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Purpose: We aimed to develop an antioxidant dressing material with pro-angiogenic potential that could promote wound healing.
Gelatin (Gel) was selected to improve the biocompatibility of the scaffolds, while graphene oxide (GO) was added to enhance their
mechanical property. The loaded N-Acetyl cysteine (NAC) was performing the effect of scavenging reactive oxygen species (ROS) at
the wound site.

Materials and Methods: The physicochemical and mechanical properties, NAC releases, and biocompatibility of the NAC-GO-Gel
scaffolds were evaluated in vitro. The regeneration capability of the scaffolds was systemically investigated in vivo using the
excisional wound-splinting model in mice.

Results: The NAC-GO-Gel scaffold had a stronger mechanical property and sustainer NAC release ability than the single Gel
scaffold, which resulted in a better capacity for cell proliferation and migration. Mice wound-splinting models revealed that the NAC-
GO-Gel scaffold effectively accelerated wound healing, promoted re-epithelialization, enhanced neovascularization, and reduced scar
formation.

Conclusion: The NAC-GO-Gel scaffold not only promotes wound healing but also reduces scar formation, showing a great potential
application for the repair of skin defects.
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Introduction
The increasing number of surgical procedures and the global prevalence of chronic wounds caused by diseases (such as cancer
and diabetes) and chronic injuries (such as venous leg ulcers and pressure ulcers) have paralleled the demand for better wound
healing processes.'” The wound healing process broadly consists of four phases: (i) hemostasis, (ii) inflammation, (iii)
proliferation, and (iv) maturation.” Hemostasis, the first phase of wound healing, begins at the onset of injury and only lasts for
a few minutes, while the maturation phase varies significantly from wound to wound and can last for several months.*®
Minimizing scarring while accelerating the wound healing process are the current hotspots of wound healing research.
Oxidative stress is a series of adaptive responses caused by the imbalance between pro-oxidants and antioxidants, with an
increase in the release of free radicals and/or a decrease in the antioxidant capacity of the body tissues.”® Several cells produce
free radicals, such as reactive oxygen species (ROS), to varying degrees during the wound healing process. ROS plays
a pivotal role in the coordination of the normal wound healing response, such as regulating angiogenesis at the wound site and
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perfusing blood into the wound area.’ However, excessive ROS can lead to tissue damage, often in chronic, unhealed wounds,
which is detrimental to wound repair.'°

An ideal wound dressing should optimize the microenvironment for the healing process, which included promoting
hemostasis, maintaining suitable moist conditions, and providing pressure as well as barriers.'''* With the increasing need for
wound dressings on the market, the novel bioactive wound dressing has become a research hotspot in the field of biomaterials.
Collagen is a structurally and functionally vital extracellular matrix protein that participates in scar formation during the
healing of connective tissues. Gelatin (Gel) is a mixture of peptides and proteins produced by physical, chemical, or enzymatic
hydrolysis of collagen. As a natural macromolecule, gelatin is the best building blocks for the creation of wound dressings and
biomaterials for skin regeneration.'> The porous matrix of gelatin could absorb wound exudates and maintain a moist
environment, which accelerates the wound healing process.'® Several studies have shown that gelatin matrices act as
a bioactive material for cell migration and provide structural support for the development of new tissue.'”'® In addition,
gelatin-based biomaterials could be used as a drug delivery system for specific therapeutic molecules.'® ' However, the poor
mechanical properties of gelatin dressings limit their wide application.

Several hybrid formulations have been developed to overcome the shortcoming of gelatin biopolymers, particularly the poor
mechanical property. Graphene oxide (GO) is the oxidized form of graphene obtained by exfoliation and oxidation of graphite.**
It has a high Young’s modulus (~1.0 TPa) and good electrical conductivity that merit attention for biomedical applications.”***
Moreover, the chemical properties of GO can be modified, expanding its possible application for biomaterial research.

Many recent studies have focused on gelatin and the hybrid formulation of GO to obtain an optimal regenerative system.
Nair et al** developed a 3D GO-reinforced gelatin-hydroxyapatite (GHA) scaffolds for bone regeneration. The addition of GO
significantly enhances the mechanical strength of the GHA matrix and improves the level of osteogenic differentiation of
human adipose-derived mesenchymal stem cells. Paul et al*® developed an injectable hydrogel using methacrylated gelatin
and GO nanocomplexes for vasculogenesis and cardiac repair. In vivo studies revealed that injection of this nanocomplex
combined with the Vascular Endothelial Growth Factor (VEGF) significantly increased the myocardial capillary density in the
infarcted region. Jiao et al*’ evaluated the impact of gelatin-reduced graphene oxide (GOG) on bone remodeling. The GOG
manifested good biocompatibility, degradation, and enhanced osteoclastogenesis in bone marrow stromal stem cells in vitro.
The effects of GOG on osteoclastogenesis and angiogenesis were also verified in the mouse orthodontic tooth movement
model. Recent study revealed that GO-Gel scaffolds could enhance intestinal wall defect repair.*® The GO-Gel scaffold
exhibited good biocompatibility and promoted neovascularization. Therefore, these results strongly suggest that GO-Gel
hybrid scaffolds could potentially be used for treating wounds and skin regeneration.

As an inhibitor of ROS, N-acetylcysteine (NAC) has been used for several decades in therapeutic practices.”’ NAC is
a reduced glutathione (GSH) precursor and could easily enter the cell for its low molecular weight. NAC deacetylation
produces cysteine, which promotes GSH synthesis even in an oxidative stress environment.>* Oguz et al’' compared the
efficacy of dexpanthenol with 3% NAC for wound healing using a rat model. After 21 days, wound histological
assessments showed that the NAC group has a significantly higher angiogenesis rate than other groups despite similar
wound healing rates. Tsai et al** demonstrated that NAC improved re-epithelialization in the burn wound by activating
wound healing signaling pathways. The CCD-966SK cells treated with NAC had been proved to have better cell viability
and migration ability evaluated by MTT assay and scratch wound healing experiments in vitro. Overall, the above
findings demonstrate the potentially wide application of NAC in skin tissue engineering.

In this study, we electrospun GO-Gel scaffolds and cross-linked them with NAC for wound healing research (Figure 1).
The surface structure, physiochemical properties, NAC release ability, and biocompatibility were evaluated in vitro.
Furthermore, the regenerative effect of scaffolds on defected skin was investigated using a mouse splint model.

Materials and Methods
Preparation of NAC-GO-Gel Nanofibrous Scaffolds

Gelatin was obtained from Macklin Biochemical Co. (Shanghai, China). Dissolving agent Hexafluoroisopropanol (HFIP),
coupling reagents N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and N-Hydroxysuccinimide
(NHS) were obtained from Aladdin Reagent Co. (Shanghai, China).
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Figure | Schematic diagram for the experimental design. A blend of Gel and GO was firstly electrospun to fabricate the GO-Gel scaffold. Then, the GO-Gel scaffold was
immersed in NAC-EDC/NHS solution and crosslinked to obtain the NAC-GO-Gel scaffold. The NAC-GO-Gel scaffold was subsequently applied to the mice’s wound.

Firstly, gelatin was dissolved in HFIP to obtain a concentration of 50% w/v via continuous magnetic stirring for 24 hours.
GO was prepared using a modified Hummer’s Method as previously described.*® Subsequently, GO was dispersed
homogeneously in deionized water by ultra-sonication for 4 hours in an ice-cold water bath. Different volumes of GO
dispersion were added to Gel/HFIP solution and stirred in an ice-cold water bath to obtain 0 and 25% w/v GO-Gel solution.

Secondly, the electrospun nanofibrous scaffolds were generated. Briefly, the GO-Gel solution was filled in a 5-mL syringe
with a 19-gauge needle. The syringe was placed vertically, and the distance between the tip of the syringe needle and the
collector was 20 cm. Electrospinning was then performed for 10 hours at 18 KV and a supply flow rate of 0.5 mL/h.

Thirdly, NAC-EDC/NHS solution was obtained by a mixture of 5% w/v EDC and 2% w/v NHS in 95% alcohol
solution containing 0.1 mg/mL NAC. Then, the nanofibrous scaffolds (Gel, 0.25%GO-Gel) were crosslinked by
immersing in NAC-EDC/NHS for 24 hours at room temperature. Finally, the scaffolds (Gel, NAC-Gel, GO-Gel, NAC-
GO-Gel) were rinsed in distilled water and dried overnight in a vacuum oven.

Physiochemical Characterization of the NAC-GO-Gel Nanofibrous Scaffolds
Morphology of the Scaffolds
The scaffolds were coated with platinum before observation. The microstructure of scaffolds was then observed by a field
emission scanning electron microscope (FESEM, Nova NanoSEM, Netherlands) at an accelerating voltage of 10 kV. The
diameter of nanofibers was calculated using representative images in OriginPro 9 Software.

Surface characteristics of the scaffolds were recorded using an FTIR spectrometer (Thermo Scientific, Nicolet iS50R,
Waltham, America) and a Raman spectrometer (LabRAM, HR800, Horiba JobinYvon, France). FTIR was measured at
a resolution of 4 cm ™' in the frequency range of 400-5000 cm ', while the Raman spectra analysis was performed using

-1

a scanning range of 1004000 cm . The excitation source was a 30 mW diode laser with a 532 nm wavelength. The
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X-ray diffraction (XRD) analysis was determined using an X-ray diffractometer (XRD, Empyrean, Netherlands) with Cu-
Ka radiation in the range of 5°-90° (26).

Mechanical Properties of the Scaffolds

The mechanical properties of scaffolds were determined using an all-electric dynamic test instrument (Instron, British)
equipped with a load cell capacity of 100 N and tensile speed of 10 mm/min. The stress—strain curve was plotted by
GraphPad Prism 8 Software, and Young’s modulus was calculated by OriginPro 9 Software.

In vitro NAC Release Test

Four NAC-Gel and NAC-GO-Gel scaffolds were immersed in 2 mL of PBS at 37°C. The soaking solution was filtered
and transferred for subsequent tests at one, two, four, and eight hours, and one, three, seven, and 14 days. The released
NAC concentration was measured using high-performance liquid chromatography (HPLC) as previously described.**

Biocompatibility of the Scaffolds in vitro

Cytological experiments were performed using human dermal fibroblasts (HDFs, ATCC, America). The cell culture
process was carried out as previously described.*> The Gel, NAC-Gel, GO-Gel, and NAC-GO-Gel scaffolds were cut
into 5 mm square shapes and sterilized with ethylene oxide at 37°C overnight. The sterilized scaffolds were then placed
at the bottom of 96-well culture plates and washed thrice with sterile PBS. Each well was seeded with 2x10° cells.

Cell Viability
The cell viability on scaffolds was measured using Calcein-AM (CAM) and Propidium iodide (PI) staining (Beyotime,

China), performed after one, three, and seven days of cell culture. The cytoplasm of live and dead cells was stained green
and red respectively by the CAM and PI. The fibroblasts were observed under a confocal laser scanning microscope (IX8
Olympus, Japan).

Cell Morphology
HDFs seeded on scaffolds were used for field emission scanning electron microscopy (FESEM) observation. After
incubation for two days, HDFs on scaffolds were washed with PBS and fixed with 4% paraformaldehyde. The scaffolds
were then dehydrated using graded ethanol and dried in air. Observation of cell adhesion and morphology was according
to the above procedure.

Cell Proliferation

The proliferation of cells on the scaffolds was determined using Cell Counting Kit-8 (Beyotime, China) after incubation
for 1-7 days of incubation. Briefly, 10 pL. CCK-8 solution was added into 100 pL complete DMEM per well and
incubated at 37°C for two hours. Subsequently, 100 uL. of the supernatant solution was transferred to a new 96-well
culture plate, and the optical density (OD) of the solution was measured at 450 nm using a microplate reader (BioTek
ELx800, America).

Cell Migration

HDFs were seeded at a density of 2.5x10° cells per well in 6-well culture plates and cultured until 85-90% confluence.
Scratches were drawn in the middle of wells using sterile 200 pL pipette tips. HDFs were then washed thrice with PBS
and refilled with different extract mediums (complete DMEM in which scaffolds were immersed at 37°C for 24 hours).
The images were captured using an optical microscope (Nikon ECLIPSE TS100, Japan) at 0, 12, and 24 hours after
scratching.

In vivo Study on Mice Wound Splinting Models
All animal experiments and procedures were carried out in compliance with the guidelines of Plastic Surgery Hospital,
and approved by the Animal Ethics Committee of the Plastic Surgery Hospital, Chinese Academy of Medical Sciences
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and Peking Union Medical College. Twenty female C57BL/6J mice (age:7-9 weeks) were housed separately in
a standardized environment. Mice were anesthetized by intraperitoneal injection of pentobarbital sodium at a dosage
of 30 mg/kg. The dorsal region was shaved and sterilized with povidone-iodine and alcohol pads. The mouse wound
splinting model was conducted as previously described.>**” Briefly, a full-thickness wound was made on each side of the
back using a 5-mm biopsy punch. The 40 wounds were randomly divided into four groups (n = 10): Gel, NAC-Gel, GO-
Gel, and NAC-GO-Gel. An inner diameter of 7 mm splinting ring was fixed to the skin around the wound using four
interrupted sutures of 6.0 nylon to prevent local skin contraction. Incisions were covered with Gel, NAC-Gel, GO-Gel,
and NAC-GO-Gel scaffolds, and then dressed with sterile transparent films (Tegaderm, 3M, America). Wounds were
wrapped using a self-adhering elastic bandage (Coban, 3M, America), and images were recorded at 0, 3, 7, 10, and 14
days for further evaluation. The wound closing area was measured at the above time points using Image-Pro Plus
Software.

Histological Analysis and Immunohistochemistry Staining

All mice were sacrificed 14 days post-operation and tissues were fixed with 4% paraformaldehyde, and stained with
Hematoxylin-Eosin (H&E) to observe the granulation and wound closure. Collagen deposition was assessed using
Masson’s Trichrome staining and Sirius Red staining. Furthermore, the expression of CD31 was analyzed using
immunohistochemistry staining to evaluate neovascularization. The number of new vessels was measured using Image-
Pro Plus Software.

Real Time-PCR Analysis

Skin tissues of the wound area were excised at 14 days post-operation to determine the relative mRNA expression level
of various genes. The primer sequences of genes are listed in Table 1.

Statistical Analysis

Data were expressed as the mean value + standard deviation from at least triplicate samples. Statistical analysis was
performed using GraphPad Prism 8 Software. Differences between groups were analyzed using Student’s t-tests and one-
way ANOVA. All data are represented as mean + SD, and P value <0.05 was considered to be statistically significant.

Results

Morphology and Physicochemical Characterization of the Scaffolds

The Gel, NAC-Gel, GO-Gel, and NAC-GO-Gel scaffolds showed different colors, in which the Gel scaffold was white
while the GO-Gel scaffold was light brown (Figure 2A). The transmission electron microscopy (TEM) of GO is
presented in Figure SIA. Scanning electron micrographs of scaffolds revealed that the addition of GO and NAC had
no effect on the formation of electrospinning nanofibers. The NAC-GO-Gel nanofiber was distributed randomly and
uniformly to form a three-dimensional mesh structure that closely simulated the human extracellular matrix. It can also
be observed that interlaced pores cover most of the scaffolds, which character is suitable for biomedical applications.

The histogram of fiber diameter distribution in each scaffold is presented in Figure 2B. The mean fiber diameters of
the Gel, NAC-Gel, GO-Gel, and NAC-GO-Gel scaffolds were 1050+£84 nm, 1018+73 nm, 748+69 nm, and 753+80 nm,
respectively. The addition of GO decreased the fiber diameter, while the external NAC coating had no effect on the fiber
diameter.

The molecular structure and chemical composition of different groups of scaffolds were investigated to identify
chemical changes in the GO-Gel scaffolds during the electrospinning process, FTIR spectra of different scaffolds are
shown in Figure 2C. Gel, and the GO-Gel scaffolds exhibited similar FTIR spectra, in which the absorption peak of
amide A, amide I, amide II, and amide III occurred at 3286 cm ™', 1631 ecm ™', 1535 cm™', 1240 cm ™', respectively.
Besides, GO exhibited the characteristic peaks at 1732 ¢cm ' (carboxylic acid C=O stretching), 1613 c¢m ' (C=C
stretching), 1227 cm™' (C-OH stretching) and 1052 cm™' (C-O stretching) (Figure S1B). Due to the weak infrared
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Table | Quantitative Real-Time PCR Primers

Gene Name Sequence

GAPDH forward 5’ -CCTCGTCCCGTAGACAAAATG -3 '
GAPDH reverse 5 ' -TGAGGTCAATGAAGGGGTCGT-3 '
ACTA2 forward 5 ' -GTACCACCATGTACCCAGGC-3 '’
ACTA2 reverse 5 ' -GAAGGTAGACAGCGAAGCCA-3 '
COLIAI forward 5 ' -GAGAGGTGAACAAGGTCCCG-3 '
COLIALI reverse 5" -AAACCTCTCTCGCCTCTTGC-3 '
TIMPI forward 5’ -GCAACTCGGACCTGGTCATAAG-3 '
TIMPI reverse 5'-TCCCACAGCCTTGAATCCTTT-3 '
MMP13 forward 5'-CTTCTTCTTGTTGAGCTGGACTC-3 '
MMPI3 reverse 5'-CTGTGGAGGTCACTGTAGACT-3 '
VEGF forward 5" -GAGCGTTCACTGTGAGCCTTGT-3 '
VEGF reverse 5" -TTAACTCAAGCTGCCTCGCCT-3 '
TGF-B1 forward 5’ -TAATGGTGGACCGCAACAAC-3 '
TGF-B1 reverse 5'-CCACATGTTGCTCCACACTTGAT-3 '
SMAD?3 forward 5 ' -GGAATGCAGCCGTGGAACTT-3 '
SMAD?3 reverse 5 ' -TTGCAGCCTGGTGGGATCTT-3 '
SMAD7 forward 5 ' -GGCCGGATCTCAGGCATTC-3 '
SMAD?7 reverse 5 -TTGGGTATCTGGAGTAAGGAGG-3 '

absorption of GO, the characteristic infrared spectrogram of the GO-Gel scaffold was similar to that of Gel. Meanwhile,
no NAC characteristic FTIR absorption peak for NAC groups was found.

Raman spectra of the scaffolds are analyzed in Figure 2D. The spectrum of the GO showed the characteristic peaks of
the D band at 1356 cm ' and the G band at 1604 cm ' (Figure S1C). Meanwhile, the spectrum of the Gel scaffolds
presented a smooth curve, while the scaffolds containing GO showed an M-shaped spectrum, indicating that GO was
successfully incorporated into the GO-Gel scaffold. In scaffolds containing NAC, the Raman spectrogram showed
a characteristic peak of 2943 cm ', indicating successful coating of scaffolds with NAC.

Figure 2E shows the XRD spectra of Gel, NAC-Gel, GO-Gel, and NAC-GO-Gel scaffolds. Obvious peaks around
20=15° and 20=22° were observed in the GO spectra (Figure S1D), which was in line with the previous study.*® No
diffraction peak was observed in any other scaffolds. The disappearance of GO diffraction peak indicated that GO
powder was dispersed uniformly in GO-Gel scaffolds.

The mechanical strength, tensile strain, and Young’s modulus of different scaffolds were further investigated to
determine whether the addition of NAC and GO affects the mechanical strength of scaffolds. Figure 2F shows the stress—
strain curves of different scaffolds which presented as basically linear within the 6% strain range. Tensile strains of GO-
Gel and NAC-GO-Gel were significantly higher than that of Gel and NAC-Gel groups, owing to the aggregation of GO
(Figure 2G). Moreover, Young’s modulus of Gel, NAC-Gel, GO-Gel, and NAC-GO-Gel was calculated as the slope of
the linear part of stress—strain curves, which was 23.61+1.90 MPa, 23.87+£2.76 MPa, 87.82+4.43 MPa, and 94.13 £3.25
MPa, respectively (Figure 2H). The aggregation of GO enhanced the mechanical strength of Gel scaffolds, and the
addition of NAC had no significant effect on Young’s modulus of the scaffold.

In vitro Biocompatibility of the Scaffolds

The biocompatibility of scaffolds was examined using CAM/PI staining. Live fibroblasts stained green with calcein-AM
while dead fibroblasts stained red with propidium iodide. Compared to the NAC-Gel and Gel scaffolds, there was a slight
increase in CAM fluorescence intensity in the NAC-GO-Gel and GO-Gel scaffolds after three days (Figure 3A). The
intensity of CAM fluorescence on the NAC-GO-Gel scaffold was significantly higher than that of the other three
scaffolds after seven days, consistent with the result of CCK8 assay (Figure 3C). The NAC-GO-Gel scaffold performed
notably better cell viability and proliferation rates compared with Gel, NAC-Gel, and GO-Gel scaffolds. Furthermore,
cell morphology and cell attachment on scaffolds were investigated using FESEM after two days of culture. The

568 https: International Journal of Nanomedicine 2023:18
Dove


https://www.dovepress.com/get_supplementary_file.php?f=392782.zip
https://www.dovepress.com/get_supplementary_file.php?f=392782.zip
https://www.dovepress.com
https://www.dovepress.com

Dove

Yu et al

A Macrograph

GO-Gel NAC-Gel Gel

NAC-GO-Gel

o

——Gel
NAC-Gel
GO-Gel
3;86 NAC-GO-Gel 163! 1535;1240
- ' R 00 0
—_ ' " '
S T A
a ' A
3 : o
c ! T8
£ ' Vo
£ 1 " '
g ' o
SN b
' ) i
' '
' '
3500 3000 2500 2000 1500 1000
Wavenumbers(cm'1)
609 __Gol
557 NAC-Gel
5.04 GO-Gel
454 NAC-GO-Gel
_ 40 y
g 35 4
§ 3.0
2 259
£ 20
» <Y1
1.54
1.04
0.54
0.0
0 2 4 6

Strain(%)

@

Tensil strenghth(MPa)

Intensity(a.u.)

F 3
1 1

[N
1

Low magnification

G

—— Gel
NAC-Gel
GO-Gel
NAC-GO-Gel

2

Gel

g
S

1000 2000

Raman shift(cm'1)

ok kk

NAC-Gel GO-Gel NAC-GO-Gel

High magnification

-

Young's Modulus (MPa)

Intensity(a.u.)

Fiber diameter

25+
1050£84nm
204
g
£ 154
-
g
@ 104
w
5
o
900 950 1000 1050 1100 1150 1200 1250
Fiber diameter (nm)
1018£73nm
2 204
€
s
3
4
-
i 10
T T T T T T
900 950 1000 1050 1100 1150
Fiber diameter (nm)
30+
748£69nm
2 204
c
s
3
4
H
i 10 ‘W H
—
T T T T T T T
600 650 700 750 800 850 900
Fiber diameter (nm)
301
753+80nm
>
3
c
s
3
4
e
w

700 750

800 850 900

Fiber diameter (nm)

—Gel
NAC-Gel
GO-Gel

~———NAC-GO-Gel

150

100+

50

10

20 30 40 50 60 70 80 90
26(°)

okokok

1

T T
Gel NAC-Gel GO-Gel NAC-GO-Gel

Figure 2 Characterization of NAC-GO-Gel nanofibrous scaffolds. (A) Macrographs and FESEM images (scale bar: low magnification=10 pm, high magnification=5 um); (B)
histograms of nanofibers’ diameter distribution; (C) FTIR spectroscopy; (D) Raman spectroscopy; (E) XRD spectroscopy; (F) tensile stress—strain curves; (G) tensile
strength, and (H) Young’s modulus of the scaffolds (meanSD, ****P <0.0001).
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fibroblasts showed successfully adhered to the scaffolds in which HDFs were colored in blue, while the scaffolds were
colored in green (Figure 3B). Moreover, all the nanofibrous scaffolds showed excellent hemocompatibility (Figure S2).
Overall, the NAC-GO-Gel scaffold presented good in vitro biocompatibility.

In vitro NAC Release
NAC release curves of NAC-Gel and NAC-GO-Gel scaffolds are shown in Figure 3D. Consistent with the previously
described, NAC release process consisted of two stages.”® For the first day, the most loaded NAC was released by NAC-
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Figure 3 In vitro biocompatibility of the scaffolds. (A) Confocal fluorescent images for CAM/PI staining of human dermal fibroblasts on the scaffolds after |, 3, and 7 days of
culture (scale bar=200 pum); (B) FESEM images of human dermal fibroblasts on the scaffolds after two days of culture (scale bar=10 um); (C) CCK8 assay results of human
dermal fibroblasts seeded on the scaffolds. The fibroblasts had the best cell proliferation rates on the NAC-GO-Gel scaffold compared with other groups; (D) NAC release
curve of NAC-Gel and NAC-GO-Gel scaffolds. The navy-blue curve shows that the NAC-GO-Gel had a sustainer drug release ability (mean * SD, **P < 0.01).
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Gel and NAC-GO-Gel scaffolds, and the release percentage was higher for the NAC-GO-Gel (58.4% =+ 6.86%) than
NAC-Gel (37.33% =+ 2.90%). The second stage of NAC release occurred from day 1 to 14, and NAC release was more
sustained in NAC-GO-Gel (68.68% =+ 6.33%) than in NAC-Gel (44.4% =+ 3.31%). Both GO and Gel are abundant with -
COOH groups, which makes it possible to form an amide linkage with the -COOH of NAC.** Thus, the hybrid scaffold
might have more linkage with NAC for more binding sites, resulting in a higher released amount of NAC in the NAC-
GO-Gel scaffold than that in the NAC-Gel scaffold.

Cell Migration

Cell migration in Gel, NAC-Gel, GO-Gel, and NAC-GO-Gel scaffolds is shown in Figure 4A. HDFs migrated faster on
the NAC-GO-Gel scaffold than that on the Gel, NAC-Gel, and GO-Gel scaffolds. The migration area was calculated
using Image-Pro Plus software (Figure 4B). The percent of migration area in the NAC-GO-Gel group was 65.67% =+
4.92% in 12 hours and 89.67% =+ 4.92% in 24 hours, significantly higher than that in Gel (18.13% + 1.52% in 12 hours
and 43% =+ 7.26% in 24 hours), NAC-Gel (45.33% + 4.11% in 12 hours and 60% + 4.9% in 24 hours), and GO-Gel
(37.33% £ 3.09% in 12 hours and 56.33% + 3.86% in 24 hours) groups.

Mice Wound Healing Models

The wound healing models were covered with Gel, NAC-Gel, GO-Gel, and NAC-GO-Gel scaffolds separately to evaluate
the wound healing effect of scaffolds in vivo. The wound healing process on day 0, 3, 7, 10, and 14 is shown in Figure 5A.
Wound closure rates are calculated in Figure 5B. Before day 3, there was no difference in the percentages of wound closure
areas in the four groups. The percentage of wound closure in the NAC-GO-Gel group (86.62% + 6.23%) was notably higher
than that in other groups on day 7. The Gel, NAC-Gel, and GO-Gel groups exhibited 30.13% + 9.55%, 53.2% =+ 6.61%, and
61.32% + 4.69% wound closure, respectively. Most of the wounds in the NAC-GO-Gel group presented a wound closure
on day 10, and re-epithelization was accomplished after 14 days. The wound closure rate on day 14 was higher in the of
NAC-GO-Gel (99.21% =+ 0.8%) group than in the Gel (82.4% + 4.25%), NAC-Gel (91.53% + 5.22%), and GO-Gel (93.14%
+ 6.33%) groups. To sum up, the fastest wound closure rate among the four groups was observed in the NAC-GO-Gel group.

Histological Analysis and Immunohistochemistry Staining

HE staining of wound areas covered with four scaffolds is presented in Figure 6A. The areas without hair follicles and
sebaceous glands were drawn between black dashed lines, indicating incomplete wound healing. Statistics of the length
of incomplete wounds demonstrated that the NAC-GO-Gel group significantly enhanced wound healing (Figure 6C).
Moreover, hair follicle formation in NAC-GO-Gel group was notably higher than other groups (Figure 6D).

Immunohistochemistry staining for CD31 was performed to investigate the effect of different scaffolds on the
neovascularization process at the wound site (Figure 6B). The respective number of blood vessels at the wound site
for each group is calculated in Figure 6E. Specifically, the wound area in the NAC-GO-Gel group had the most number
of blood vessels, while the wound area in the Gel group had the least. The number of new blood vessels in the NAC-GO-
Gel and NAC-Gel groups was almost twice those in the GO-Gel and Gel groups, suggesting that NAC notably enhanced
neovascularization during the wound healing process.

The collagen regeneration process was examined using Masson’s Trichrome staining (Figure 7A). On day 14, the
collagen fibers in the NAC-GO-Gel group presented a more regular and uniform arrangement. In the meantime, the type of
collagen fibers was investigated by Sirius red staining (Figure 7B) which was observed under a polarized light microscope. It
was found that the most type of collagen fibers was type I collagen which presented as red in color. In addition, wounds in the
NAC-GO-Gel group presented a more regular and well-organized collagen fiber arrangement and a decreased ratio of type I/
III collagen, indicating that NAC-GO-Gel scaffolds reduced scar formation after wound healing.

The Expression of mRNA for Multiple Genes Using RT-PCR

The expression level of mRNAs for multiple genes in the wound tissue was examined by RT-PCR (Figure 7C) at day 14 days
post-wounding. In accordance with the histological result of CD31 staining, VEGF mRNA expression in the NAC-GO-Gel
group was remarkably higher than that in other groups. The mRNA expression level of fibrosis-related genes, including ACTA2
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Figure 4 Scratch experiment of human dermal fibroblasts. (A) Scratch images of fibroblasts cultured by leaching four solutions of the scaffolds after 0, 12, and 24h (scale
bars=400 pm); (B) migration area (%) of the fibroblasts in different scaffold groups (mean + SD, **P < 0.01).

and COL1A1, was significantly suppressed in wound tissue of the NAC-GO-Gel group. Moreover, the expression level of key
genes in TGFp signaling, including TGF-B1 and Smad3, were downregulated in the NAC-GO-Gel group. The expression of
extracellular matrix metabolism markers, including MMP13 and TIMP1, was increased and decreased respectively.

Discussion

Wound healing is a complex process, involving a variety of cellular events and natural responses to tissue injury. With the
global growing number of surgical procedures and chronic wounds, promoting wound healing has been a major
therapeutic challenge. This study presents a GO-Gel scaffold loaded with NAC for wound healing, which has good
biocompatibility and pro-angiogenic capacity. Mouse wound models and in vitro experiments revealed that the NAC-GO
-Gel scaffold enhances fibroblast proliferation and migration, accelerates wound healing, and promotes angiogenesis. In
addition, fibrosis-related gene expression of wound tissue was remarkably downregulated resulting in a reduced scar
formation.
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Figure 5 In vivo wound healing evaluation of Gel, NAC-Gel, GO-Gel, and NAC-GO-Gel scaffolds. (A) Photographic evaluation of wound repair in four groups on day 0, 3,
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An ideal wound dressing should effectively enhance and accelerate the healing process. Currently, biopolymer-
derived electrospinning nanofibers have become a popular choice for wound dressing because of their excellent

biocompatibility and good mechanical property.*> Gelatin is a natural biopolymer derived from the hydrolysis of type
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I collagen and exhibits excellent biocompatibility, low antigenicity, and controlled biodegradability, which make it
a desirable candidate for wound dressings and tissue engineering.'>*' However, the poor mechanical property of gelatin
limits its wide application. Therefore, researchers continue to develop composite formulations by incorporating gelatin
and other synthetic polymers to improve the mechanical properties of gelatin while enhancing the ability to release
bioactive molecules.**** Graphene oxide is a strong and flexible carbon-based compound. In addition, it can be
chemically modified and has been widely used for biomedical applications in the last few years.44 Incorporating GO
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with gelatin matrix can improve their mechanical properties and creates additional pore structures for better diffusion of
nutrients and waste products.”® Due to the excellent biocompatibility and robust physical properties, the combination
formulation of gelatin and GO presents a viable choice for the fabrication of wound dressing.

Electrospinning technology allows for the production of fibers with nanometers, which character has various
advantages in wound dressing fabrication since it resembles the natural extracellular matrix.*> Additionally, the electro-
spinning scaffolds could provide sufficient air and water vapor permeability to allow oxygen in, which is also essential
for wound healing. Ramanathan et al*® extracted collagen from fish skin and employed to coat a scaffold based on poly
(3-hydroxybutyric acid), gelatin and coccinia grandis extract through electrospinning. This nanofibrous scaffold accel-
erated rapid wound healing in a rat anti-inflammatory model through increasing the collagen deposition and reepithe-
lialization. Singaravelu et al*’ fabricated a dual-layer 3D nanofibrous scaffold using poly (3-hydroxybutyric acid), gelatin
and curcumin overlaid on a keratin-fibrin-gelatin sponge loaded with mupirocin for tissue engineering applications. The
cytocompatibility of scaffold was tested on NIH 3T3 and HaCaT cells, and results showed that the dual-layer scaffold
assisted in cell proliferation and adhesion. Moreover, the electrospun scaffold enhanced wound healing process in
silicone splint animal model, presented as increased granulation tissue formation and collagen deposition. In this
study, we prepared GO-Gel scaffolds using the electrostatic spinning method and assessed their mechanical property.
The tensile strength and Young’s modulus of GO-Gel scaffolds were considerably higher than those of single Gel
scaffolds (Figure 2), indicating that the incorporation of GO effectively improved the mechanical strength of the
scaffolds. With the increasing application of GO, its toxicity has been widely discussed.*® Balanced tradeoffs between
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the positive therapeutic effects of GO and the side effects associated with its toxicity should always be noted. Previous
research analyzed the cell proliferation among different concentrations of GO within GO-Gel scaffolds, and results
showed that low-concentration GO-Gel scaffold (0.25%) was better biocompatible.”® Moreover, the 0.25% GO is
degradable and promotes intestinal wall defect repair in vivo. Consistent with the previous finding, our results showed
that cell viability and proliferation in the 0.25% GO-Gel group were significantly increased than in the Gel group
(Figure 3), which might be due to the enhanced mechanical property.

Decreasing excessive ROS in surrounding environment is also an important factor for healing process except for
providing good biocompatibility and robust mechanical strength. In our study, NAC was loaded on the GO-Gel scaffold
to promote wound healing. As an antioxidant, topical application of NAC on skin defects inhibits oxidative stress and
scavenges ROS at the skin wound site. Previous studies have demonstrated that topical application of NAC could
promote angiogenesis, increase re-epithelialization, and improve local microcirculation in wound healing.>'*? Bachle
et al* revealed that topical application of NAC enhanced arteriolar perfusion and promoted angiogenesis in mice,
reducing ischemia in all flap areas, consistent with our results. In the present study, in vitro experiments revealed that the
incorporation of NAC (NAC-Gel group) promotes the migration of cells, and the addition of GO enhanced this process
further (NAC-GO-Gel group) (Figure 4). Meanwhile, the NAC-GO-Gel group had the highest number of CD31-positive
vessels (Figure 6) and the highest gene expression of the VEGF gene according to RT-PCR results (Figure 7C) in our
mouse excisional wound healing model. Therefore, the NAC-GO-Gel scaffold enhances the release of NAC, reduces the
production of ROS levels (Figure S3), and accelerates the migration and adhesion of fibroblast in the early stages of
wound healing (Figure 5).

Progressive fibrosis during wound healing causes scarring, characterized by excessive extracellular matrix deposition

and overexpression of fibrosis-related genes. Paskal et al>

revealed that NAC dysregulated the expressions of numerous
genes associated with scar formation and improved neovascularization. The present study revealed that NAC signifi-
cantly downregulated the expression of mRNA for fibrosis-related genes (Figure 7). Wounds, particularly severe wounds
with excessive tension or movement, are vulnerable to tissue infection, necrosis and other adverse effects during healing.
The infection factor during wound healing process has been received extensive attention, and many wound dressings
were developed to reduce microbial infection. However, the direct antimicrobial effect of the scaffolds was not the major
purpose of this study. Our nanofibrous scaffolds presented to provide an excellent physiological background, and thus to
promote wound healing process through enhancing cell proliferation and neovascularization. The NAC-GO-Gel scaffold
improved the NAC release, promoting wound healing through enhanced neovascularization and reduced fibrotic scar
formation.

Conclusions

In summary, we successfully developed NAC-loaded GO-Gel scaffolds as a novel dressing for skin wound repair. The
NAC-GO-Gel scaffold exhibits a strong mechanical property, excellent biocompatibility, and sustained release ability of
NAC, thus resulting in a promoted cell proliferation and migration in vitro studies, as well as rapid and scarless healing
of a 5-mm mice’s wound in vivo experiments.
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