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LGA/chitosan nanofiber mesh:
a platform for wound healing applications
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Kiran Subedi,e Jagannathan Sankara and Narayan Bhattarai *bc

Non-healing wounds present significant challenges to patients and healthcare systems, often causing

infections and chronic pain due to impaired self-regeneration. Zinc (Zn) shows promise in biomedical

applications, particularly wound healing, as its degradation releases Zn2+ ions that enhance cell

proliferation, angiogenesis, and antimicrobial activity. These properties make Zn ideal for bioresorbable

wound dressings, scaffolds, and tissue repair coatings. This study aimed to incorporate metallic Zn

particles into electrospun nanofiber meshes of poly(D,L-lactic-co-glycolic acid) (PLGA) and PLGA/

chitosan (PLGA–CH) and evaluate their wound healing potential. We electrospun polymer–Zn

nanoparticle mixtures to fabricate composite fibrous meshes. We assessed Zn's impact on scaffolds'

physical, chemical, and biological properties, including fiber morphology, chemical composition,

mechanical strength, and Zn2+ release. Results showed Zn influences PLGA's physical properties without

altering chemical composition. Zn-containing meshes released Zn2+ ions in a dose-dependent manner.

Biological evaluations using 3T3 fibroblasts over three days revealed fiber composition-dependent

cytotoxicity, with certain compositions supporting cell proliferation, suggesting potential for tissue

remodelling. Given PLGA and chitosan's biocompatibility and biodegradability, incorporating Zn into

composite nanofiber meshes presents a promising approach for wound healing and tissue engineering

applications.
Introduction

Non-healing wounds signicantly burden healthcare systems,
affecting approximately 76 million people globally, owing to
complications from diabetes, obesity, and cardiovascular
diseases. These wounds lose the self-regeneration ability of the
skin, causing a risk of severe damage and bacterial infection.
While traditional dressings have limitations, like limited
porosity, electrospun nanobers offer promising solutions for
tissue regeneration.1–3

Electrospun nanobrous membranes provide high porosity,
specic surface area, and customizability. They resemble the
physical structure of the extracellular matrix (ECM) and aid in
various aspects of wound healing.4–6 They can be used as
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sutures, dermal substitutes, and dressings in various wound
types.7

Ideal wound-healing devices should be absorbable with
excellent mechanical properties and safe degradation rates.
Biomaterials used for wound healing include metals, ceramics,
and polymers. Synthetic polymers offer mechanical strength
and degradability but lack cell-binding sites. Natural polymers
chemically resemble ECM and have excellent biocompatibility,
but face fabrication challenges. Copolymers exhibit a balance of
mechanical properties and bio-functionality.5,6,8

Poly(D,L-lactic-co-glycolic acid) (PLGA) is a reabsorbable
polyester that is ideal for tissue engineering because of its
biodegradability and biocompatibility.9–11 PLGA accelerates
angiogenesis and wound healing, but has poor cell affinity and
hydrophilicity.5,12–15 Chitosan (CH), derived from chitin, is used
in biomedical applications owing to its biocompatibility, safety,
anti-inammatory and antibacterial properties. It enhances
wound healing by promoting collagen migration and broblast
deposition.13,14,16,17 CH can enhance degradation rates and
serves as an excellent carrier for different wound-healing
agents, protecting from side reactions in the wound that may
cause deactivation while simultaneously improving their
absorption at the target site.13,16 Additionally, CH is inherently
hydrophilic, a crucial property that helps maintain a moist
wound environment. This hydrophilicity improves the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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wettability of a composite material and facilitates cellular
adhesion and proliferation.18–20

Polymer nanober meshes can be modied with metals like
zinc (Zn) for enhanced properties. Zn, as a bioabsorbable metal,
offers excellent strength and ductility for load-bearing applica-
tions and plays a role in human physiological functions.21–24 Zn
is an essential trace element in the body and has shown promise
in other biomedical applications, particularly for bioresorbable
wound dressings, scaffolds, and tissue repair coatings, as its
degradation releases Zn2+ that enhances cell proliferation,
angiogenesis, and antimicrobial activity. Zn2+ is crucial in
wound healing and is involved in various stages from hemo-
stasis to ECM remodelling.21,25,26 Specically for cell membrane
repair, immune function, and proliferation, Zn is a critical
cofactor for many metalloenzymes that are essential for wound
healing.27 Zn has antimicrobial properties and aids in cellular
processes, broblast differentiation, and tissue recovery.
However, excessive Zn intake can lead to toxicity. The U.S. Food
and Drug Administration has set the upper intake level of Zn at
40 mg per day.22,23,28–32

While previous studies have explored Zn-based scaffolds for
wound healing, several key research gaps are addressed in this
study. Firstly, few studies have incorporated elemental Zn
particles directly into polymer nanober meshes. Many studies
in the literature are on incorporating zinc oxide into wound
dressings. Molaee et al., developed a novel wound dressing
incorporating bacterial cellulose with zinc oxide.33 Kuddushi
et al. developed composite dressings incorporating sodium
alginate and zinc oxide.34 Nemati et al. evaluated zinc oxide and
curcumin-loaded electrospun nanobers for wound healing.35

Zhou et al. fabricated Polycaprolactone (PCL) and chitosan and
zinc oxide nanober meshes.29,36 Additionally, the combined
use of PLGA, chitosan, and Zn in a single system has not been
studied extensively. This study provides insight into the syner-
gistic effects of these materials.
Scheme 1 Schematic illustration of the production of PLGA–Zn and PL

© 2025 The Author(s). Published by the Royal Society of Chemistry
This research aimed to fabricate PLGA and PLGA/chitosan
nanober meshes with elemental Zn particles and study the
impact of Zn on physical, chemical, and biological properties in
vitro. The methodology for incorporating Zn particles into poly-
mer scaffold nanober meshes under inert conditions and their
analysis will be based on the approach outlined in previously
published research on elemental Mg and Zn.22,37 We hypothesized
that embedded Zn particles in PLGA and PLGA/CH nanober
mesh scaffolds would yield a more controllable degradation
prole to promote wound healing processes. This research
focused on fabricating these composite nanober meshes, char-
acterizing their physical and chemical properties, and assessing
their biological performance in vitro (Scheme 1). Through
comprehensive analysis of ber morphology, mechanical
strength, zinc release proles, and cellular interactions, this work
provides important insights into the potential of zinc-integrated
nanober meshes as advanced wound dressing materials. These
ndings demonstrate the feasibility of tuning the zinc content
and polymer composition to optimize scaffold properties for
wound healing applications, laying the groundwork for future in
vivo studies to further evaluate their therapeutic efficacy.
Materials & methods
Materials

Zinc nanoparticles (Zn NPs) (40–60 nm) were purchased from
Millipore Sigma (St. Louis, MO, USA). PLGA Resomer ® RG 755 S
was purchased from Evonik Corporation (Piscataway, NJ, USA).
Chitosan oligomer (MW 7.5k) was purchased from Creative PEG
Works (Chapel Hill, NC, USA). Hexauoro-2-propanol (HFIP)
was purchased from Oakwood Chemicals (Estill, SC, USA).
Biocompatible silicone-based elastomeric glue (Kwik-Sil™) was
obtained fromWorld Precision Instruments (Sarasota, FL, USA).
Dulbecco's phosphate-buffered saline (DPBS) and Dulbecco's
modied Eagle's medium (DMEM) were obtained from Life
GA/CH–Zn nanofiber meshes.

RSC Adv., 2025, 15, 38846–38864 | 38847
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Technologies (Grand Island, NY, USA). The Alamar Blue and
lactate dehydrogenase (LDH) assay kits were purchased from
Thermo Fisher Scientic (Waltham, MA, USA).

Preparation of PLGA–Zn and PLGA/CH–Zn solutions

PLGA solutions were prepared at 14.5% (w/v) and CH was added
to the respective solutions and mixed with HFIP. PLGA–Zn
solutions were prepared with different concentrations of the Zn
nanopowder. PLGA was added to HFIP and mixed with varying
concentrations of Zn (i.e., PLG-0, PLG-1, PLG-3, PLG-5, PLG-10,
PLG-30, and PLG-50); numbers 0, 10, 30, and 50 represent the
percentage of Zn that was mixed with the PLGA solution.
Additionally, ve different solutions were initially prepared by
incorporating CH and Zn into the already made PLGA solution;
these solutions are identied as PLC-0, PLC-1, PLC-3, PLC-5,
PLC-10, PLC-30, and PLC-50 (C identies that chitosan is
present in the nanober meshes). The initial concentrations of
PLGA were mixed at 14.5% w/v and CH was mixed into the
solution so that the ratio of PLGA to CH was 80 : 20. The solu-
tions were magnetically stirred for 24 h. Zn nanoparticles were
dispersed in the electrospinning solution using a Branson 2510
ultrasonic bath (40 Hz) for 30 minutes to improve dispersion
stability. The solution was immediately electrospun aer the
ultrasonic bath. No additional surfactants were used. The
sonicated solution was then immediately loaded into the
electrospinning setup. The nanober mesh compositions for
the PLG and PLC solutions are listed in Tables 1 and 2,
respectively.

Fabrication of PLG–Zn and PLC–Zn nanober meshes

The electrospinning setup was adapted from previous nanober
mesh fabrication experiments.22,37 Briey, a syringe pump
Table 1 Composition of PLGA and Zn in the fabrication of PLG nanofib

Nanober
mesh

PLGA : HFIP
(w/v%)

PLGA : Zn
(w/w%)

PLG-0 14.5 100 : 00
PLG-1 14.5 100 : 0.1
PLG-3 14.5 100 : 0.3
PLG-5 14.5 100 : 0.5
PLG-10 14.5 100 : 10
PLG-30 14.5 100 : 30
PLG-50 14.5 100 : 50

Table 2 Composition of PLGA, CH, and Zn in the fabrication of PLC na

Nanober
mesh

PLGA : HFIP
(w/v%) PLGA : CH

Proportion of
PLGA : Zn (w/w%)

PLC-0 14.5 80 : 20 100 : 00
PLC-1 14.5 80 : 20 100 : 0.1
PLC-3 14.5 80 : 20 100 : 0.3
PLC-5 14.5 80 : 20 100 : 0.5
PLC-10 14.5 80 : 20 100 : 10
PLC-30 14.5 80 : 20 100 : 30
PLC-50 14.5 80 : 20 100 : 50

38848 | RSC Adv., 2025, 15, 38846–38864
(Model 78-01001, Fisher Scientic, Pittsburgh, PA, USA), high-
voltage power supply (Model CZE100PN30, Spellman High
Voltage Electronics Corporation, Hauppauge, NY, USA), and
metallic collector drum were used to set up the experiment.
Approximately 9 mL of the solution was placed in a 10 mL
syringe with an attached 18 gauge-diameter hypodermic needle.
The ow rate was set to 1.0 mL h−1, the tip of the syringe was
placed approximately 12 cm away from the collector, and 15 kV
was applied to the solution. The grounded rotating drum of the
collector was wrapped with aluminium foil to collect the bers.
The bers were allowed to dry overnight and were later detached
from the foil for physical, chemical, and biological
characterization.
Surface morphology analysis

The surface morphologies of the prepared PLG and PLC nano-
bers were analyzed using a scanning electron microscope
(SEM, Zeiss Auriga series, Oberkochen, Germany) equipped
with energy-dispersive X-ray spectroscopy (EDS) (Quantax 70,
Bruker Corporation, Billerica, MA, USA). The morphology of the
as received-Zn was analyzed in literature.22 Samples of the PLG
and PLC nanobers were attached to copper tape and sputter-
coated with gold–palladium using a coating system (Leica EM
ACE200, IL, USA) for 30 s (coating depth = 5 nm) at 15 mA. The
SEM images were obtained at an accelerating voltage of 3 kV.
SEM images were analyzed for the size distribution of the bers
using the ImageJ 1.54g soware (National Institutes of Health,
Bethesda, MD, USA). The diameters were converted into pixels
using a scale bar. Fiy individual ber diameters, measured in
pixels, were counted from three different SEM images, totalling
150. Data converted from the ImageJ soware were used to
calculate the average size and standard deviation.
er meshes

Weight of PLGA
(g)

Volume of HFIP
(mL)

Weight of
Zn (g)

2.71 10 0
1.36 5 0.001
1.36 5 0.004
1.36 5 0.007
2.71 10 0.271
2.71 10 0.813
2.71 10 1.355

nofiber meshes

Weight of PLGA
(g)

Weight of
C (g)

Volume of HFIP
(mL)

Weight of
Zn (g)

2.43 0.608 10 0
1.22 0.305 5 0.002
1.22 0.305 5 0.005
1.22 0.305 5 0.008
2.43 0.608 10 0.243
2.43 0.608 10 0.729
2.43 0.608 10 1.215

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fourier-transfer infrared spectroscopy (FTIR) analysis

FTIR was used to identify the functional groups and chemical
composition of the nanober meshes. An Agilent Cary 630
(Santa Clara, CA, USA) was used to complete the FTIR spectra in
the 800–2000 cm−1 range. The meshes were studied to under-
stand the modications sustained by PLG and PLC during
electrospinning with Zn nanoparticles.
Differential scanning calorimetry (DSC) analysis and
thermogravimetry analysis (TGA)

The temperature and heat ow of the different PLG and PLC
nanober meshes were evaluated using DSC analysis on a DSC
3+ STARe System (Mettler Toledo, Columbus, OH) over the
temperature range of 293–773 K, at a constant rate of 20
K min−1. The rst thermal transition peak was used to deter-
mine the glass transition temperature (Tg). TGA was used to
observe the mass loss and was measured using the TGA/DSC 3+
STARe System (Mettler Toledo, Columbus, OH, USA) in an
alumina crucible at room temperature with a temperature range
of 293–773 K and a heating rate of 20 K min−1.
Mechanical properties

Themechanical properties of the nanober mesh were analyzed
using the Instron 3384 (Norwood, MA, USA). A customized
template was constructed from cardstock (50 × 35 mm) to hold
themesh in place and ensure uniformity in loading. A nanober
mesh (40 × 15 mm) was rmly affixed to the template with
double-sided tape at both ends before mesh testing. A digital
micrometer was used to measure the thickness of the meshes
and the average value was used. The affixed nanober mesh was
placed between the pneumatic jaw gripping, and prior to
testing, both sides of the template were cut. Following the
literature, the mesh was stretched until failure with a 500 N load
cell and a set displacement of 3.5 mm min−1.22 Aer each run,
a load (N) versus extension (mm) curve was generated and the
load values were divided by the cross-sectional area (mm2) to
obtain the stress values (MPa). The strain values were calculated
by dividing the change in length by the initial length. Stress–
strain curves were plotted using Origin Pro, and the Young's
modulus (YM) and ultimate tensile strength (UTS) were esti-
mated (n = 3).
In vitro degradation and release study of Zn2+

To study the degradation of nanober meshes and the release of
free Zn2+ in vitro, PLG and PLC nanober meshes (10 × 10 mm)
were attached to 24-well plates (n = 3) with a surgical silicon
adhesive (Kwik-Sil). Nanober meshes were sterilized under UV
light in a sterile fume hood for approximately 3 h, followed by
immersion in 70% ethanol for 30 min and washing twice with
DI water. One millimeter of DMEM complete medium, sup-
plemented with 10% fetal bovine serum and 1% antibiotics (10
000 units per mL of penicillin and 10 000 mg per mL of strep-
tomycin) was added to each well containing nanober meshes
and incubated in a cell culture incubator at 37 °C and 5% CO2

atmosphere. The medium was collected and replenished at
© 2025 The Author(s). Published by the Royal Society of Chemistry
designated time points. Free Zn2+ was measured in the diluted
collected media using inductively coupled plasma optical
emission spectroscopy (ICP-OES Optima 8300, PerkinElmer,
Shelton, CT, USA). Before ICP measurements, the collected
solutions were diluted. Samples (1 mL) were pipetted into
digestion tubes, and concentrated nitric acid (67–70%, Fisher
Scientic) and hydrouoric acid (48–51%, VWR Chemicals)
were added to each tube. The digestion tubes underwent a 10-
minute predigestion process and were transferred to an auto-
mated sequential microwave digester (MARS 6, CEMMicrowave
Technology Ltd, North Carolina, USA). This resulted in a clear
transparent aqueous solution, which was further diluted to
50 mL with double DI water. A set of matrix-matched standards
were prepared for the calibration curve. An Optima 8300 ICP-
OES instrument was used to analyze the samples. The
microwave-assisted digestion of the samples was completed as
described in literature.22
Cell culture study on nanobers

Cell preparation. NIH/3T3 broblast cell lines derived from
mouse embryos (American Type Culture Collection, Manassas,
VA, USA) were cultured in complete medium (DMEM with serum
and antibiotics, as recommended by ATCC) at 37 °C with 5% CO2

and 95% humidity. During culture, the medium was replaced
every 48 h until the cells reached 90% conuency. Once
conuent, cells were passaged by trypsinization before seeding.

Cell seeding to PLGA–Zn and PLGA/CH–Zn nanober
meshes. Nanober meshes from each group (n = 3), with the
dimensions of 12 × 12 mm were placed into 48-well plates and
sterilized under UV light overnight. Next, the meshes were
washed with 70% ethanol and phosphate-buffered saline (PBS)
(Gibco; Life Technologies). Meshes were pre-treated with
DMEM complete medium, supplemented with 10% fetal bovine
serum and 1% antibiotics (10 000 units per mL of penicillin and
10 000 mg per mL of streptomycin). Cells with a density of 25 ×

103 were seeded on each nanober mesh by pipetting in the
center of the sample and cultured in an incubator for up to 3
days. The medium was replenished every other day. The
medium at a volume of 250 mL was collected and stored for
toxicity studies.

Cell viability and toxicity analysis. The Alamar Blue (AB)
colorimetric assay was used to study the viability of NIH/3T3
cells. Cell-laden nanober meshes were treated with 10% AB
reagent in the cultured media and incubated for 4 h. Fluores-
cence was measured at 570 nm excitation and 600 nm emission
with amicroplate reader (CLARIOstar Plus, BMG LABTECH Inc.,
Cary, NC, USA), and the assay solutions were transferred to a 96-
well plate. Referring to the manufacturer's instructions the cell
toxicity of the PLG and PLC nanober meshes was assessed
using a Pierce LDH assay kit.38,39 50 mL of sample medium (n =

3), was transferred to a 96-well plate andmixed with 50 mL of the
reaction mixture. The plate was covered with aluminium foil
and incubated at room temperature for 30 min. The reaction
was terminated by adding 50 mL stop solution to each well, and
the absorbance of the samples was measured at 490 nm with
680 nm as a reference using a microplate reader.
RSC Adv., 2025, 15, 38846–38864 | 38849
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The proliferation, adhesion, and survivability of the cells in
contact with the nanober meshes were studied using a live/
dead assay kit (PerkinElmer LLC Via AOPI Staining Solution;
Fisher Scientic, USA), following the manufacturer's protocol.
Live cells were stained green, dead cells were stained red, and
images were captured with an Olympus IX83 microscope
incorporated with Olympus cellSens Dimension soware
(Olympus Corporation, Shinjuku, Tokyo, Japan). Live and dead
cells were counted from the uorescence images using ImageJ
1.54g (NIH, Bethesda, MD, USA).

Cell attachment and morphology study. Fluorescence
microscopy: morphology of viable cells aer seeding onto the
nanober mesh was visualized under a uorescence micro-
scope for cells cultured on day 3. Cells were seeded at a density
of 50 × 103 cells per well. At the end of day 3, the cells were
washed twice with PBS before they were xed with 4% para-
formaldehyde (PFA, Thermo Fisher Scientic) and per-
meabilized in 0.2% Triton (X-100) (Thermo Fisher Scientic) for
2 min at room temperature. Aer washing with PBS, the cells
were blocked with 1% bovine serum albumin (BSA) was used to
block the cells for 30 min. Under dark conditions at room
temperature, the cytoplasm of the cells attached to the nano-
ber mesh was stained with Actin Red 555 Ready probes reagent
(Invitrogen, Thermo Fisher Scientic) for 20min, and the nuclei
were stained with DAPI (406-diamidino-2-phenylindole di-
hydrochloride; Invitrogen, Thermo Fisher Scientic) for 5 min.
The meshes were washed three times with PBS and uorescence
images were captured using an Olympus IX83 microscope
(Olympus).

SEM imaging: following the procedure seen in literature
cellular mass attachment, proliferation, and morphology were
analyzed using SEM.37 Attached cells were rinsed twice with PBS
and preserved in 4% paraformaldehyde. The cells were rinsed
with PBS and dehydrated with successive incubations in 10, 30,
50, 70, and 90% ethanol at room temperature. The meshes were
le in a sterile fume hood to dry, and then sputter-coated with
palladium gold before images were taken. In addition, the
Fig. 1 Surface morphology and diameter distribution of PLG–Zn nanofib
PLG-50 scaffolds and corresponding histogram of fiber diameter distrib

38850 | RSC Adv., 2025, 15, 38846–38864
scratch assay was conducted to observe the migration of the
cells (SI).
Statistical analysis

The mean and standard deviation (S. D.) were computed for the
data for all samples. Data was analyzed by one-way analysis of
variance (ANOVA) for signicance using the OriginPro soware
version 2024 (Origin Lab, Northampton, MA, USA). Multiple
comparisons were performed using the post hoc Tukey's test.
Values for alpha were set to 0.05, 0.01, and 0.001, and p values
less than 0.05 and 0.001 were considered statistically
signicant.
Results & discussion
Characterization of nanober meshes

Morphology of PLGA–Zn and PLGA/CH–Zn nanober. The
size andmorphology of the as-received Zn nanoparticles used in
our nanober fabrication, similar to prior work, were a mixture
of ultra-small and large aggregated particles as provided by the
manufacturer.22 The brous morphology and diameter distri-
bution of the PLG and PLC nanober meshes are shown in
Fig. 1 and 2, respectively. EDS, a feature of SEM (Hitachi
SU8000, Tokyo, Japan), was used to collect elemental data on
the PLG and PLC nanober meshes (Fig. S1). The ber
morphology varied drastically with changes in the ratios of the
polymer and Zn particles. PLG-0 and PLC-0 bers appear
smooth, while PLG and PLC bers incorporated with Zn present
beaded defects on the surface, indicating the effect of Zn
particles. As the concentration of Zn increased, aggregated
particles were observed on the surface of the bers. The diam-
eters of the PLG bers are shown in Fig. 1 and range from 0.14–
2.10 mm. The average diameters of PLG-0, PLG-10, PLG-30, and
PLG-50 were estimated as 0.60 ± 0.26, 0.43 ± 0.22, 0.71 ± 0.34,
and 0.44± 0.17 mm respectively. The diameters of the PLC bers
are shown in Fig. 2 and range between 0.08–2.11 mm. The
average diameters of PLC-0, PLC-10, PLC-30, and PLC-50 are
er scaffolds. (Left to right) SEM images of PLG-0, PLG-10, LG-30, and
ution.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Surface morphology and diameter distribution of PLC–Zn nanofiber meshes. (Left to right) SEM images of PLC-0, PLC-10, PLC-30, and
PLC-50 nanofiber meshes and corresponding histogram of fiber diameter distribution.
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estimated as 0.88 ± 0.40, 0.51 ± 0.30, 0.33 ± 0.15, and 0.43 ±

0.29 mm respectively. On average, the diameters of the PLC
bers were smaller than those of the PLG bers. Similar to the
PLG bers without chitosan, agglomeration occurred with the
increased concentration of Zn; however, it appeared that more
agglomeration occurred in the PLC bers than in the PLG bers
because of the inhomogeneous mixing of chitosan with PLGA in
the electrospinning solution.

In our observation, there was no signicant morphological
difference seen between the PLG-0 and PLC-0 and the PLG-1,
PLG-3, PLG-5, PLC-1, PLC-3, and PLC-5 nanober meshes
(results are not included). For the same reason, results are not
included in subsequent characterization.
Chemical composition and crystallization properties

The chemical composition of the nanober meshes was
measured using FTIR to conrm whether the addition of CH
and Zn resulted in any chemical changes (Fig. 3). FTIR spectra
of PLG meshes were observed at the characteristic peaks of
Fig. 3 Chemical composition of the nanofibermeshes. FTIR analysis of ch
B) with different concentrations of Zn NPs. Fig. 4B and C represent the

© 2025 The Author(s). Published by the Royal Society of Chemistry
1751 cm−1 (C]O stretch), 864–1452 cm−1 (C–H bends), and
strong peaks appear between 1085–1182 cm−1 (C–O–C
stretch).40 The composite meshes showed a strong peak at
1751 cm−1 (C]O stretch) and approximately 2884 cm−1 (C–H
stretching) and 1626 cm−1 (N–H bending). The characteristic
peaks of PLG were consistent with previously reported results
and showed no signicant changes aer the incorporation of
Zn. The N–H bending peak observed in the PLC nanober
meshes was indicative of amine groups and conrmed the
presence of CH in the mesh. Crystallization properties are
shown in SI (Fig. S2). XRD analysis of PLG and PLC nanober
meshes with varying Zn content revealed distinct peak patterns,
indicating the presence of Zn. The results demonstrated the
impact of zinc incorporation on the crystalline structure of the
nanober mesh.
DSC and TGA analysis

PLG–Zn and PLC–Zn thermal behaviours were analyzed using
DSC and TGA, to determine if the presence of Zn particles
emical compositions of PLG–Zn and PLC–Zn nanofibermeshes (A and
spectra of chitosan.

RSC Adv., 2025, 15, 38846–38864 | 38851
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altered the properties of the nanober mesh. When used as
wound healing devices, degradation and physical aging are
critical for application performance and storage processing. To
avoid future problems, such as stability loss or degradation, it is
important to understand how a material behaves. Thermal
analysis of polymers, such as PLGA, is an appropriate method
for providing additional characterization information to aid in
application selection, predict product performance, and
improve product quality. PLGA is an amorphous material and
does not have a melting point. When the temperature of
a polymer reaches its glass transition temperature (Tg), the
polymer chains begin to move freely, resulting in soening of
the material and possible changes in its physical properties.41–44

DSC was used to study the Tg of the nanober meshes. The
thermographs in Fig. 4(A and B), show the Tg of each nanober
mesh. The rst endothermic transitions of PLG-0, 10, 30 and 50
were observed at approximately 50.41°, 56.63°, 55.26°, and
51.88° respectively. These transitions correspond to the Tg of
PLGA as it is found in literature at approximately 50–58 °C. Tg is
a convenient temperature point that indicates the beginning of
an evident endothermic reaction.41,45,46 Thus, the Tg of the
nanober meshes indicates that they remain stable at room
Fig. 4 Thermal analysis of PLG–Zn and PLC–Zn conducted by DSC and
the respective PLG–Zn and PLC–Zn nanofiber meshes. (C and D) The
temperatures analyzed via TGA.

38852 | RSC Adv., 2025, 15, 38846–38864
temperature but become exible at or above physiological
temperatures, which is an important property in applications
where controlled release and degradation are important, such
as drug delivery and biodegradable implants. Additionally, Tg is
important when determining a sterilization method for
implants because high-heat methods, such as autoclaving, can
cause the material to soen, deform, and lose its structural
integrity, and devices should be able to maintain their proper-
ties until they have concluded their job in their intended
application.

TGA determined mass loss due to decomposition.44 TGA
curves Fig. 4(C and D) show the percentage weight loss for the
nanober meshes. The PLG-0 nanober mesh burned
completely, whereas the Zn containing meshes retained the
metal residue. PLG-0 mesh decomposition started at 300 °C and
was completed at 400 °C, matching literature observations of
major loss between 290–390 °C.47 PLG-10, PLG-30, and PLG-50
decomposition began at 220 °C and was completed at 288 °C
for PLG-50 and 315 °C for PLG-10 and PLG-30, respectively.
While no prior work exists with PLGA and Zn nanoparticles,
Khalil et al.'s work with silver nanoparticles showed similar
trends. Metallic nanoparticles increase thermal conductivity
TGA respectively. (A and B) DSC curves showing glass transition (Tg) of
rmal stability of PLG–Zn and PLC–Zn nanofiber meshes at different

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and, affect the decomposition temperature.48 Aer decomposi-
tion, PLG-10, PLG-30, and PLG-50 retained ∼5%, ∼13%, and
30% Zn respectively. PLC-0 meshes showed mass changes at
63 °C and 208 °C, with decomposition starting at 320 °C and
continuing until 400 °C, retaining trace chitosan. The total
weight loss was 88%, which is consistent with the 81–97% range
reported in the literature.49 PLC-10, PLC-30, and PLC-50
decomposed between 205–230 °C and completed between
280–340 °C, with remaining weights of∼5%,∼13%, and∼29%.
The decomposition temperature indicates thermal stability
under extreme conditions. While nanober meshes remain
stable under physiological conditions, caution is needed during
high-temperature sterilization because of their low Tg. DSC and
TGA analyses conrmed the suitability of the material for
wound-healing applications based on its thermal properties.
Mechanical properties

It is expected that the combination of particles and polymers of
both synthetic and natural origins can signicantly alter the
mechanical properties of electrospun nanober meshes.37 The
stress–strain curves in Fig. 5A and D demonstrate the
mechanical properties of the nanober meshes. The Young's
Modulus (YM), ultimate tensile strength (UTS), and breaking
strain quantied from these plots are summarized in Tables S1
and S2. The Young's modulus for PLG-0 was 40.20 ± 6.32 MPa,
which is close to the Young's modulus of 37 MPa reported in the
literature. The Young's modulus for PLG-10 increased to 48.96
± 1.63 MPa, while PLG-30 and PLG-50 decreased to 37.41 ±

6.47 MPa and 33.01 ± 3.56 MPa respectively. It is expected that
the PLG-10 nanober mesh would experience a higher Ultimate
Fig. 5 Analysis of tensile mechanical properties for PLG–Zn and PLC–Zn
Zn (A) and PLC–Zn (D) nanofiber meshes. Young's modulus comparison
PLG–Zn (C) and PLC–Zn (F). Brackets indicate significant differences (AN

© 2025 The Author(s). Published by the Royal Society of Chemistry
Tensile Strength for the PLG–Zn nanober meshes, followed by
PLG-0 and PLG-30, which were equal. However, the ultimate
tensile strength of the PLG-50 meshes decreased. The same
trend was also observed in the literature where the incorpora-
tion of zinc oxide nanoparticles into polycaprolactone (PCL) or
PLGA decreased the tensile strength of the pure matrix.
Specically, Goncharova et al. also observed an increase in the
strength of their composite materials containing zinc oxide up
to 10 wt%, however, materials with higher concentrations
demonstrated a decrease in strength.50 This can be attributed to
the intrinsic properties of the composite material; as well as the
agglomeration of nanoparticles and high viscosity of the poly-
mer, when mixed this leads to an inhomogeneous dispersion of
particles in the polymeric solution.26,47,50–52 Additionally, the
breaking strain for the PLG nanober meshes was 1.42 ±

0.16 mmmm−1, 1.39 ± 0.13 mmmm−1, 1.47 ± 0.04 mmmm−1

and 1.40 ± 0.14 respectively; suggesting that the nanober
meshes are able to stretch between 139% to 147% beyond its
original length before failure, indicating that the material is
highly ductile. As expected, owing to their poor mechanical
properties, the inclusion of the natural polymer chitosan into
the nanober mesh decreased YM, UTS, and BS. The YM for
PLC-0 was decreased to 34.65 + 0.83 MPa and PLC-10 was
decreased to 34.15 ± 4.41 MPa. The YM of PLC-30 and PLC-50
was decreased to 23.49 ± 2.31 MPa and 12.32 ± 3.48 MPa
respectively. The YM of human skin is reported to be between
4.6–20 MPa and the PLC-50 nanober meshes fell within this
range, whereas the PLC-30 nanober meshes YM was decreased
very close to the range.53 Also, in comparison to the PLG–Zn
meshes PLC-0 had a higher stress than PLC-10, where PLC-10
nanofiber meshes. Representative set of stress–strain curves for PLG–
for PLG–Zn (B) and PLC–Zn meshes (E). Ultimate tensile strength of
OVA, *p < 0.05, **p < 0.01, and ***p < 0.1, n = 3).

RSC Adv., 2025, 15, 38846–38864 | 38853

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03639a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/2
7/

20
26

 2
:2

2:
37

 P
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
had a higher stress in comparison to the other Zn-loaded
nanober meshes. Owing to the poor mechanical properties
of chitosan, it is expected that the composite nanober meshes
containing PLGA and chitosan would show a decrease in
mechanical properties, which is evident by the decrease in YM,
UTS, and BS for the PLC–Zn nanober meshes compared to the
PLG–Zn nanober mesh. This trend is also evident in other
studies containing PLGA and chitosan, where the chitosan-
containing nanobers displayed poorer mechanical properties
than pure PLGA nanobers.54 The breaking strain for the PLC
nanober meshes was 1.11 ± 0.01 mm mm−1, 1.17 ± 0.02 mm
mm−1, 1.20 ± 0.01 mm mm−1, and 1.04 ± 0.01 mm mm−1,
respectively; this suggests that the PLC nanober meshes are
able to deform between 104% to 120% of its original length
before failure. However, in comparison to the PLG nanober
meshes, this is a decrease in breaking strain, which indicates
that the material loses exibility with the inclusion of chitosan
and becomes more brittle.
In vitro release of Zn ions

The release of Zn ions is vital for various cellular functions and
tissue healing activities.22 A Zn ion release study of PLG–Zn and
Fig. 6 Study of degradation and release of Zn 2+ in vitro. Cumulative Zn2+

release rates for PLG–Zn (B) and PLC–Zn (D) for a 21 day time period. D

38854 | RSC Adv., 2025, 15, 38846–38864
PLC–Zn meshes was conducted in cell culture medium under
standard cell culture conditions for mammalian cells for up to
504 h (21 days). The cumulative release of Zn2+ was estimated
using ICP-OES and microwave-assisted acid digestion was
conducted as described in our previous publication.22 The Zn2+

release proles of the PLG–Zn and PLC–Zn nanober meshes
are shown in Fig. 6. Fig. 6A and C show the cumulative release of
PLG–Zn and PLC–Zn nanober meshes, respectively.

Both PLG–Zn and PLC–Zn nanober meshes exhibited an
increase in Zn2+ release as the concentration of the nanober
meshes increased. Cumulative release of Zn2+ was estimated as
0 ± 0, 0.03 ± 0.03, 0.14 ± 0.05, 0.14 ± 0.01 mmol for the PLG-0,
PLG-10, PLG-30, and PLG-50 nanober meshes respectively at
504 h. PLG–Zn and PLC–Zn nanober meshes exhibited an
initial burst of release for up to 170 h, followed by a more steady
release; however, PLC-10 showed a burst at approximately 336 h
(14 days). At the end of the 504 h experiment, the PLC–Zn
cumulative release of Zn2+ was estimated to be 0 ± 0, 0.046 ±

0.042, 0.215 ± 0.032, and 0.224 ± 0.024 for the PLG-0, PLG-10,
PLG-30, and PLG-50, respectively. Aer 72 h, at 168 h, 336 h, and
504 h, the PLG-0, PLG-10, PLG-30, and PLG-50 values of Zn2+

released were all statistically signicant (p < 0.05). The values for
release from PLG–Zn (A) and PLC–Zn (C) nanofiber meshes. Hourly Zn
ata are representative of multiple experiments (n = 3).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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PLC-0, PLC-10, PLC-30, and PLC-50 at the same time points
were also statistically signicant (p < 0.05).

The amount of free Zn2+ released was divided by the time of
exposure to media (h) to calculate the rate of release for each
time period between media replenishment; the rate of release is
shown in the graphs in Fig. 6B and D. PLG-10 and PLG-30
scaffolds experienced an increase in release up to 72 h and
decreased thereaer; however, PLG-50 experienced an increase
in release up to 24 h, followed by a sharp decrease thereaer.
PLC-10 nanober meshes also experienced an increase in
release up to 72 h and a small increase in release at approxi-
mately 338 h, however, PLC-30 and PLC-50 experienced an
increase in release up to 24 h and a sharp decline at approxi-
mately 72 h. Although the rates of release for the nanober
meshes decreased, the meshes still released Zn at the conclu-
sion of the experiments, except for the PLG-10 and PLC-10
Fig. 7 Live/dead images for PLG-0, PLG-10, PLG-30, and PLG-50 (A–D
percentages for PLG–Zn (E) and PLC–Zn (J) for cells cultured on nanofib
shown: PLG-0, PLG-1, PLG-3, and PLG-5 (K–N) and PLC-0, PLC-1, PLC-
and PLC–Zn (T) for cells cultured on nanofiber meshes. A one-way ANOV
the percentage of live and dead cells across the different Zn-containing

© 2025 The Author(s). Published by the Royal Society of Chemistry
nanober meshes, which had nearly released all of the Zn
from the nanober meshes.

The release experiments were conducted in DMEM supple-
mented with 10% fetal bovine serum (FBS) to simulate physio-
logical conditions in vitro, similar to experiments seen in the
literature.37,55 However, it is important to acknowledge that this
medium may result in signicant binding of Zn2+ by serum
proteins, particularly albumin and transferrin, which can
reduce the concentration of free Zn2+ detectable in the medium.
As a result, the measured values may underestimate the total
amount of Zn2+ released from the nanober meshes. Previous
experiments comparing ZnO nanoparticle dissolution in DMEM
with and without serum have reported lower detected Zn2+

concentrations in serum-containing media release, supporting
the likelihood of protein binding and chelation in serum-
containing media.56,57 While the current experimental setup
) and PLC-0, PLC-10, PLC-30, and PLC-50 (F–I) and live and dead cell
er meshes. Nanofiber meshes with lower concentrations of Zn are also
3, and PLC-5 (P–S), and live and dead cell percentages for PLG–Zn (O)
A test revealed that there were no statistically significant differences in
nano fiber mesh scaffolds.

RSC Adv., 2025, 15, 38846–38864 | 38855
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reects biologically relevant conditions, future studies will
include PBS-based release assays to quantify the complete
release prole in the absence of serum interference.

Electrospun PLGA nanober meshes have potential in tissue
engineering applications because of their ability to mimic the
brous ECM of native tissues. Their versatility enables them to
be used as temporary ECM for bone, tendon, and nerve regen-
eration. PLGA nanober meshes can be used as a drug delivery
system to transport small molecules to large proteins, hydro-
philic and hydrophobic and single to multiple molecules. The
Zn particles were encapsulated in the polymer matrix. The
loaded particles are well protected from degradation and sus-
tainably released from the matrix, reducing the overexposure
and over-release of Zn2+. In water, Zn particles are unstable and
prone to corrosion, which is further accelerated in electrolyte
solutions such as cell culture media. When the PLG and PLC
nanober meshes were incubated in cell media, they underwent
corrosion. Zn particles, incorporated into the ber matrix and
residual on top of the ber surface, erode when the media
permeates through the ber matrix and Zn ions are released
into the media. Also, the degradation behavior of the polymer
matrix determines the Zn release prole.22,49,52,58–60 PLGA is
degraded via chemical hydrolysis of hydrolytically unstable
ester bonds into glycolic and lactic acids. The degradation
process of PLGA consists of four steps (i) water penetrates the
amorphous region of the polymer and disrupts the secondary
Fig. 8 In vitro performance of nanofiber mesh and effects on viability
Viability (Alamar Blue Assay) and toxicity (LDH absorbance assay) of the cu
Viability (Alamar Blue Assay) and toxicity (LDH absorbance assay) of the c
90 : 10 PLGA to chitosan ratio.

38856 | RSC Adv., 2025, 15, 38846–38864
forces, (ii) covalent bonds in the backbone of the polymer
begins by hydrolysis, during which carboxylic end – groups
autocatalyse the hydrolysis reaction, (iii) massive cleavage of the
backbone covalent bonds causes signicant mass loss, and (iv)
the polymer loses weight. Molecular weight, co-polymer ratio,
specimen size, environmental conditions, and polydispersity
are all factors that inuence the degradation behaviour of
PLGA. PLGA is generally considered a hydrophobic material; it
exhibits hydrophilicity to absorb water and it is degraded by
cleavage of hydrolytically sensitive ester bonds. Additionally,
blending other additives such as hydrophilic chitosan polymers
also inuence how quickly the nanober meshes degrade;
blending PLGA and chitosan facilitated water penetration
through composite membranes, and the increasing hydrophi-
licity affects how quickly the nanober meshes degrade.22,61

PLGA–Zn nanober meshes were generally hydrophobic;
however, integration of chitosan into the nanober meshes
increased the degree of hydrophilicity, refer to SI (Fig. S3 and
Table S5) for more detailed information about the wettability of
the nanober meshes.
In vitro cytotoxicity

In addition to in vitro cytotoxicity testing, we also observed the
antibacterial properties of the nanober mesh scaffolds; this
information can be found in the SI (Tables S3 and S4).
and toxicity of 3T3 fibroblast cells using direct test method. (A and B)
ltured cells on the PLG-0, PLG-1, PLG-3, and PLG-5 meshes. (C and D)
ultured cells on the PLC-0, PLC-1, PLC-3, and PLC-5 meshes with an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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According to Tao et al., and conrmed by our studies, Zn2+ is
toxic at high concentrations.61 For in vitro studies, the solutions
were optimized to decrease the chance of Zn2+ toxicity.62,63 Fig. 7
shows live/dead images for PLG-0, PLG-10, PLG-30, PLG-50
(Fig. 7(A–D)), PLC-0, PLC-10, PLC-30, and PLC-50 (Fig. 7(F–I)),
and the percentage of live and dead cells within 24 h of culture
with the respective nanober meshes. Both PLG-50 and PLC-50
showed that 100% of the cells died, suggesting that 50% of Zn
was toxic to the cells. PLG-10 and PLG-30 have 99.26 ± 0.304%
and 94.56 ± 2.38% respectively. Fig. 7(E and K) show the
percentage of live and dead cells for each respective nanober
mesh. However, the decrease in the percentage of live cells
suggests that they were starting to die off. 100% of the PLC-10,
PLC-30, and PLC-50 cells were dead. According to literature, the
concentration range of Zn2+ that promotes cell migration and
proliferation are at or below the micromolar range, specically
concentrations less than 100 mM (favorably around 50 mM or
lower) have shown to be non-cytotoxic.64–66 Since Zn2+ is toxic at
Fig. 9 In vitro performance of PLG–Zn (A–D) nanofiber meshes and the
cells cultured on nanofiber meshes. The cytoskeleton was stained with

© 2025 The Author(s). Published by the Royal Society of Chemistry
high concentrations, PLG-1, PLG-3, PLG-5, PLC-1, PLC-3, and
PLC-5 indicated formulations with decreased Zn concentrations
for cell culture studies.62

Initial trial experiments with PLGA showed that the 80 : 20
ratio was optimal for this solution. However, aer additional
trial experiments in SI (Fig. S4), we observed that when mixed
with Zn, chitosan used in higher concentrations produced
a cytotoxic effect. Chitosan is a positively charged molecule that
interacts strongly with negatively charged cell membranes. The
presence of chitosan in the bres generally improves cell
adhesion. However, when used as a drug carrier and loaded
with a drug, the number of positively charged amino groups
that remain available decreases. The consequence of this lower
number of charges is a diminished capacity to interact with the
cell membrane and surrounding environment, decreasing its
uptake and leading to potential toxicity. Several of the previous
experiments conrmed that a low concentration of chitosan is
sufficient to enhance the biocompatibility of electrospun
ir effect on cell morphology. Day 3 fluorescence imaging of NIH/3T3
ActinrRed (red) and the nuclei was stained with DAPI (blue).
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nanober meshess.67–71 Thus, we decreased the composition to
a 90% PLGA and 10% chitosan ratio, without compromising the
concentration of Zn, in the meshes to optimize the performance
in vitro. All data referenced from here on out has been obtained
using the 90 : 10 PLGA : chitosan nanober meshes. Fig. 7(K–N
and P–S) shows the cell attachment and proliferation of the
NIH/3T3 broblast cells when cultured with the PLG-0, PLG-1,
PLG-3, and PLG-5 (Fig. 7(K–N)) and PLC-0, PLC-1, PLC-3, and
PLC-5 (Fig. 7(P–S)). Fig. 7(O and T) shows the percentage of live
and dead cells for each respective nanober mesh. Green
indicates that cells are alive and red indicates that cells are
dead. The live/dead images further show how the cells are
beginning to migrate. Additionally, all nanober meshes have
∼99% of live cells on day 3.

Alamar Blue and LDH assays were used to study the cell
viability and cytotoxicity of the PLG–Zn and PLC–Zn nanober
Fig. 10 In vitro performance of PLC–Zn (A–D) nanofiber meshes and th
cells cultured on nanofiber meshes. The cytoskeleton was stained with

38858 | RSC Adv., 2025, 15, 38846–38864
meshes. The cells were seeded directly onto the nanober
meshes and examined for 1, 3, and 6 days. PLG-0 and PLC-
0 nanober meshes were used as the positive controls. The
ISO 10993-5 standard for cell viability states that cell viability
higher than 75% is considered non-toxic for medical devices;
thus, nanober meshes containing Zn that expressed viability at
or above this standard were considered safe.72

Fig. 8A, shows that all nanober meshes containing Zn were
viable on day 1, with PLG-1 having 76%, PLG-3 77%, and PLG-5
76%. On day 3, of the Zn-containing meshes, only the PLG-3
meshes met the minimum standard for viability at 85%. PLG-
1 and PLG-5 showed cell viabilities of 72% and 45%, respec-
tively. Based on ICP data, it appears that day 3 (72 h) is the time
point when the nanober meshes released the most Zn, which
could possibly explain why some nanober meshes were not
viable on day 3. Additionally, it is possible that the lack of cell-
eir effect on cell morphology. Day 3 fluorescence imaging of NIH/3T3
ActinRed (red) and the nuclei was stained with DAPI (blue).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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recognition sites in the synthetic polymer and the release of
solvent traces during the rst couple of days could also
contribute to poor cell viability on day 3.68

Cell viability for the 90 : 10 PLGA : chitosan nanober
meshes is shown in Fig. 8C and D and are referenced as PLC-0,
PLC-1, PLC-3, and PLC-5. On day 1, PLC-3 and PLC-5 nanober
meshes were both at 75% and 79% viability, respectively. PLC-1
was slightly below the minimum threshold for viability at 72%.
On day 3, all nanober meshes were above the threshold at
79%, 83%, and 85% for PLC-1, PLC-3, and PLC-5, respectively.
Since by day 3, PLC-1 was above the minimum threshold of
viability. However, the cell viability of PLC-1 was observed
slightly lower but was almost similar to other groups, indicating
there was no signicant difference compared to among.

The enzyme lactate dehydrogenase (LDH) delivery assay was
used to assess cytotoxicity. LDH is an intracellular enzyme and
its increased presence in the cellular environment suggests
problems with the cytoplasmic membrane, leading to cell
damage. LDH assay measures cellular membrane
Fig. 11 SEM images of in vitro performance of nanofiber meshes and
cultured for 3 days on PLG-0, PLG-1, PLG-3, and PLG-5 (A–D) respectiv
respective images in (A–D). SEM images of in vitro performance of nanofi
fibroblast were cultured for 3 days on PLC-0, PLC-1, PLC-3, and PLC-5
sponding to their respective images in (E–H).

© 2025 The Author(s). Published by the Royal Society of Chemistry
permeabilization (rupture) and severe irreversible cell
damage.73 The higher the LDH concentration, the higher the
cell death rate.74 LDH activity is dependent on cell number,
suggesting that higher cell concentrations are more cytotoxic.75

Fig. 8B shows the optical density (OD) for the LDH assay for
PLG–Zn meshes. The cytotoxicity on all experimental days was
relatively low, indicating that the meshes initially had low
toxicity. However, the cytotoxicity increased slightly over the 3-
day experiment. The cytotoxicity of PLC–Zn meshes, Fig. 8D,
remained relatively low; however, the cytotoxicity of these
meshes was more variable. A limitation of this study is the
reliance on viability-based toxicity assays, which, while infor-
mative for preliminary screening, do not capture the full spec-
trum of cellular responses. Future investigations should
incorporate additional toxicity biomarkers, including oxidative
stress parameters, to better elucidate the underlying mecha-
nisms of action.

The uorescence images in Fig. 9 and 10 show the
morphology of the NIH/3T3 broblast cells aer cell seeding on
effects on cell morphology and attachment. NIH/3T3 fibroblast were
ely. High resolution images (A0–D0) are shown corresponding to their
ber meshes and effects on cell morphology and attachment. NIH/3T3
(E–H) respectively. High resolution images (E0–H0) are shown corre-
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nanober meshes on day 3. ActinRed was used to stain the
cytoskeleton and DAPI was used to stain the nuclei. Both the
cytoskeleton and nuclei were intact for all PLG–Zn and PLC–Zn
nanober meshes. Images were taken at the edge of the nano-
ber meshes, instead of the center, which has a higher cell
density owing to issues with obtaining clear, at images.
Nonetheless, images show cellular attachment, migration, and
proliferation on day 3 when cells are exposed to Zn2+ released
into the cell media.

The SEM data further evaluated the cellular compatibility of
the PLG–Zn and PLC–Zn nanober meshes. SEM images
revealed the attachment of cells seeded directly onto the
nanober mesh. Fig. 11 shows the SEM images of NIH/3T3
broblast cells taken aer culturing with the PLG-0, PLG-1,
PLG-3, and PLG-5 (Fig. 11A–D and A0–D0’) nanober meshes,
respectively. The SEM images showed that PLG-0, PLG-1, and
PLG-3 exhibited better attachment and migration with the
bers. As expected, PLG-5 performed worse because of the
higher concentration of Zn. Fig. 11 also shows the SEM images
of NIH/3T3 broblast cells taken aer culturing with the PLC-0,
PLC-1, PLC-3, and PLC-5 (Fig. 11E–H and E0–H0’) nanober
meshes. The cells were well attached to the PLC–Zn meshes,
and the addition of chitosan appeared to have had a better
effect on cell migration. PLC-1, and especially PLC-3, indicate
that the cells have almost completely migrated together, which
suggests favorable activity for wound healing. While PLC-5
showed good migration, it was not as strong as PLC-3, which
again is indicative of the higher concentration of Zn exhibiting
some form of toxicity to the cells.

In vitro scratch assay. A wound healing scratch assay is used
to study the rate of closure of a scratch in vitro. This test allows
for the study of cell migration in a controlled manner.53 Fig. S5
shows the scratch assay for PLG-0, PLG-1, PLG-3, and PLG-5
nanober meshes, respectively. Fig. S7A, reports the
percentage of wound closure as approximately 86%, 73%, 76%,
and 41% for the PLG-0, PLG-1, PLG-3, and PLG-5 nanober
meshes respectively. These results are consistent with our cell
viability studies in that aer 24 h all wounds begin to close at
a slower rate when compared to the PLG-0 control. Nonetheless,
PLG-1 and PLG-3 both showed a steady closure rate between
73% and 76% which suggests that increasing the Zn concen-
tration increased the closure rate. However, it is interesting to
note that the closure rate of PLG-5 at 41% was unexpectedly low,
which can be attributed to the lack of cell recognition sites in
the synthetic polymer. Alternatively, scratch assay results for
PLC-0, PLC-1, PLC-3, and PLC-5 are shown in Fig. S6 and the
percentage of wound closure is reported in Fig. S7B as 69%,
32%, 52%, and 89%, respectively. This also suggests that the
increasing Zn concentration increased the closure rate, and is
consistent with results seen in the literature, where the inclu-
sion of chitosan in the composite material showed favorable
healing abilities.75

Conclusions

This study aimed to synthesize a Zn-integrated PLGA/chitosan
nanober mesh for potential wound-healing applications.
38860 | RSC Adv., 2025, 15, 38846–38864
Using the electrospinning technique, we fabricated biodegrad-
able PLGA–Zn (i.e. PLG–Zn) and PLGA/CH–Zn (i.e. PLC–Zn)
composite nanober meshes with different concentrations of Zn
particles. The physical, chemical, and biological properties of the
composite nanober meshes were analyzed. The ber
morphology, thermal stability, mechanical properties, and bio-
logical properties were very dependent composition of chitosan
and Zn. The incorporation of Zn into the meshes and the
synthesis of the composite meshes drastically changed the ber
morphology. The incorporation of Zn did not change the chem-
ical composition of the PLG or the PLC meshes. Integrating Zn
into the PLG and PLC meshes did not signicantly alter the
melting and crystallization temperatures, however, the endo-
thermic reaction for the composite materials of PLC was more
spontaneous. As expected, complete weight loss was observed for
the PLG and PLC meshes that did not contain Zn. However, the
weight loss of the Zn-containing meshes was consistent with the
amounts of Zn present in the respective meshes. Compared to
the meshes without Zn, the PLG-10 and PLC-10meshes exhibited
higher strengths. Zn ion release studies have shown that nano-
ber meshes with higher Zn concentrations release more Zn2+.
This is consistent with expectations, as there was more Zn to be
released from these meshes. In vitro studies showed that PLG–Zn
and PLC–Zn nanober meshes with high Zn concentrations (e.g.,
more than 10%) are toxic, causing complete cell death. Lower Zn
concentrations (1%, 3%, 5%) signicantly improve biocompati-
bility, with PLG-3 and PLC-3 and PLC-5 showing the best
performance in terms of cell viability (>75% on day 3), low cyto-
toxicity, and enhanced cell attachment, migration, and prolifer-
ation. The inclusion of chitosan in the nanober meshes
increased the hydrophilicity of the composite material. Future
work would need to be completed to determine how the
concentration would directly affect other properties. The inclu-
sion of chitosan in the PLGA brous mesh at low concentration
enhances the bioactivity and minimizes Zn2+ toxicity, suggesting
that these meshes may be suitable for applications like wound
healing and tissue engineering. However, while the in vitro
ndings demonstrate encouraging biocompatibility, further
validation through in vivo wound healing studies is necessary to
assess performance under physiological conditions and to
substantiate their clinical potential.
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Supplementary information: surface morphology analysis by
SEM-EDS; X-ray diffraction analysis; antimicrobial properties;
water contact angle measurement, in vitro cytotoxicity; and
scratch assay. See DOI: https://doi.org/10.1039/d5ra03639a.
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