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Electrospun nanofibrous wound
dressings with enhanced efficiency
through carbon quantum dots

and citrate incorporation

Alireza Partovil®, Mostafa Khedrinia?3, Sareh Arjmand*! & Seyed Omid Ranaei Siadat*

Nanofibers show promise for wound healing by facilitating active agent delivery, moisture retention,
and tissue regeneration. However, selecting suitable dressings for diverse wound types and managing
varying exudate levels remains challenging. This study synthesized carbon quantum dots (CQDs)
from citrate salt and thiourea using a hydrothermal method. The CQDs displayed antibacterial
activity against Staphylococcus aureus and Escherichia coli. A nanoscaffold comprising gelatin,
chitosan, and polycaprolactone (GCP) was synthesized and enhanced with silver nanoparticle-
coated CQDs (Ag-CQDs) to form GCP-Q, while citrate addition yielded GCP-QC. Multiple analytical
techniques, including electron microscopy, FT-IR spectroscopy, dynamic light scattering, UV-Vis,
photoluminescence, X-ray diffraction, porosity, degradability, contact angle, and histopathology
assessments characterized the CQDs and nanofibers. Integration of CQDs and citrate into the GCP
nanofibers increased porosity, hydrophilicity, and degradability—properties favorable for wound
healing. Hematoxylin and eosin staining showed accelerated wound closure with GCP-Q and GCP-QC
compared to GCP alone. Overall, GCP-Q and GCP-QC nanofibers exhibit significant potential for skin
tissue engineering applications.
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The skin acts as the primary defense against threats from the outside world. It has the ability to heal and renew
itself after getting hurt. However, delays in the healing process can lead to severe harm or death. Slow-to-heal
wounds present a major challenge for healthcare systems globally. At the same time, finding ways to speed up
wound healing is an important clinical objective!. Wound treatments are tailored based on wound pathology,
size, and details. Traditional approaches focus on managing therapeutic factors like infection control, mechanical
protection, and nutrition?. For treatment-resistant, poorly responsive, or severely traumatized wounds, surgi-
cal intervention and skin grafting are often needed. Autografts using the patient’s skin are limited in availabil-
ity. Allografts from donor skin and xenografts from other species can provoke unwanted immune reactions’.
Tissue-engineered skin substitutes have emerged as promising new alternatives to traditional wound healing
approaches®.

Regenerative medicine and tissue engineering have emerged as promising strategies to address tissue and
organ loss. Tissue engineering involves three key components: cells, signaling molecules, and three-dimensional
(3D) scaffolds. Advancing each component is critical for the success of tissue engineering approaches™®.

Engineered skin was the first successfully lab-grown and commercialized organ’. Many engineered skin sub-
stitutes now exist commercially or in trials®. However, reliable substitutes fully replicating normal skin remain
lacking. As a result, researchers worldwide aim to address challenges and develop more effective therapies closely
replicating skin structures to treat skin diseases and wounds®~!. Among the newer emerging technologies, the use
of nanoscale materials has gained more attention due to the flexibility in design and exceptional properties that
can address dysfunctions associated with wound healing. Numerous nanotechnology-driven therapies utilizing
nanomaterials and nanoscaffolds now target different wound repair phases'®*.

Nanofibers are promising scaffolds that are widely used for tissue engineering and are mainly fabricated
through the electrospinning process'*. Defined as fibers of 1-1000 nm, the nanofiber diameter definition has
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extended to 1000 nm as interesting biological effects occur in this range. For example, antimicrobial properties
manifest in polymers at <400 nm fibers, showing important biological effects from 100 to 1000 nm'>6. The high
porosity, surface area, and interconnected pore network of nanofibers enable optimal cell seeding, vascularization,
matrix production, oxygen/nutrient transfer, and fluid drainage at wounds while restricting bacterial penetration.
These characteristics provide many benefits, making nanofibers an ideal scaffold material for wound healing
applications™'. The ability to select polymers from natural or synthetic sources with biocompatible properties
expands the potential applications of nanofibers in wound care'®. The flexibility of the electrospinning process
enables polymers to be co-electrospun with various therapeutic agents".

A variety of natural (e.g. collagen, gelatin, chitosan) and synthetic (e.g. polycaprolactone, polyurethane) poly-
mer matrices are used in tissue engineering and wound healing. Synthetic polymers have favorable mechanical
properties and tunable degradation profiles but may lack inherent biological signals found in natural extracellular
matrix components, important for promoting optimal wound healing?. Additionally, the degradation of certain
synthetic polymers, like PLGA, can generate uncontrolled, strong acidic byproducts that may disrupt the local
wound environment and impede healing®*%. On the other hand, natural polymers have inherent bioactivity and
biocompatibility but lack mechanical strength?. Given the strengths and weaknesses of synthetic and natural
polymers, combinations of these polymers are often used as temporary dressings for epidermal and dermal grafts
and wounds®*?. The complementary properties of the two polymer types are leveraged when they are blended,
providing scaffolds with tunable bioactivity, biocompatibility, degradation, and mechanics. These polymer blends
can be fabricated into scaffolds using methods like electrospinning and 3D printing?®.

Nanoparticles (NPs) are another group of compounds utilized in tissue engineering and wound healing
research today. These particles range in size from 1 to 100 nm and have a high surface-to-volume ratio. Nano-
particles can be classified based on their properties, shapes, or dimensions?. Carbon quantum dots (CQDs) are
zero-dimensional nanoparticles under 10 nm with unique stability, biocompatibility, optical properties, and
ability to stimulate angiogenesis. CQDs also have anti-bacterial, anti-oxidant, and low toxicity characteristics,
while being inexpensive and chemically inert?®. Combining traditional wound healing agents with CQDs may
provide new solutions for chronic wound care challenges®.

Wound pH transitions from alkaline to neutral to acidic during healing. An acidic environment promotes
healing by increasing antibacterial activity, reducing infection and bacterial products, modulating protease activ-
ity, improving oxygen release, and enhancing epithelization and vascularization. Topical application of acids like
ascorbic and citric acid has shown positive therapeutic outcomes on wounds™.

In this study, we electrospun a biodegradable nanofiber scaffold using a blend of natural and synthetic poly-
mers (chitosan, gelatin, and polycaprolactone) to create a wound-healing dressing. We then incorporated CQDs
(and citrate into the electrospun scaffolds to enhance wound healing capacity. The physicochemical properties of
the fabricated scaffolds were characterized and their wound-healing functions were evaluated in an animal model.

Materials and methods

Materials

The chemicals used were obtained from Sigma-Aldrich, except where stated otherwise. The Staphylococcus aureus
(ATCC 25923) and Escherichia coli (ATCC 25922) strains were purchased from the Pasteur Institute of Iran.
Double distilled water was used as the solvent in all experiments.

Synthesis of silver nanoparticle-coated CQDs (Ag-CQDs)

To prepare safe, cheap, and non-toxic CQDs, we used citrate and thiourea as carbon sources. The CQDs were
synthesized using the hydrothermal method as described by Omidi et al.’'. Briefly, 2 gr tri-ammonium citrate,
0.1 g thiourea, and 75 ml distilled water were mixed and magnetically stirred until clear. The mixture was put
into an autoclave and heated at 175 °C for 6 h. After cooling to room temperature, the undissolved particles were
filtered out through a 0.2-micron filter, and the filtrate CQDs were kept at 5+3 °C.

The Ag-CQDs were prepared using the chemical reduction method. For this purpose, 3.0 ml of CQDs and
1.0 ml 0of 0.01 M AgNO; were mixed with 0.05 g of a potent reducing agent of sodium borohydride*?. The reaction
mixture was incubated at room temperature for 3 h. The obtained yellow solution of Ag-CQDs nanocomposites
was stable for nearly 1 month when kept at 5+3 °C.

Anti-bacterial activity of Ag-CQDs

The antibacterial properties of CQDs and Ag-CQDs were evaluated using minimum inhibitory concentration
(MIC) and minimum bactericidal concentration (MBC). The Staphylococcus aureus and Escherichia coli were used
for this purpose. The MIC test is performed by preparing a series of dilutions of the antimicrobial agents (CQDs
and Ag-CQDs) and inoculating them with the microorganism. The lowest concentration of the antimicrobial
agent that inhibits the visible growth of the microorganism is considered the MIC. The MBC test is performed
by taking the samples from the MIC test and inoculating them onto agar plates. The lowest concentration of the
antimicrobial agent that results in a 99.9% reduction in the number of viable bacterial colonies compared to the
growth control is considered MBC.

Fabrication of electrospun nanofiber

To fabricate the basic nanofiber containing chitosan, gelatin, and polycaprolactone, the solutions of 35% (w/v)
gelatin and 2% (w/v) chitosan were prepared separately in a 50% (v/v) acetic acid solvent. While polycaprol-
actone was dissolved at a concentration of 14% (w/v) in a 3:1 mixture of chloroform and dimethylformamide.
The gelatin-chitosan solution (70:30 ratio) was blended with 0.1 M citrate buffer, pH 4.5 (85:15 ratio). AgNPs-
coated CQDs (Ag-CQDs) were incorporated at an equivalent volume to the citrate buffer. The electrospinning
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process was conducted based on a previously reported protocol****. The gelatin-chitosan, Ag-CQD, and citrate
solution were electrospuned from a 1.2 mm diameter needle at 0.3 mL/h flow rate, 19 kV voltage, and 10 cm tip-
to-collector distance. Simultaneously, the polycaprolactone solution was electrospuned from a parallel 0.8 mm
diameter needle at 1 mL/h, 25 kV, and 10 cm distance. Electrospinning was performed at 25+ 1 °C and 45%
relative humidity using a dual-syringe pump system. Three scaffold compositions were produced: (I) the basic
scaffold containing chitosan, gelatin, and polycaprolactone (GCP), (II) the basic scaffold improved with Ag-CQDs
(GCP-Q), and, (III) the GCP-Q improved with citrate (GCP-QC).

Physicochemical properties of silver nanoparticles (AgNPs), CQDs, and Ag-CQDs

The size and morphology of the AgNPs were characterized by transmission electron microscopy (TEM) and
TEM with high-resolution (HRTEM) using a Philips CM120 microscope (Philips, Eindhoven, Netherlands)
operating at an acceleration voltage of 120 kV.

The average hydrodynamic diameter and particle size distribution of CQDs were determined by dynamic
light scattering (DLS) using a Nanophox 90-246V instrument (Sympatec GmbH, Germany). The polydispersity
index (PDI) was calculated to quantify the broadness of the CQD size distribution according to the following
equation®;

PDI = (0/d)2

where o represents the standard deviation of the particle size distribution, and d is the mean hydrodynamic
diameter. A larger PDI value indicates a broader distribution of particle sizes, meaning the sample has a wider
range of diameters.

The optical properties of the synthesized CQDs and Ag-CQDs were characterized by ultraviolet-visible
(UV-Vis) spectroscopy and photoluminescence (PL) spectroscopy. UV-Vis absorption spectra were acquired
over a range of 200-600 nm using a RayLeigh UV-2601 spectrophotometer (Beijing RayLeigh Corp., China).
PL emission spectra were obtained from 246 to 396 nm using an Avaspec-2048 TEC spectrometer (Avantes BV,
Netherlands). The chemical composition of the CQDs and Ag-CQDs was analyzed by Fourier-transform infra-
red (FTIR) spectroscopy over a wavenumber range of 650-4000 cm™. X-ray diffraction (XRD) patterns were
acquired using an STOE STADV diffractometer (STOE, Darmstadt, Germany) to determine structural properties.

Electrospun nanofiber degradation and porosity

Degradation kinetics of electrospun scaffolds were determined by mass loss. Scaffolds were cut into 1 cm x 1 cm
squares, measured for initial dry mass (W), and incubated in both 0.1 M phosphate-buffered saline (PBS), pH
5, or pH 7.5 at 37 °C. At 8, 20, 44, 92, and 164-h time points, samples were removed, dried, and weighed (W)).
Percent mass loss was calculated as:

Degradation (%) = [(Wo — W{)/Wp] x 100

The porosity of electrospun GCP, GCP-Q, and GCP-QC scaffolds was quantified using a liquid displacement
method with ethanol®. Scaffolds were measured for dry mass (W,) and then immersed in ethanol to obtain wet
mass (W,,). Submerged scaffold mass (W) was also determined. Percent porosity was calculated as:

Porosity (%) = (Wy — Wa)/(Wy — W) x 100

Scanning electron microscopy (SEM), fourier transform infrared (FTIR), and contact angle
analysis

The morphology of electrospun nanofibers was characterized by SEM using a Hitachi Su 3500 microscope
(Hitachi, Tokyo, Japan), and fiber diameters were measured from micrographs using Image]J software v1.52
(https://imagej.net).

The chemical composition of GCP, GCP-Q, and GCP-QC nanofibers was analyzed by FTIR on a Thermo
Nicolet spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Spectra were acquired over 650-4000 cm ™
wavenumbers.

The wettability of GCP, GCP-Q, and GCP-QC nanofibers was determined by sessile drop contact angle meas-
urements. Droplets were dispensed onto nanofiber mats using a micropipette and imaged using a Sony digital
camera. Contact angles were quantified from images using Image]J software v1.52.

Histology

The efficacy of electrospun GCP, GCP-Q, and GCP-QC nanofibers for wound healing was evaluated in a murine
model. For histological studies, three female rats with a weight of 200-250 g and an age of approximately 8 weeks
were used for each group. Dorsal hair was removed and 0.5 cm? full-thickness excisional wounds were gener-
ated. The surface of the wounds was then covered with GCP, GCP-Q, and GCP-QC with an area of 1.25 cm?,
and fixed with a bandage. Wound restoration was evaluated on days 4, 8, and 12 post-wounding Skin sections
encompassing wounds were excised and fixed in 4% paraformaldehyde, embedded in paraffin, and 5 pm sec-
tions were stained with hematoxylin and eosin (H&E). All experimental protocols were approved by the Shahid
Beheshti University of Medical Sciences Animal Care and Use Committee (IR, SBMURETECH.REC.1395.291),
and all methods and experiments in this study were performed following relevant guidelines and regulations. We
confirm that this study was reported in accordance with the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines for reporting animal research.
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Results

The anti-bacterial potential of AgNPs-coated CQDs

The results indicated that coating with Ag-NPs increases the MIC and MBC of CQDs against a gram-negative
(Escherichia coli) and a gram-positive (Staphylococcus aureus) are shown in Table 1. Both CQDs and Ag-CQDs
exhibited similar antibacterial efficacy against both the gram-positive and gram-negative bacterial strains tested.

DLS measurement and TEM

The average size and width of CQDs and Ag-CQD were determined using the DLS pattern (Fig. 1A,B). The PDI
values of CQDs and Ag-CQD were 0.66 and 0.56, respectively (Table 2), indicating a monodisperse distribution
with uniform nanoparticle dispersion in solution. TEM and HRTEM images of the synthesized CQDs (Fig. 1C,D)
revealed spherical particles with an average diameter of approximately 7 nm that were evenly distributed without
aggregation.

UV-Vis and PL adsorption

UV-Vis absorption spectroscopy of the CQDs (Fig. 2A) showed two sharp peaks at 226 nm and 281 nm, cor-
responding to n-m* transitions of C=C bonds and n-r* transitions of C=0 groups, respectively. The Ag-CQDs
displayed a surface plasmon resonance peak at 430 nm, which arises from the collective oscillation of conduction
electrons in the silver electrons in the AgNPs upon interaction with incident light*”. The absence of the peaks at

E. coli 70 35 110 65
70 50 100 75

S. aureus

Table 1. MIC and MBC of Ag-CQDs against Escherichia coli (gram-negative) and Staphylococcus aureus
(gram-positive).
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Figure 1. The DLS results of CQDs (A) and Ag-CQD (B). TEM (C) and HRTEM (D) images of CQDs.

Smallest size 5.32 8.69
Average size 6.86 10.85
Largest size 10.86 16.14
Width 4.56 6.25
PDI 0.66 0.56

Table 2. DLS result of CQDs and Ag-CQD.
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Figure 2. (A) UV-Vis absorption spectrum of CQDs (A-Green) and Ag-CQDs (A-Red), and (B) PL response
of CQDs.

226 and 281 nm in the UV-Vis absorption spectrum of the Ag-CQDs can be attributed to several factors related
to the interaction between the AgNPs and CQDs. These include the strong surface plasmon resonance peak that
overshadows them, potential quenching effect due to energy transfer to AgNPs, and changes in the electronic
environment of CQDs?. The photoluminescence excitation spectrum of the CQDs from 246 to 396 nm resulted
in an emission peak centered at 500 nm regardless of excitation wavelength (Fig. 2B), indicating wavelength-
independent emission behavior for the CQDs. The strong UV absorption of the CQDs is attributed to m—m*
transitions of aromatic phenyl rings and C=C bonds present in the quantum dots.

FTIR and XRD studies

The chemical structures of CQDs and Ag-CQDs were characterized by FTIR spectroscopy. The FTIR spectrum of
the CQDs (Fig. 3A, green) exhibited a broad peak at 3333 cm™ attributed to overlapping N-H and O-H stretches,
and a medium peak at 1635 cm™! corresponding to C-O vibrations. A weak peak was observed around 2000 cm™*
due to C-C vibrations. In the Ag-CQD spectrum (Fig. 3A, red), previously observed peaks at 3333 cm™, and
1635 cm™! were confirmed. Additionally, weak peaks at 2061 cm™, 1449 cm™, and 1324 cm™ were detected,
associated with C=C stretching, C=C stretching, and C-O stretching vibrations, respectively. XRD analysis con-
firmed the presence of crystalline silver planes on the CQDs. The XRD pattern of the nanocomposites (Fig. 3B)
displayed four distinct diffraction peaks at 20 values of 38°, 44°, 65°, and 78°, corresponding to the (111), (200),
(220), and (311) planes of crystalline silver, indicating the successful formation of AgNPs on the CQD surfaces.

SEM of electrospun GCP, GCP-Q, and GCP-QC nanofibers

SEM imaging revealed fibrous, porous structures for the GCP, GCP-Q, and GCP-QC nanofibers (Fig. 4). The GCP
fibers exhibited diameters ranging from 25 to 300 nm, with a predominant distribution at 225 nm. The GCP-Q
fibers showed a similar diameter range of 25-300 nm, but with a slightly reduced modal diameter of 175 nm.
The GCP-QC fibers also spanned 25-300 nm diameters, with a further reduced modal diameter of 150 nm. The
incorporation of Ag-CQDs decreased fiber diameter compared to GCP, with additional reduction occurring
upon the addition of citrate, from a predominant 225 nm for GCP down to 125 nm for GCP-QC. This decrease
in nanofiber thickness is significant, as it would be expected to increase the hydrolysis rate of the nanofibers.

FTIR characterization of electrospun GCP, GCP-Q, and GCP-QC nanofibers

FTIR spectroscopy was used to characterize the GCP, GCP-Q, and GCP-QC nanofibers (Fig. 5). The GCP spec-
trum (red) displayed peaks at 3300 cm™ and 2850 cm™ corresponding to O-H and C-H stretches, respectively.
The peak at 1650 cm ™ was attributed to C=0 vibrations, while peaks at 2080 cm™, 1150 cm™', and 1200 cm™
were associated with C=C, C-C, and C-O vibrations, respectively. Additional peaks at 600 cm™ and 720 cm™*
corresponded to C-H vibrations, and a peak at 1490 cm™ was due to N-H vibrations. These primary peaks
were observed in all fiber spectra. Incorporation of CQDs was evidenced by the appearance of a distinct C-O

Scientific Reports |

(2024) 14:19256 | https://doi.org/10.1038/s41598-024-70295-9 nature portfolio



www.nature.com/scientificreports/

CQDs
/-_“'N\f_

X

':” N~

[*]

c

]

£

£

@

c

©

-

[

N-H and O-H c=C c=0 |[c=c|c-0 CQD/Ag

4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm-1)

B 1000 J
0
800
S
< 600
= 64
o 220
c
@ 400 CQD/Ag
£ 78
38 311
~ 111
200 CQD l
O e A |
0
10 20 30 40 50 60 70 80
20 :

Figure 3. (A) FTIR spectrum and (B) XRD pattern of CQD (Green) and Ag-CQD (Red).

vibration peak at 1300 cm ™ in the GCP-Q spectrum (green) that was much weaker for GCP. However, the C=C
vibration peak at 1750 cm™ was absent in the GCP-Q sample, likely indicating bonding between polymer amine/
carbonyl groups and CQD hydroxyls on the nanofiber surface. For GCP-QC (blue), the C=C peak at 1750 cm™
was very weak, while new peaks at 1399 cm ™' and 1600 cm ™! associated with citrate C=0 vibrations appeared,
confirming the presence of citrate. The C-C and C-O peaks at 1100 cm™ and 1300 cm™ also increased slightly
in intensity. The observed FTIR spectral changes indicate the successful incorporation of citrate and Ag-CQDs
into the nanofibers via chemical bonding, suggesting citrate acts as a reducing agent for AgNP synthesis.

Degradation rate, porosity, and contact angle of fabricated nanofibers

Degradation studies were performed in PBS at pH 7.5 and 5.0 by monitoring sample weight loss over time. The
results demonstrated increased degradation rates for GCP-Q and GCP-QC compared to GCP at both pH con-
ditions (Fig. 6A,B), indicating the incorporation of Ag-CQDs and citrate enhanced degradation. Porosity was
assessed using liquid displacement, revealing 85%, 87%, and 88% porosity for GCP, GCP-Q, and GCP-QC scaf-
folds, respectively (Fig. 6C). These high porosity values with uniform, interconnected pores are advantageous for
nutrient and oxygen absorption and waste removal during wound healing. Contact angle measurements showed
the GCP nanofibers were hydrophobic with a contact angle of 107° (Fig. 6D). Incorporation of Ag-CQDs and
citrate significantly increased hydrophilicity, reducing the contact angle to 67° for GCP-Q (Fig. 6E) and 53° for
GCP-QC (Fig. 6F).

Histological study

Hematoxylin and eosin (H&E) staining was utilized to evaluate collagen deposition and tissue morphology dur-
ing wound healing. Healthy collagen stained blue while damaged collagen appeared red. Histological analysis
(Fig. 7) revealed greater neutrophil infiltration in GCP-treated wounds compared to GCP-Q and GCP-QC,
indicating enhanced antibacterial activity of the nanoparticle-containing scaffolds. After 4 days, GCP-QC treated
wounds exhibited accelerated collagen accumulation. By day 8, neutrophil levels decreased in GCP-Q and GCP-
QC but persisted in GCP samples, with visible hair follicles. At 12 days post-treatment, infectious cells remained
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Figure 4. (A) The average diameters, and (B) SEM photographs, of GCP, GCP-Q, and GCP-QC nanofibers. (C)
The thickness of GCP is reduced by the addition of Ag-CQDs and citrate.

elevated in GCP wounds but were significantly reduced with GCP-Q and GCP-QC. Furthermore, GCP-Q and
GCP-QC yielded complete re-epithelialization with a thin epidermal layer, unlike GCP. Overall, the histological
data demonstrates superior wound healing performance with GCP-Q and GCP-QC compared to GCP alone,
likely due to their antibacterial properties and improved collagen deposition.

Discussion

Electrospun nanofibers show promise for advanced wound dressings owing to their biodegradability, ease of
fabrication, and tunable thickness. They can promote cell migration, reduce inflammation, and relieve pain
through controlled medication release®. Their high porosity enables proper oxygen, moisture, and nutrient
exchange without damaging the wound*.

Gelatin, derived from collagen, provides a biocompatible and biodegradable matrix that supports cell attach-
ment and proliferation. Among polymers used for electrospinning nanofibers, this natural polymer is significant
for creating nanofibrous mats for wound healing. In vivo tests showed electrospun gelatin nanofibers loaded
with vitamins A and E were more effective for wound healing than commercially used antiseptic gauze and
films*!. Gelatin is water-soluble, but gelatin/water solutions have poor electrospinnability, generating low-quality
nanofibers due to strong hydrogen bonding*>**. Using acetic acid as a gelatin solvent improves electrospinnability.
Mixing gelatin with other biopolymers to make hybrid nanofibers also enhances electrospun gelatin properties*.

In this study, we employed gelatin-based nanofibers with low concentrations of chitosan and polycaprolactone
as co-mixing substrates in an acetic acid solvent, aiming to harness the synergistic benefits of these components
for wound healing. Chitosan, derived from chitin, has antimicrobial properties and promotes wound healing
through hemostatic and immune-modulating effects*. Polycaprolactone is a synthetic polymer with favorable
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Figure 5. FTIR spectrum GCP (Red), GCP-Q (Green), and GCP-QC (Blue).

biological properties and mechanical strength suitable for wound healing applications*. Chitosan’s antimicrobial
properties can prevent infection, while PCLs mechanical strength provides support and protection at the wound
site. This combination may enable a scaffold that promotes wound healing and reduces inflammation. Using a
low 15% acetic acid concentration allows electrospinning of uniform nanofibers with increased hydrophobicity,
biodegradability, and potential for tissue engineering applications*”*.

Bacterial infection is a major problem that can prolong wound healing and cause chronic non-healing
wounds. Bacteria release toxins that reduce fibroblast and epithelial cell proliferation, impair cell function,
and destroy cells***. Antibiotic resistance has created controversy over indiscriminate antibiotic use in wound
care®l. As a result, alternative antibacterial biomaterials such as wound dressings are used to enhance healing.
In addition to utilizing the superior antibacterial properties of chitosan, we sought to simultaneously leverage
the benefits of CQDs and AgNPs. To achieve this, we designed a novel CQD particle that was coated by AgNPs.
CQDs have inherent antibacterial properties and have been reported to possess strong antibacterial activities
against multidrug-resistant bacteria. Previous studies have shown that combining CQDs with other antimicro-
bial reagents can enhance their antibacterial activity®>. Here, we found that the addition of AgNPs to the CQDs
improved its antibacterial efficiency against both the gram-positive Staphylococcus aureus and gram-negative
Escherichia coli bacteria. AgNPs have been shown to cause oxidative stress, protein dysfunction, membrane
disruption, and DNA damage in bacteria, however, the exact mechanism underlying the bactericidal activity of
AgNPs remains to be fully elucidated®>**. Furthermore, the incorporation of Ag-CQDs and trisodium citrate led
to a significant reduction in the average diameter of electrospun nanofibers. There are several factors that may
contribute to this observation. First, citrate and Ag-CQDs function as reducing agents, resulting in the formation
of smaller AgNPs that disrupt chain entanglement®-¢. Additionally, they may modify the viscoelastic properties
of the polymer solution and improve its electrical conductivity, which facilitates better fiber stretching. Finally,
they can affect the rates of solvent evaporation, leading to quicker solidification of the polymer jet””. In wound
healing applications, smaller nanofiber diameters provide several benefits, including a higher surface area to
volume ratio, faster hydrolysis of the scaffold, improved collagen deposition and re-epithelialization, and the
capacity to mimic the native tissue environment®®*.

In addition to enhancing porosity and degradability, the addition of Ag-CQDs and trisodium citrate boosted
the hydrophilicity properties of nanofiber. Hydrophilic dressings can improve the moisturizing properties of the
wound bed®. A moist wound environment created by hydrophilic dressings facilitates autolytic debridement,
which is the process of using the body’s endogenous enzymes to break down and remove dead tissue from the
wound bed. This process helps to promote faster and better quality of healing®'.

Most of the pathogenic bacteria associated with infected wounds in humans need a pH value > 6, and their
growth is inhibited by lower pH values. Chemical acidification of wounds has been shown to be an adjuvant to
healing which makes the environment unfavorable for bacterial growth®. Here, we used citrate buffer with pH
4.5 as one of the nanofiber compounds. Citrate buffer is a safe chemical that has been used in wound healing
due to its ability to modulate wound pH to an acidic environment, which has been shown to promote wound
healing®*%. Wounds treated topically with citric acid buffer solutions were observed to have a significantly
higher rate of wound closure. For example, Tandon et al. indicated that wounds treated with citric acid showed
an average reduction in wound size of 73.43% by the 14th day as compared to 66.52% in the control group®.
The observed reduced neutrophil penetration in the GCP-Q and GCP-QC treated wound compared to the basic
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Figure 6. (A,B) In vitro degradation behavior of GCP (Blue), GCP-AQ (Green), and GCP-QC (Yellow) in PBS

solution (pH 5 and 7.5). (C) The porosity, and contact angle results of (D) GCP, (E) GCP-Q, and (F) GCP-QC.
The error bars represent the standard deviation (n=3).

GCP-treated one, suggests that Ag-CQDs and citrate play an antibacterial role in the wound site. The study found
that wounds treated with GCP-QC had faster collagen fiber accumulation, and the epidermal layer formed on
the wound treated with GCP-Q and GCP-QC was thin and completely covered the surface of the wound, while
GCP did not. These findings suggest the positive effects of adding synthesized Ag-CQDs and citrate buffer to

GCP dressing in promoting wound healing process. The histological findings remain to be more analyzed and
quantified in molecular levels in the future.

Conclusion

The study investigated the potential of GCP nanofiber mats for skin wound healing, improved by the incorpora-
tion of Ag-CQDs and trisodium citrate. The addition of Ag-CQDs and trisodium citrate to the GCP nanofiber
mats resulted in improved hydrophilicity, wettability, and degradability, which are crucial for effective wound
healing. Histopathological examination showed that the GCP-Q and GCP-QC nanofiber mats had better wound-
healing outcomes than the GCP nanofiber mats alone, suggesting that the combination of gelatin, chitosan,
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Figure 7. Histological analysis of mice wounds by H&E staining after treatment with GCP, GCP-Q, and
GCP-QC at days 4, 8, and 12.

polycaprolactone, Ag-CQDs, and trisodium citrate may create a scaffold with promoted wound-healing proper-
ties and reduced inflammation. The enhanced properties of the fabricated nanofiber mates (GCP-Q and GCP-
QC) make them a promising alternative to traditional wound dressing and scaffolds.

Data availability
All data generated or analyzed during this study are included in this published article.
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