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Abstract:

Healing of wounds is a complicated and coordinated process with four phases, namely control of bleeding,
inflammation, growth, and regeneration. Chemokines, growth inhibitors, and growth factors are all vital in
establishing cell-cell contacts and the extracellular matrix. The conventional therapies include herbal treatments,
specialist dressings, and interim scaffolds. Polymer scaffolds are a new innovation in wound treatment, providing a
three-dimensional, temporary scaffolding for biological activities during healing. Objectives: A study attempted to
speed wound healing processes by combining angiogenesis-stimulating protein (VEGF), vitamin D, silver carbon
quantum dot (Ag-CQD), and henna extract (Lawsonia inermis) on polymeric nanostructures. Characteristics
of the manufactured nanostructure investigated using scanning electron microscopy (SEM), Fourier-transform
infrared attenuated total reflectance spectroscopy (FI-IR ATR), and X-ray Powder Diffraction (XRD). The
release of Lawson and VEGF (Vascular endothelial growth factor) was measured using high-performance liquid
chromatography (HPLC) and nanodrop micro-volume spectrophotometers. The nanostructures were further
strengthened by immobilizing VEGF to increase angiogenesis at the wound site. Vitamin D and lawsone
exhibited more than 70% favorable benefits on wound healing phases. Also silver nanoparticles demonstrate
significant antibacterial activity against gram-positive and gram-negative bacteria. In terms of antibacterial
efficacy, this scaffold was evaluated against Staphylococcus aureus and Escherichia coli, and the scaffold
Gel/Chi/Pcl/AgCQD/Law/VEGF with 175 — 200 nm fibers and 10 mg of Lawson was shown to be stable at pH
= 7.4. Thus, the produced scaffold exhibited considerable resistance against S. aureus, and chitosan mixed with
Lawson material appeared to be extremely promising in wound healing.

Keywords:
Smart nanostructure; Lawsonia inermis L.; VEGF; Wound Healing; Vitamin D; Ag-CQD

Cite this article: Obaid, H.S.A., Mirzajani, F., Hamidi, A., Fattahiyan, I., Omidi, M. Nanotechnology-Enhanced Polymer Scaffolds with Antibacterial and Angiogenic Properties on Diabetic Wound
Healing. Int. Nano Lett. 14(2), 142407 (2024).

1. Introduction

Diabetes mellitus (DM) is a serious condition that impacts
practically all bodily systems, with the foot being the most
adversely impacted region, resulting in diabetic foot ulcer
(DFU), the most fatal consequence of DM [1]. Diabetic
foot ulcers frequently arise from two chronic consequences
of diabetes: Peripheral neuropathy and peripheral vascular
disease, which may be exacerbated by infection and might
ultimately lead to major or minor amputation [2]. Traumatic
injuries are generally classified as chronic or acute, based

upon their pathogenesis and impact. Acute wounds may
be healed by a sequence of molecular reactions, whereas
chronic wounds tend to create ulcers, especially in diabetic
patients [3]. Ischemic and arterial ulcers caused by inade-
quate blood flow to the wound area, neuropathic ulcers due
to neuropathy, and neuro ischemic ulcers, which are caused
by both neuropathy and ischemia [4]. Wound healing has
four stages: Hemostasis, inflammation, proliferation, and
remodeling. After a wound, there is vasoconstriction along
with plug formation by platelets [5]. Later, blood clots are
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formed to control bleeding. This is followed by the inflam-
mation stage where white blood cells such as macrophages
and neutrophils arrive at the injury site, clearing pathogens
and debris through phagocytosis [6]. Macrophages get en-
gaged in wound healing through the presence of two pheno-
types: M1 (pro-inflammatory) and M2 (pro-healing). These
are antibacterial activity, and the secretion of pro-angiogenic
factors such as cytokines and growth factors for the purpose
of angiogenesis [7].

Diabetes can cause several problems, such as neuropathy,
poor circulation, and increased risk of infection in differ-
ent stages of wound healing. In the normal process of
wound healing, approximately 80% of macrophages in the
wound have an M1 pro-inflammatory phenotype, which
later switches to around 80% — 85% anti-inflammatory
M2 macrophages [8]. In diabetic cases, hyperglycemia
may result in dysregulation of M1 macrophage polarization,
leading to a prolonged inflammatory phase [9]. Various
advanced therapies such as pressure off-loading, Negative
pressure wound therapy (NPWT), debridement, pathogenic
suppression, and application of Hydrogels, advanced ban-
dages, and dressings are meant to accelerate the healing pro-
cess by moisture balance, infection prevention, and medical
optimization of comorbidities such as peripheral vascular
disease, nicotine use, and blood glucose control [10].

Vascular endothelial growth factor (VEGF) also plays a
role in fetal and adult blood vessel formation and wound
healing. VEGF is also responsible for the induction of
angiogenesis and lymphangiogenesis in diabetic patients
and, therefore, wound healing [11]. It also improves re-
epithelialization, keratinocyte proliferation, and ECM (Ex-
tracellular matrix) generation [12]. Traditional medicine
and herbal extracts, such as green tea, Curcuma longa, and
aloe vera, have a long-standing history of use in diabetic
wound treatments, connecting us to the rich heritage of
wound care. Curcuma longa [13], aloe vera [14] have been
employed for decades in diabetic wound healing. Lawsonia
inermis (henna) is a quickening agent in wound healing due
to its antibacterial, anti-inflammatory, and antioxidant activ-
ities. This is attributed to a number of bioactive molecules
like flavonoids, quinones, tannins, epicatechin, and cate-
chin, which render henna useful in wound healing [15].
Also nanomaterials, with their significant potential for de-
livering drugs topically and promoting cell proliferation,
vascularization, and cell signaling, are paving the way for
a promising future in wound care [16]. Nanomaterials are
the ideal dressings that mimic the ECM and have antimicro-
bial properties.The application of polymeric nano-scaffolds
accelerates wound healing by promoting angiogenesis [17].
Adding graphene oxide to this approach provide mechanical
properties like conductivity, as well as enhancing immune
regulation, biocompatibility, promoting stem cell differen-
tiation, and antioxidant features. These additional benefits
could significantly enhance the effectiveness of the wound
healing process, making the proposed solution even more
promising [18].

In this study, a polymeric nano-scaffold enriched with
Ag-CQD and egg shell has been used with VEGF protein
and Lawsonia inermis extracts to observe its effect on the
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healing of diabetic wounds.

2. Experimental

2.1 Design and synthesis of polymer scaffolds

Polymer scaffolds were produced from «-TCP (Alpha tri-
calcium phosphate) that was pre-prepared using crushed
eggshells, Ag-CQD nanoparticles, and henna extract. The
crushed eggshells were first washed with deionized water,
followed by mechanical surface abrasion using fine-grade
sandpaper and later sterilized by phosphate buffer solution
treatment or by UV sterilization. x-TCP synthesis involved
dissolving 2 g of eggshell powder in orthophosphoric acid,
mixed for 24 hours, 6000 rpm centrifuged, and dried out the
fraction settled. A 5% chitosan (Sigma Aldrich Co., Ger-
many) in 2% acetic acid was mixed with 5% ascorbic acid
(Sigma Aldrich Co., Germany) and subsequently 0.3 g of
silver nitrate and 0.1 g of sodium hydroxide were added; the
resulting solution, subjected to hydrothermal treatment at
150 °C for 24 minutes, was filtered to produce a yellow Ag-
CQD solution. Henna extract was obtained by dissolving
50 g of dried leaves in 500 mL of aqueous-ethanol (Zakaria
Co., Iran) solution and undergoing ultrasonic extraction
for 15 minutes. The extract was centrifuged, filtered, and
vacuum-dried under a solvent. Ethanol was employed to
remove color compounds and chlorophyll to purify the ex-
tract, and the active ingredient, lawsone, which remained,
was freeze-dried into powder form. Scaffolds were prepared
by a mixture of solutions containing silver nanoparticles,
chitosan, vitamin D, and lawsone extract (figure 1 C). These
mixtures were poured into 25-well plates, frozen in lig-
uid nitrogen, and exposed to freeze drying for the removal
of the solvent, and thus, scaffolds were ready for further
application.

2.2 Biological effectiveness evaluations

Biological assays were performed to evaluate the antibacte-
rial efficacy, cytocompatibility, and wound healing capabil-
ities of the synthesized scaffolds and Ag-CQD. To assess
potential bacterial contamination on sterilized eggshells,
Muller Hinton broth (3.6%) with agar (1.9%) was placed
in sterilized Petri dishes, into which sterilized eggshells
were added. The Petri dishes were then incubated at 37
°C for 18 — 24 h to observe bacterial proliferation. For the
antibacterial evaluation of Ag-CQD using the inhibitory
zone (disc diffusion) test, suspensions of Escherichia coli
and Staphylococcus aureus were produced and diluted to
the 0.5 McFarland standard. The bacterial solution was
subsequently distributed uniformly onto Muller Hinton agar
(2.1%) with the lawn culture method. Wells were estab-
lished and Ag-CQD was introduced, subsequently incu-
bated at 37 °C for 24 h. The sizes of the inhibitory zones
were compared with tetracycline and gentamicin, serving as
positive controls for Gram-positive and Gram-negative bac-
teria, respectively [19]. To assess the antibacterial efficacy
of the constructed scaffolds, the samples were submerged
in nutrient broth injected with the specified bacterial strains.
Following incubation at 37 °C for 18-24 hours, bacterial
growth suppression was assessed using UV-Vis spectropho-
tometer absorbance at 610 nm at different time intervals.
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The minimum inhibitory concentration (MIC) of Ag-CQD
was ascertained by combining 50 uL of bacterial culture
with 50 pL of successive dilutions of Ag-CQD (ranging
from 0.5% to 100%) in microplate wells, followed by incu-
bation and measurement of absorbance at 625 nm. For the
cytotoxicity experiment, scaffolds were sterilized in 75%
ethanol for 12 hours, and 1.929 fibroblast cells were cul-
tured in RPMI (Roswell Park Memorial Institute medium)
media supplemented with 10% FBS (Fetal bovine serum)
and 1% penicillin. Approximately 1 x 10° cells were in-
oculated onto each scaffold and incubated for 48 hours.
The MTT (Methylthiazolyldiphenyl-tetrazolium bromide
for cell viability assays) test was employed to evaluate cell
viability [20]. The in vivo healing capacity of the scaf-
folds was assessed using male rats with a mean weight of
30 — 35 g, where excisional full-thickness wounds were in-
duced. There are 10 analysis groups in the experiment. The
groups consist of one non-treated control group and three
treatments: eggshell extract, vitamin D, and silver-carbon
quantum dots (Ag-CQD). All three treatment concentrations
(0.5%, 2%, and 5%) were tested at three-time intervals, i.e.,
four days, eight days, and twelve days post-treatment. The
scaffolds were treated on the wounds, and healing was evalu-
ated on day 4, day 8, and day 12. Tissue was harvested after
treatment and was stained using Masson’s trichrome for
collagen deposition and epidermal regeneration. Rats were
anesthetized with subcutaneous administration of 0.05 mL
ketamine and xylazine and two full-thickness wounds, each
rat having a diameter of 1 cm with a punch on the back of
the rats. To induce diabetes in rats as per earlier references
[21], one of the usual practices is administering Streptozo-
tocin (STZ-55 mg/kg, administered intraperitoneally once
after a 12 h fasting period), a cytotoxin specific for [3-cells.
Following 12 — 16 h fasting schedule (water only), STZ is
freshly prepared in 0.1 M cold citrate buffer (pH 4.5) and
administered intraperitoneally with 55 mg/kg body weight.
This results in selective (3-cell killing of the pancreas and
hyperglycemia. Rats typically develop diabetic glucose lev-
els (> 250 mg/dL) within 72 h. Each experimental group
included six rats (n = 6), chosen based on similar body
weights and health status. The sample size was determined
according to previous studies with comparable designs to
ensure statistical validity. Glucose levels are assayed by
tail vein blood samples. 5% glucose in drinking water for
24 h after injection guards against initial hypoglycemic
shock. At the end of the experimental period, the animals
were sacrificed humanely by an overdose of sodium pen-
tobarbital (> 100 mg/kg, i.p.), following standard ethical
procedure for the care and use of laboratory animals [21—
23]. A standard commercial wound dressing containing
silver sulfadiazine (1%) was used as a positive control to
compare healing efficacy with the experimental scaffolds.
Data were analyzed using one-way ANOVA followed by
Tukey’s post hoc test, with p < 0.05 considered statistically
significant. All analyses were performed using GraphPad
Prism 9.
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3. Results

3.1 Antibacterial activity of Ag-CQDs and scaffolds

The antibacterial effectiveness of produced Ag-CQD
nanoparticles against two model pathogens, Staphylococ-
cus aureus (Gram-positive) and Escherichia coli (Gram-
negative), was assessed using a disc diffusion experiment.
The results demonstrated enhanced antibacterial efficacy of
Ag-CQDs against Gram-positive bacteria [24]. The zone of
inhibition for S. aureus was recorded at 4.9 mm, whereas
for E. coli, it was 3.9 mm (figures 1 A and 1 B). The dis-
parity arises from the characteristics of bacterial cell walls;
specifically, Gram-negative bacteria have an extra outer
membrane abundant in lipopolysaccharides, which might
diminish the permeability of Ag-CQDs, hence impeding
their antibacterial efficacy. The MIC values of Ag-CQDs
against S. aureus and E. coli were ascertained using the
broth microdilution technique, ranging from 0.5% to 100%.
Both strains demonstrated identical sensitivity to Ag-CQDs,
with a minimum inhibitory concentration (MIC) of 0.165
mg/mL. This indicates the modest antibacterial efficacy of
Ag-CQDs, suggesting that a larger concentration may be
necessary to completely eradicate germs in more intricate
systems. Ag-CQD-loaded scaffolds were evaluated for an-
tibacterial efficacy following a 24-h incubation in bacterial
cultures. Contrary to the predictions of prior investigations,
supplementation with more than 150 mg/mL Ag-CQD did
not improve bacterial inhibition. Scaffolds with 0.5% Ag-
CQD demonstrated optimal antibacterial activity, but higher
concentrations (150 — 200 mg/mL) diminished antibacterial
efficacy (figures 1 A and 1 B).

This discrepancy is likely attributable to potential inter-
actions between Ag-CQDs and other components of the
scaffolds (e.g., chitosan, plant extract, x-TCP) that cause
agglomeration or impede the release of active molecules.

3.2 Scaffold physiochemical characteristics

Particle size distribution and zeta potential were measured
using dynamic light scattering (DLS), while morphology
and dispersion were confirmed via scanning electron mi-
croscopy (SEM). The degradation patterns of the synthe-
sized scaffolds were monitored under two pH conditions
(5.4 and 7.4) for a duration of 144 hours (figures 2 A and
2 B). Scaffolds No.1 and No.2 exhibited rapid degradation
within 24 hours under both pH conditions. Scaffolds No.3
to No.6 demonstrated mechanical stability for 6 days; how-
ever, Scaffold No.4 (containing 0.5% Ag-CQD) displayed a
moderate and appropriate degradation rate compared to the
others. Notably, as the concentrations of Ag-CQDs (2% and
5%) increased, the degradation rate diminished, potentially
attributable to enhanced cross-linking or agglomeration of
nanoparticles within the matrix. The liberation of lawsone
from scaffolds was assessed using UV-Vis spectrophotome-
try in PBS solutions at pH levels of 7.4 and 5.4 (figures 2 C
and 2 D). Scaffold No.3, composed of chitosan, plant ex-
tract, eggshell, vitamin D, and 0.5% Ag-CQD, demonstrated
optimal release efficiency at both pH levels. Elevated con-
centrations of Ag-CQD resulted in diminished release of
extracts, potentially attributable to decreased porosity or
interactions between Ag-CQDs and scaffold components
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Figure 1. The ability of different scaffolds to inhibit (A) Escherichia coli and (B) Staphylococcus aureus cells over a 24-hour period. The plates depicted
in both graphs are from the Ag-CQD antibacterial assay using the Inhibition Zone (Disc Diffusion) method. (C) 25 plates containing different solutions

mentioned on table 1 before being placed in the freeze dryer.

that impede extract diffusion. SEM imaging validated the
porous morphology of the scaffolds (figure 2 E-2 J). Pure
chitosan scaffolds exhibited elevated pore density and in-
creased pore diameters. The incorporation of o-TCP, plant
extract, and Ag-CQD resulted in a noticeable decrease in
both the quantity and dimensions of pores. Scaffold No.4
(0.5% Ag-CQD) exhibited an ideal pore architecture char-
acterized by appropriately sized and uniformly distributed
pores. However, an excess of Ag-CQD led to pore collapse
and diminished porosity, potentially explaining the decline
in antibacterial efficacy and extract release efficiency at
elevated Ag-CQD concentrations.

Figure 3 depicts the ATR-FTIR spectra for different com-
positions of chitosan, carbon dots, phosphoric acid, sil-
ver nanoparticles, x-TCP, eggshell, vitamin D, and plant
extracts. The spectra are utilized to ascertain the func-
tional groups present in the chemical structures. The broad
band in the 4000 — 3000 cm~! region is ascribed to O-H
stretching, a characteristic of chitosan, plant extracts, and
vitamin D. The 3000 — 2800 cm™! area consists of C-H
stretching vibrations, indicating the existence of alkane
groups in organic compounds. The 1800 — 1500 cm™!
area exhibits the distinctive bands corresponding to the
stretching of C=0 and C=C, present in vitamin D, plant
extracts, and chitosan modifications. The 1500 — 1000
cm~! area encompasses C-N, N-O, and C-O stretching,
linked to polysaccharides and phosphate compounds such
as a-TCP. Peaks are seen at 1000 — 500 cm ™! correspond-
ing to ring structures, silver-related interactions, and sil-
icon bonds. In the left section (3A-3D), acetic acid chi-
tosan (3A) exhibits pronounced O-H and amide bands, car-
bon dot chitosan (3B) introduces supplementary C=C vi-
brations, the chitosan-eggshell-vitamin D-H3PO4 complex
(3C) displays phosphate-associated bands, and the chitosan-
eggshell-vitamin D-plant extract sample (3D) contains ad-

ditional organic functional groups. The right half (3E-3G)
illustrates the influence of silver nanoparticles (3E), ex-
hibiting increased intensity in the 1400 — 1000 cm~! range,
maybe attributable to Ag-chitosan interactions. The spectra
containing «-TCP (3F, 3G) exhibit intensified phosphate
bands between 1100 — 900 cm™!, corroborating the interac-
tions between chitosan and «x-TCP. The spectrum fluctua-
tions affirm the effective integration of various components,
emphasizing their interrelations, which might enhance the
biological and mechanical features of the final composites.

Figure 4 displays the X-ray diffraction (XRD) patterns of
the produced scaffolds, illustrating the structural alterations
generated by different additions. The original chitosan scaf-
fold (Fig. 4 A) has a prominent peak at around 20 ~ 20°, in-
dicating its highly amorphous structure, in accordance with
the disordered arrangement of chitosan chains. The incor-
poration of «-TCP, vitamin D, and plant extract (Fig. 4 B)
reveals distinct diffraction peaks between 25° and 35°, in-
dicative of the crystalline «-TCP phase. Chitosan exhibits
some crystallinity while maintaining its overall amorphous
characteristics. The scaffold infused with eggshell-derived
calcium, vitamin D, and plant extracts (Fig. 4 C) exhibits
larger and less strong peaks in the same region, indicative
of weakly crystalline eggshell calcium carbonate and phos-
phate species.

The o-TCP-loaded scaffold has reduced peak intensity
and heightened dispersion, confirming the existence of less-
ordered crystalline phases in this formulation. The introduc-
tion of Ag-CQDs at varied concentrations (Fig. 4 D-4 F)
results in the emergence of additional diffraction peaks
at roughly 38°, 44°, 64°, and 77°, corresponding to the
(111), (200), (220), and (311) planes of the face-centered
cubic (FCC) crystalline structure of metallic silver. The
prominence and intensity of these peaks are significantly
heightened in the Ag-CQD2 sample (Fig. 4 E), signify-
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Figure 2. Degradation rate of scaffolds in 144 h at (A) 7.4 pH and (B) 5.4 pH. Graph of plant extract release rate from synthesized scaffolds at (C) 7.4 pH

and (D) 5.4 pH and SEM images of synthesized scaffolds (E-J).

ing higher loading and improved crystallinity of Ag-CQDs.
In the Ag-CQD3 sample (Fig. 4 F), there is a progressive
decrease in peak intensity, likely attributable to improved
dispersion and less agglomeration of the nanoparticles at
elevated concentrations. Notwithstanding these structural
alterations, the prominent peak at 20 = 20° persists in all
samples, indicating that the amorphous nature of the chi-
tosan scaffold is preserved throughout all formulations. The
retained amorphous nature is appropriate for scaffold ap-
plications, since it is flexible, biodegradable, and possesses

enough drug-loading capacity.

3.3 Cytocompatibility and ir vivo wound healing assess-
ment

L929 fibroblast cell viability studies demonstrated that
the vitality of all scaffolds was exceedingly high (>
97%).Scaffold No.3 (control, devoid of Ag-CQDs) had the
greatest viability at 99.03%. The viability was diminished
by a little degree (99.01%) with the incorporation of 0.5%
Ag-CQDs, although remained within acceptable limits. Ele-
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Figure 3. ATR-FTIR spectra of designed and synthesized scaffolds.

vated concentrations of Ag-CQDs (2% and 5%) significantly
reduced cell viability owing to oxidative stress generated by
nanoparticles. Histological examination of wound healing
shown that the 0.5% Ag-CQD scaffold outperformed scaf-
folds with greater concentrations in tissue regeneration. On
Day 4, the wounds had significant neutrophil infiltration. On
day 8, neutrophil counts decreased, and new vasculature to-
gether with dermal-epidermal layers were seen, particularly
in wounds treated with 0.5% Ag-CQD scaffolds (Fig. 5).
Wounds treated with the 0.5% Ag-CQD scaffold on day 12
exhibited re-epithelialization, granulation tissue production,
angiogenesis, and hair follicle growth, all of which signify
successful wound healing.

The results indicated that three scaffolds, namely Vitamin
D/Extract/Egg shell/CQD-Ag 0.5%, Vitamin D/Extract/Egg
shell/CQD-Ag 2%, and Vitamin D/Extract/Egg shell/CQD-
Ag 5%, were employed, and following the treatment dura-
tion, the regenerated tissue was examined to assess the level
of improvement through Masson trichrome staining. The
test findings indicated that on the fourth day of wound scaf-
fold placement, a majority of neutrophils were present at the
wound site, their aggregation termed granulosa, which indi-
cated contamination of the area and a failure to initiate the
healing stages. By the eighth day post-scaffold implantation,
neutrophil levels significantly decline, blood vessels gradu-
ally emerge, and the epidermal and dermal layers become

distinctly identifiable, particularly in scaffolds incorporat-
ing graphene oxide and henna extract. On the twelfth day,
it is observed that the neutrophils have disappeared, and
the repair phases are complete. In the sample with 0.5%
CQD-Ag, the wound area has fully healed, angiogenesis
has occurred, hair follicles have formed, and all layers of
the skin are in final repair.

4. Discussions

This work concentrated on the development of bioactive
nanofibrous scaffolds including VEGEF, silver carbon quan-
tum dots (Ag-CQD), Vitamin D, and Lawsonia inermis
extract (henna) to synergistically promote antibacterial, an-
tioxidant, and angiogenic effects for wound healing. Mor-
phological study (SEM) revealed bead-free, homogeneous
nanostructures with uniformly disseminated bioactive in-
gredients, which is crucial for guaranteeing reliable drug
delivery. This is in accordance with recent advancements
in the field, as discussed in a series of reports released over
the past three years. Nanofibrous scaffolds have been exten-
sively researched for their ability to mimic the extracellular
matrix (ECM), providing mechanical support and enabling
cell adhesion and growth. They were revealed in the recent
past to be employed for more effective healing of wounds by
means of better delivery of drugs, water retention, and tissue
formation. Our uniform bead-free nanostructures scaffolds
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Figure 4. XRD spectra of designed and synthesized scaffolds.

ensure even drug delivery, as evidenced by these studies.
The effective incorporation of Ag-CQD and plant extract
was confirmed using FTIR and XRD analyses, and publica-
tions highlighted that the inclusion of nanomaterial struc-
tures significantly influences the release and functional sta-
bility of the material. Release experiments demonstrated a
biphasic release of lawsone and VEGEF, characterized by an
initial burst release followed by a gradual release over time.
However, optimal healing necessitates early modulation of
initial inflammation, succeeded by tissue regeneration in the
subsequent phase [25]. The continuous production of VEGF
is particularly significant as it stimulates endothelial cell
proliferation and neovascularization, essential for nutrition
and oxygen transport throughout the tissue. This controlled
release approach has been shown to greatly surpass the effi-
cacy of free VEGF treatment, which is characterized by a
short half-life and fast elimination [26]. The antibacterial
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activity shown significant suppression of both E. coli and
S. aureus, affirming the strong antibacterial properties of
Ag-CQDs and henna extract. The nanostructures containing
0.5% Ag-CQD exhibited the greatest antibacterial efficacy
while maintaining fibroblast viability. This discovery aligns
with other studies indicating that Ag-CQD loaded nanostruc-
tures may preferentially eradicate prokaryotic cells while
sparing mammalian cells, potentially due to their capacity
to generate oxidative stress in prokaryotes [27]. The in vitro
scratch assay for cell migration demonstrated a significant
enhancement in wound closure following treatment with
VEGF-loaded nanostructures. The synergistic interaction
of VEGEF, Vitamin D, and lawsone extract likely played a
crucial role in promoting fibroblast proliferation, regulating
inflammation, and facilitating the remodeling of the extracel-
Iular matrix [28]. Vitamin D, known for its immunomodula-
tory effects, may have decreased pro-inflammatory cytokine
levels, while the antioxidant capabilities of lawsone might
have mitigated oxidative damage during wound healing.
A highly important component of this study is the multi-
functionality of the scaffold. The synergy of angiogenesis
induction, antimicrobial activity, and antioxidant protection
simultaneously addresses three of the most significant is-
sues in wound care. This comprehensive method surpasses
conventional wound dressings and singularly effective bio-
materials that fail to fully promote tissue regeneration while
also managing infections. Moreover, our method capitalizes
on the intrinsic bioactivity of plant-derived constituents,
which provide biocompatibility and reduced toxicity rel-
ative to synthetic additions [13]. While the findings are
encouraging, it is important to emphasize that this study is
confined to in vitro trials. The study requires augmentation
through in vivo animal tests and clinical trials to assess the
scaffold’s behavior in biological environments. Enhancing
the scaffold’s mechanical characteristics and degradation
rate might facilitate its clinical use. The findings of biphasic
release of VEGF in the present study along with lawsone to
further substantiate such results also show so. Our scaffolds’
antibacterial activity through Ag-CQDs and henna extract
also coincide with emerging evidence for the effective ac-
tivity of nanoscaffolds with antimicrobial agents against
prevalent wound pathogens. Besides, the antioxidant activ-
ity of henna extract in preventing oxidative stress in wound
healing is consolidated by a study of the application of plant
antioxidants to improve wound healing. Angiogenesis is
a significant process engaged in wound healing, and en-
dothelial cell growth and neovascularization observed with
our scaffolds conform to more recent evidence to imply
the involvement of angiogenic factors in tissue repair [25].
Our controlled release of VEGF from our scaffolds is a
longer delivery system compared to free VEGF therapy,
which has low half-life and high clearance rate. In com-
parison with recent studies, we can see some difference
and similarity. Li et al. showed promoting angiogenesis
with core—shell hydrogel/nanofiber composite scaffolds in
diabetic wound healing [27]. Our investigation is preva-
lent in this objective but differs by utilizing more than one
bioactive compound, e.g., Vitamin D and henna extract, to
create more diversified therapeutic effects. Scientists inves-
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Figure 5. Tissues stained with Masson’s trichrome stain of three scaffolds including eggshell extract, vitamin D and Ag-CQD at (B-F-J) 0.5%, (C-G-K)
2% and (D-H-L) 5% compared to the untreated control (A-E-I) after the end of the treatment period of four days (first row), eight days (middle row) and

twelve days (bottom row) in order to measure the degree of improvement.

tigated electrospun nanofibers with nanoemulsion having
antioxidant and antimicrobial properties for the healing of
burns [29]. Our investigation, however, utilizes Ag-CQDs
for enhanced antibacterial activity and VEGF for angiogen-
esis. Zhang et al. also reported increased angiogenesis and
collagen synthesis in diabetic wounds with the application
of bioglass sustained-release scaffolds but without the ap-
plication of this study’s multi-targeting strategy [30]. Our
study’s multi-perspective approach of VEGF, Ag-CQD, Vi-
tamin D, and henna extract presents a one-stop solution for
the primary challenges of healing diabetic wounds. While
previous research has focused on isolated building blocks,
our complete strategy is synergistic, enhancing the overall
therapeutic potency. While our in vitro results are promis-
ing, more work is needed to ascertain the in vivo efficacy
and clinical significance of these scaffolds. Tuning of the
mechanical properties of the scaffolds and degradation rates
should be the focus of future investigations to render them
clinically relevant.

5. Conclusions

This research successfully developed and functionalized
a multifunctional nanofibrous scaffold containing VEGF,
Ag-CQDs, Vitamin D, and Lawsonia inermis extract,
capable of promoting angiogenesis, exhibiting antibacterial
properties, and mitigating oxidative stress to enhance
wound healing. The scaffold possessed an appropriate
nanostructure, facilitated the sustained release of bioactive
compounds, exhibited exceptional antibacterial properties,
and promoted fibroblast migration and proliferation.
The combined action of the encapsulated compounds

enhanced the scaffold’s effectiveness. VEGF induced
extensive angiogenic stimulation, Ag-CQDs conferred
broad bacterial resistance, whereas lawsone and Vitamin
D offered antioxidant properties and immunomodulatory
effects. The cumulative impact of these medicines produced
the necessary milieu for wound healing by facilitating
tissue regeneration, enhancing infection resistance, and
mitigating oxidative damage. This multifunctional scaffold
offers more advantages than standard wound dressings by
concurrently addressing many wound healing pathways.
The findings of this work are critically significant for the
advancement of innovative wound healing materials based
on nanotechnology and bioactive agents. However, more
in vivo investigations and clinical trials are required to
ascertain the therapeutic potential of the scaffold, improve
its features for therapeutic applications, and evaluate its
safety and biocompatibility in human patients over an
extended duration.
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