out on Rotor-Gene Q Real-Time PCR Detection System
(Biosearch Technologies, USA) using 2 x SYBR Green Real-Time
master mixes (Cat no.:. FPLF009.1000, KIAGENE FANAVAR,
Iran) according to the manufacturer's protocol. The B-actin is

Table 1 Primer sequences used for gRT-PCR

Gene Primer Primer sequence (5’ — 3)
B-actin Forward GCTCCTAGCACCATGAAGAT
Reverse GTGTAAAACGCAGCTCAGTA
MMP-9 Forward GCCACTACTGTGCCTTTGAGTC
Reverse CCCTCAGAGAATCGCCAGTACT
IL-6 Forward ACTCACCTCTTCAGAACGAATTG
Reverse CCATCTTTGGAAGGTTCAGGTTG
TGF-B Forward TGAGTATTACAGCAAGGTCCTTG
Reverse GGTTCATGTCATGGATGGTGC
TNF-o Forward CCTCTCTCTAATCAGCCCTCTG
Reverse GAGGACCTGGGAGTAGATGAG
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used as the internal reference gene to normalize gene expres-
sion levels and the sample which treated with PBS was used as
control. Data analysis was carried out using the Comparative
Threshold Cycle Method and the 2~ #4* formula using REST-
2009 software, and statistical significance was evaluated using
GraphPad Prism software. Table 1 shows the primers used for
gRT-PCR.

2.12. Ethics approval and consent to participate

The research involving human participants complied with the
ethical standards of the Declaration of Helsinki and Good
Clinical Practice (GCP) guidelines. Human samples were
collected from healthy volunteers after obtaining their
informed consent, and the study protocol was approved by the
Research Ethics Committee of the University of Isfahan (ethical
approval ID: IR-UI-REC.1403.120).

2.13. Statistical analysis

All experiments were performed in triplicate, and all results
were presented as the mean value. Under the conventional
acceptance of statistical significance, CI was calculated at
a confidence level of 95% using GraphPad® Prism software,
version 10 (GraphPad Software, USA).

3. Results and discussion

In this study, ECT/e-PL/PVA was synthesized as a novel bioactive
biofiber, and its physicochemical and morphological properties
were investigated. Subsequently, antibacterial, antibiofilm,
antioxidant, anticancer, and cytotoxic properties of the biofiber
were examined. Additionally, the potential of these biofibers as
wound dressings was evaluated using hemocompatibility
testing, in vitro scratch assay, and gene expression analysis
during in vitro scratch-induced gap closure by qRT-PCR.

3.1. The ECT and &-PL production

In this study, the production process was optimized to achieve
the optimal amount of poly-lysine. The process optimization
resulted in the production of 3.5 g L' of &PL in semi-batch
culture, which represents a significant improvement in
production efficiency compared to non-optimal conditions
(0.7 g L™"). The maximum &-PL production without any opti-
mization has been reported as 1.2 g L ™" for S. albulus NBRC
4147%° and 2.3 g L™ for S. albulus W-156.*' Other studies have
shown that production can be increased from 0.70 g L™" to
2.89 g L' in batch culture using wild strains such as S. albulus
CICC11022 under optimized conditions.?® However, achieving
high-level &-PL production and progressing toward economi-
cally viable industrial applications requires further enhance-
ment of production yield. To date, the highest e-PL titer
reported from an optimized two-stage fermentation with
controlled pH is approximately 62.36 g L™ " by Streptomyces sp.
M-718,* highlighting the significant influence of process
engineering on yield improvement.

The reported production of ECT by H. elongata under opti-
mized fermentation conditions generally varies between 3 g L™

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and 14-15 g L', depending on the strain and cultivation
strategy.* The ECT titer obtained in the present study was 5 g
L™, confirming the expected fermentation conditions applied
for ECT biosynthesis in H. elongata IBRC-M 10216. Similarly,
Sauer and Galinski achieved 7.4 g L' ECT using an non-
engineered H. elongata DSM142 strain through a bacterial
milking process, further demonstrating the potential of halo-
archaeal systems for efficient ECT production.*

3.2. Fabrication and characterization of ECT/e-PL/PVA

In this study, bioactive ECT/e-PL fibers were successfully
synthesized in a PVA matrix via the electrospinning technique.
Various studies have used PVA as the main matrix for the
synthesis of biofibers and hydrogels. The presence of hydroxyl
groups in the PVA structure creates strong hydrogen bonds with
other compounds, which facilitates the uniform distribution of
additives.*® Also, the control of permeability and water absorp-
tion in PVA biofibers makes this matrix very suitable for medical
applications, especially wound dressings that require gas
exchange and exudate absorption.’” Min et al., Fraga et al., and
Derakhshankhah et al. combined PVA with pullulan, chloram-
phenicol, and B-cyclodextrin-curcumin, respectively, to fabri-
cate bioactive biofibers with different industrial and biomedical
applications.’**°

As shown in Fig. 1, the biofibers exhibited a uniform, bead-
free structure with a consistent and smooth morphology with

View Article Online
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a diameter of 0.8 + 0.157 um and a pore size of 2.50 £+ 1.7 um.
These structural features indicate effective fabrication condu-
cive to potential applications requiring high surface area and
porosity. Evaluation of the compound release from the micro-
fiber revealed that each cm?® contained approximately 3 =+
0.3 mg mL~" of &-PL and 25 + 1 mg mL~" of ECT, indicating
a homogeneous distribution of these compounds within the
biofiber matrix.

The ATR-FTIR spectra that are shown in Fig. 2 indicates
molecular interactions between ECT, &-PL, and PVA, which
verifies the formation of a biofiber network. The broad band at
3286.11 cm ' and 3198.36 cm ' is attributed to the stretching
vibrations of O-H and N-H groups, which suggest strong
intermolecular hydrogen bonding among the polymer matrix
and ECT. The peaks at 3018.05 cm ', 2923.56 cm
2856.1 cm ™', and 2805.92 cm ! correspond to aliphatic C-H
stretching vibrations, which are related to the main structures
of PVA and &PL. A strong absorption at 1733.69 cm™ ' is
assigned to the carbonyl (C=0) group, originating from ECT or
acetate groups in PVA. The peaks at 1651.73 cm ' and
1591.95 em™ " are attributed to the amide I (C=O stretching)
and amide II (N-H bending and C-N stretching) bands,
respectively, confirming the presence of e-PL and ECT in the
biofiber. Further, the peak at 1438.64 cm ™" relates to the CH,
and is typical for aliphatic polymer chains such as PVA, while
peaks at 1380.78 cm™* and 1305.57 cm ™! are associated with

Fig.1 The FE-SEM image of ECT/e-PL/PVA biofibers. Biofibers exhibited a bead-free structure with an average diameter of 0.8 &+ 0.157 um and

a pore size of 250 + 1.7 um.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The ATR-FTIR spectrum of (a) ECT, (b) e-PL, (c) PVA and (d) ECT/e-PL/PVA biofiber.

C-H bending, which is related to the polymeric backbone. The
peak at 1266.04 cm ™' is assigned to C-N stretching, confirming
the presence of nitrogen-containing components such as &-PL
and ECT. Additionally, the strong bands at 1090.55 cm ™" and
1047.16 cm ™" correspond to C-O-C and C-O stretching vibra-
tions, which emphasize on PVA contribution to the composite
structure. The peaks at lower wavelengths can be attributed to
backbone structures in the composite. Studies demonstrated
the presence of hydroxyl, amino, carboxyl, and peptide groups
in FTIR analysis of ECT, &-PL, and PVA serves as evidence for
possible intermolecular hydrogen bonding and electrostatic
interactions, leading to the regular and stable binding of these
three compounds in biofibers.**~**

The DSC was used to investigate the thermal properties and
compatibility of the e-PL, ECT, and PVA within the fabricated
biofibers. The DSC thermogram of fabricated PVA at same
condition exhibits a relatively broad and mild endothermic
transition, which can be attributed to the thermal transitions of
the polymeric matrix (Fig. 3a). This peak could represent melting
of semi-crystalline regions or rearrangement of polymer chains.
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The limited intensity and enthalpy change (AH) of this peak
suggest a moderate degree of crystallinity and relatively weak
intermolecular interactions within PVA fibers. The absence of
multiple or sharp thermal events further indicates a homoge-
neous polymeric phase without thermally active additives.

The DSC thermogram of ECT/e-PL/PVA biofiber exhibited
three distinct endothermic transitions (Fig. 3b). The first peak
at 173.2 °C with an enthalpy change of 8.82 ] g~ " is related to the
glass transition temperature (T,) or partial recrystallization of
the PVA. The prominent peak at 315.35 °C with a substantial
enthalpy change of 334.85 J g, corresponds to the melting
point of the dominant crystalline phase. This peak represents
a strong intermolecular interaction between biofiber compo-
nents and a significant degree of crystallinity and order in its
structure.

Finally, the third peak at 439.3 °C with an enthalpy of 13.33 J
g " can be related to the thermal degradation of the biofibers or
the breakdown of more thermally stable structural residues.
The appearance of this peak emphasizes on enhanced thermal
stability of biofibers by the presence of ECT and &-PL.
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Fig. 3 DSC thermogram of (a) PVA and (b) ECT/e-PL/PVA fibers. The thermogram of biofiber exhibited three distinct endothermic transitions,
which emphasize significant thermal stability, crystallinity, and well-ordered structure of biofiber in comparison with PVA fibers.
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The DSC measures the heat flow associated with phase
transitions and provides insights into the thermal stability,
crystallinity, and molecular interactions of biofiber compos-
ites.* The increase in T, and crystallinity percentage in
electrospun biofibers observed by DSC indicates the creation of
a more stable and orderly structure in the polymer matrix.** The
electrospinning process, by applying intense tension, causes
chain orientation and reduces molecular mobility.*® It seems
that the presence of compounds such as &-PL or ECT in the
synthesized biofibers increases the chain packing density by
creating hydrogen bonds and strong intermolecular interac-
tions, ultimately increasing the T,. These compounds can also
act as nucleating agents and facilitate the formation of crys-
talline regions, leading to increased crystallinity. Such
improvements in the thermal and crystalline structure of bi-
ofibers provide important functional benefits such as increased
mechanical strength, improved thermal stability, reduced
swelling, and increased controllability in the release of active
molecules, ultimately increasing the efficiency and stability of
biofibers in biomedical applications.*

The comparative DSC analysis confirms that the incorpora-
tion of e-polylysine and ectoine significantly alters the thermal
behavior of the base composite by improving its thermal
stability and strengthening intermolecular interactions. These
findings indicate that the addition of bioactive agents not only
enhances the biological functionality of the microfiber dressing
but also improves its physicochemical robustness, making it
a promising candidate for biomedical applications such as
advanced wound-healing dressings.

3.3. Antibacterial activity

The antibacterial activity of ECT, &-PL, PVA, and the biofiber
composite was evaluated against eight clinically relevant path-
ogens (Table 2). The inhibition of bacterial growth was
measured after 24 hours compared to the control sample. The
results showed that &-PL (10 mg mL ") had strong antibacterial
activity and ECT (100 mg mL ') had moderate inhibitory
effects, while no inhibitory effect was observed from PVA (70 mg
mL™") (p-value<0.05). The synthesized biofibers showed
enhanced antibacterial activity compared to the constituent
compounds alone and inhibited the growth of almost all
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bacterial cells, especially methicillin-resistant S. aureus, S.
aureus, E. faecalis, S. mutans, and E. coli. Also, significant inhi-
bition was observed on P. aeruginosa (98%), S. marcescens (94%),
and K. pneumoniae (97%).

Analysis of the results revealed that the biofibers possessed
a more antibacterial effect against Gram-positive bacteria than
Gram-negative bacteria (p-value<0.05). The antimicrobial prop-
erties of e-PL and subsequently the ECT/e-PL/PVA composite are
attributed to the cationic nature of this polypeptide.*® This
compound affects the cell membrane components, increasing
the permeability and reducing polarity, which leads to the
release of cellular components such as proteins and ions. These
interactions lead to cell wall destruction and ultimately cell
death.'+*

Also, the results indicate that the integration of ECT and &-PL
into the biofiber matrix enhances the antibacterial performance
and makes it a promising candidate in various industries,
especially wound dressing and packaging materials. Various
studies have shown that ECT, as a compatible solute, stabilizes
biological molecules through its strong water-binding capacity
and the formation of a hydration shell.***° This stabilizing effect
appears to improve the durability and functional longevity of &-
PL, which disrupts bacterial cell membranes through electro-
static interactions.

3.4. Anti-biofilm activity

The anti-biofilm activities of ECT, &-PL, PVA, and the ECT/s-PL/
PVA biofibers were evaluated using crystal violet staining. The &-
PL exerts its antibacterial and antibiofilm effects through strong
electrostatic interactions with negatively charged bacterial cell
membranes, ultimately leading to membrane disruption and
loss of cellular integrity.>* In addition to its direct microbicidal
action, e-PL interferes with early biofilm formation by inhibiting
bacterial adhesion, suppressing exopolysaccharide biosyn-
thesis, and downregulating genes involved in motility, flagella
assembly, and extracellular matrix production, thereby desta-
bilizing both developing and established biofilms.?*** In
contrast, ECT functions as a compatible solute and chemical
chaperone that stabilizes proteins and lipid bilayers while
enhancing surface hydration.> Although ectoine does not
possess strong antimicrobial activity, it can reduce bacterial

Table 2 Bacterial growth inhibition (%) by ECT, e-PL, PVA, and ECT/e-PL/PVA biofibers

Bacterial growth inhibition (%)

ECT &-PL PVA ECT/e-PL/PVA
Bacteria (100 mg mL™") (10 mg mL ™) (70 mg mL ") (25/3/20 mg mL ")
Methicillin-resistant S. aureus (MRSA) 50.10 98.15 2.00 >99.00
S. aureus 54.70 98.40 2.00 >99.00
E. faecalis 47.50 97.00 3.00 >99.00
S. mutans 48.55 98.20 1.00 >99.00
P. aeruginosa 40.46 93.80 2.00 98.00
E. coli 42.33 100.00 2.00 >99.00
S. marcescens 38.40 90.30 3.00 94.00
K. pneumoniae 41.94 94.90 2.00 97.00
p-Value 0.001
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attachment and improve the physicochemical environment of
biomaterials, facilitating controlled release and deeper pene-
tration of co-delivered antimicrobial agents.®® The co-
incorporation of &-PL and ectoine generates a multifunctional
biofiber platform that exhibits markedly enhanced antibiofilm
activity and broad-spectrum antibacterial performance
compared with fibers containing only a single antimicrobial
component.>®

The results in Table 3 indicate that biofibers significantly
inhibited the biofilm of Gram-negative bacteria more than
Gram-positive bacteria (p-value<0.05). It could be due to the
difference in the composition of the biofilm matrix and the
bacterial cell wall. The innovative co-incorporation of &-PL and
ECT improves physicochemical characteristics of biofibers,
which enable better penetration and even distribution of anti-
microbials. The ECT/e-PL/PVA biofibers inhibited Methicillin
Resistant S. aureus (MRSA), S. aureus, E. faecalis, S. mutans, P.
aeruginosa, E. coli biofilms by 81, 83, 83, 84, 89, 91, 94, and 91%,
respectively.

3.5. Radical scavenging activity

Reactive oxygen species (ROS) are essential for normal wound
healing, but when they accumulate in excess, they can cause
serious damage. For this reason, the presence of antioxidant
compounds is important during the wound healing process.””
By controlling the presence of ROS and modulating cellular
activity, antioxidants allow for a smoother transition from the
inflammatory, proliferative, and regenerative phases of wound
healing.*® Antioxidant dressings or treatments can also reduce
inflammation and biofilm formation, which supports faster and
more effective wound healing.*® In this study, the antioxidant
activity of synthesized biofibers was assessed using the DPPH
radical scavenging assay (Fig. 4). The results demonstrated that
the ECT/e-PL/PVA biofibers exhibited significantly higher anti-
oxidant capacity compared to ECT, e-PL, PVA, and even ascorbic
acid (1 mg mL™") as a positive control (p-value<0.05). The
radical scavenging activity of ECT, &-PL, PVA, and synthesized
biofibers was 27, 78, 15, and 89%, respectively.

As a positively charged biopolymer, &-PL can electrostatically
interact with negatively charged molecules such as free radicals
and exhibit antioxidant and anticancer properties.*® As

Table 3 Biofilm inhibition (%) by ECT, e-PL, PVA, and biofibers
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Fig. 4 DPPH radical scavenging activity of ECT, e-PL, PVA, and ECT/e-
PL/PVA biofibers. Ascorbic acid (1 mg mL™) was used as the positive
control. Alphabetical differences (a—c) indicate statistically significant
differences between variables at the 95% statistical level.

demonstrated in this study, the &-PL and ECT incorporated
within the ECT/e-PL/PVA biofibers exhibited strong antioxidant
properties, highlighting an additional beneficial feature of
these biofibers for use as effective wound dressings.

3.6. Cytotoxicity evaluation

The results demonstrated a marked cytotoxic effect of the ECT/
¢-PL/PVA biofibers on A375 cells, with more than a 90%
reduction in cell viability after 24 and 48 h of exposure. Statis-
tical analysis confirmed that the viability of A375 cells treated
with the composite biofibers or e-PL alone was significantly
lower than those treated with ECT or PVA (p-value<0.05) (Fig. 5).
In contrast, all tested materials, including ECT, &-PL, PVA, and
the ECT/e-PL/PVA biofibers, maintained high viability (>90%) in
normal L929 fibroblasts and HUVEC endothelial cells, showing
no significant differences among the groups (p-value>0.05).
Quantitatively, after 24 h of treatment, ECT (100 mg mL "), &-PL
(10 mg mL™"), and PVA (70 mg mL ') decreased A375 cell
viability by approximately 30%, 75%, and 5%, respectively,
whereas the ECT/e-PL/PVA biofibers reduced viability by more
than 90%.

Several studies have shown that the &-PL exhibits anticancer
activity by inducing apoptosis and inhibiting cell proliferation

Biofilm inhibition (%)

ECT &-PL PVA ECT/e-PL/PVA

Bacteria (100 mg mL™") (10 mg mL ™) (70 mg mL ") (25/3/20 mg mL ")
Methicillin-resistant S. aureus (MRSA) 34 78 — 81

S. aureus 38 79 — 83

E. faecalis 33 76 — 83

S. mutans 32 77 — 84

P. aeruginosa 28 83 — 89

E. coli 31 85 — 91

S. marcescens 26 84 — 94

K. pneumoniae 27 79 — 91

p-Value 0.001
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Fig. 5 Evaluation of the ECT, g-PL, PVA, and ECT/e-PL/PVA biofibers
cell cytotoxicity against (A) human malignant melanoma A375 cell line,
(B) L929 fibroblast cells, and (C) Human Umbilical Vein Endothelial
Cells (HUVECs) by MTT test. Alphabetical differences (a, b and ...)
indicate statistically significant differences between variables at the
95% statistical level.

and angiogenesis in various cancer cell lines and tumor
models.”>**** Additionally, ECT has been reported to either
promote apoptosis in cancer cells or protect non-cancerous cells
from stress.®»®® This dual behavior suggests that ECT may
selectively induce cancer cell death while preserving normal cell
viability.** The MTT and flow cytometry results of the present
study also showed that the combined incorporation of e-PL and
ECT in the biofiber composition not only protects healthy cells
but also effectively induces cell death in cancer cells. Flow
cytometric analysis also showed that ECT/e-PL/PVA biofibers
reduced A375 cell viability by 86% and 89% after 24 and 48 h,
respectively (Fig. 6). These results were as expected and
consistent with the MTT results, confirmed the anticancer
effects of the synthesized biofibers.

3.7. Invitro blood compatibility assay

The hemocompatibility of the biofibers was investigated using
anticoagulated human blood (Fig. 7). The results demonstrated

© 2026 The Author(s). Published by the Royal Society of Chemistry
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that the biofibers induced less than 2% hemolysis of red blood
cells, which is well within the non-hemolytic threshold defined
by the ISO 10993-4 standard. In addition, the individual
components (ECT, &-PL, and PVA) also induced less than 2%
hemolysis, with no statistically significant difference compared
to the synthesized biofibers (p-value>0.05). These findings
indicate the excellent biofibers hemocompatibility which
supports their safe application in biomedical industries.

3.8. Invitro scratch assay

Wound healing is a complex, multi-stage process involving cell
migration, proliferation, matrix remodeling, inflammation, and
angiogenesis.® Re-epithelialization refers to the phase in which
epithelial cells migrate from the wound edges across the wound
bed to cover it, mainly during the proliferative phase of healing.
Additionally, fibroblast cells migrate to the wound site after
injury to produce extracellular matrix components and support
tissue regeneration.®® Therefore, cell migration is essential for
overall wound closure, restoring the epidermal barrier, and
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Fig. 8 Cell migration and gap closure ability in L929 cells treated with
ECT/e-PL/PVA biofibers. Results indicate that more than 95% of the
space is closed with high cell density after 48 hours of treatment.

forming new tissue. The L929 fibroblast cells migration which
treated with ECT/e-PL/PVA microfibers was evaluated using an
in vitro scratch assay, and the results were analyzed using
Image] software (Fig. 8).

The results showed that treatment of fibroblast cells with
synthesized biofibers promoted the early phase of wound
healing and more than 75% gap closure within 24 hours. The
gap closure was increased significantly after 48 hours, reaching
more than 98% while the gap closure in samples treated with
PBS as a control was less than 10%.

Qaria et al. reported that ECT partially inhibits the migration
of human HaCaT keratinocyte cells while suppressing cancer
cell proliferation through the modulation of genes involved in
epigenetic regulation.® Lin et al. demonstrated that &-PL, used
as a surface adhesive agent without harming cell viability,
enhances the migration of mouse embryonic fibroblast cells
(NIH 3T3), thereby promoting wound healing.*” Based on these
studies and the present research, it can be concluded that &-PL
and ECT support wound healing at different levels. &-PL helps
wound repair by providing a supportive surface that encourages
cell migration and attachment, while ECT influences the
process at the molecular level through regulation of signaling
pathways.

In recent years, bioactive compounds have been used with
different matrices to produce hydrogels or multifunctional bi-
ofibers to advance wound healing, especially for diabetic or
burn wounds. In this study, ECT/e-PL/PVA biofibers were
synthesized via electrospinning for the first time to evaluate the
synergistic effects of these compounds on wound healing. In
this biofiber, ECT promotes cellular protection and healing, &-
PL delivers antimicrobial activity, and PVA, as a biocompatible
and electrospinnable polymer matrix, ensures mechanical

16972 | RSC Adv, 2026, 16, 16963-16975
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stability and facilitates the uniform dispersion of both bioactive
molecules within the microfiber structure.

Wang et al. showed that adding ECT to wound dressings can
effectively remove the surface hydration layer and absorb
wound exudate.®® This approach may appear somewhat
contentious, as increased moisture within the wound environ-
ment can create conducive conditions for microbial coloniza-
tion and subsequent infection. However, the integration of
antimicrobial or antibiofilm agents, such as antimicrobial
peptides, significantly enhances the efficacy of the dressing. By
maintaining an optimal moisture, this method facilitates
improved wound healing and effectively promotes the migra-
tion of epithelial cells to the wound site.

Zarrintaj et al, who studied e-PL-based biomaterials,
concluded that &-PL can play a protective role in increasing the
lifespan of skin tissue by minimizing the appearance of
damaged skin.®® It has also been proven in previous studies that
&-PL, as an antimicrobial peptide, can be effective against a wide
range of microorganisms.™ It seems that aligning these studies
with the results of Zarrintaj et al. can introduce &-PL not only as
an antimicrobial and antioxidant compound but also as
a regenerative agent. In this study, we demonstrated that the
simultaneous use of &-PL and ECT can have a profound effect on
wound healing at the laboratory level.

3.9. Gene expression analysis during in vitro scratch-
induced gap closure and migration

At the molecular level, various signaling molecules such as
growth factors (e.g., TGF-B, HGF), cytokines (e.g., IL-6, TNF-u),
and matrix metalloproteinases (MMPs) regulate cell prolifera-
tion, migration, inflammation, and ECM remodeling. Effective
healing requires a delicate balance of inflammation and its
timely resolution, efficient re-epithelialization, and balanced
ECM turnover, all coordinated by inflammatory cells, kerati-
nocytes, fibroblasts, and endothelial cells.®® Understanding
cellular interactions and molecular pathways is crucial for
developing wound healing strategies and reducing pathological
outcomes. Therefore, in this study, the expression levels of
MMP-9, TGF-B, IL-6, and TNF-a were analyzed using qRT-PCR to
explain their roles in the healing process. The results revealed
that the expression of MMP-9 and TGF-f in L929 cells which
treated with the ECT/e-PL/PVA biofibers for 24 hours were
significantly increased compared to the control while the
expression of IL-6 and TNF-o. were decreased (Fig. 9) (p-
value<0.05).

The MMP-9 showed a statistically significant increase in
expression, more than a 5-fold change relative to the control (p-
value<0.05). The expression of TGF-§ also increased by more
than 3-fold, which was significantly higher than control (p-
value<0.05). Although the expression levels of the IL-6 and TNF-
a genes exhibited less than a one-fold change relative to the
control group, a statistically significant downregulation of TNF-
o gene expression was observed compared with the control (p-
value<0.05). In contrast, no significant difference was detected
in IL-6 gene expression between the treated and control (p-
value>0.05).
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Fig. 9 The expression level of gap closure and migration involved
genes in L929 cells which treated by ECT/e-PL/PVA fibers for 24 hours.
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statistical level.

In agreement with these findings and the results of the
scratch assay, the modest increase in IL-6 and TNF-o expression
appears to be attributed to the presence of ECT in the biofiber,
which reduces inflammation, modulates inflammatory cytokine
expression, and ultimately promotes tissue repair while accel-
erating wound healing.

Furthermore, the results showed that the expression of
MMP-9 and TGF-B, which play important roles in degrading
ECM components and facilitating cell migration, increased
significantly during the cell proliferation phase, possibly due to
the presence of &-PL in the ECT/e-PL/PVA biofiber. Meanwhile,
the expression of inflammatory molecules IL-6 and TNF-
o decreased significantly after 24 hours, likely due to the anti-
inflammatory effects of ECT compared to MMP-9 and TGF-f.
Li et al reported that ECT can significantly suppress the
expression of TNF-a, IL-18, IL-6, and IL-8 in damaged primary
human corneal epithelial cells (HCECs), highlighting the
potential of ECT in protecting and restoring epithelial cells.®

4. Conclusions

In this study, electrospun biofibers composed of ECT, &-PL, and
PVA with a uniform structure and diameter of 0.8 £+ 0.157 um
were successfully fabricated. The main innovation of this work
lies in the novel combination of the complementary properties
of ECT and &-PL, which results in the first-ever production of
ECT/e-PL/PVA microfibers. These biofibers demonstrated
excellent antibacterial, antibiofilm, antioxidant, anticancer, and
biocompatible characteristics. Furthermore, they effectively
promoted fibroblast migration and modulated the expression of
critical wound healing-related genes in experimental assess-
ments. The synergistic interaction of ECT and &-PL significantly
enhances the healing process while reducing inflammation.
Overall, the findings highlight the promising potential of these
microfibers as bioactive, hemo-compatible, and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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multifunctional wound dressings for advanced medical appli-
cations. Although the wound dressing developed in this study
demonstrated excellent performance, further evaluations are
still required to fully establish its safety and efficacy for clinical
use. Among these, comprehensive in vivo investigations are
particularly crucial, and future research should prioritize such
studies to advance the translational potential of this promising
biomaterial.
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