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Background: Delayed diabetic wound healing is one of the clinical difficulties, the main reason is the limited angiogenesis ability.
Deferriamine (DFO) is an iron chelating agent that can induce angiogenesis, but its application is limited due to its short half-life.
Increasing the load and slow release performance of desferriamine is beneficial to accelerate diabetic wound healing.

Materials and Methods: In this study, we developed collagen (Col)-graphene oxide (GO) and (1% w/w) DFO-loaded nanofiber
electrospinning scaffolds (DCG) using the electrospinning technique. We tested the physicochemical properties, drug release
performance, and vascularization biological function of the scaffolds, and finally evaluated the promotion of full-thickness wound
healing in the diabetic rat models.

Results: The results showed that DCG scaffolds have good mechanical properties and water-holding capacity and can release DFO
continuously for 14 days. In vitro, the novel DCG scaffold exhibited good biocompatibility, with the up-regulation at the gene level of
VEGF and its regulator HIF-1a, promoters of angiogenesis. This was verified in vivo, as the scaffold enhanced granulation tissue
formation and improved neovascularization, thereby accelerating wound healing when applied to full-thickness defects on the back of
diabetic rats.

Conclusion: The DCG nanofiber scaffold prepared in this study has good biocompatibility and vascularization ability, and improves
the microenvironment in vivo, and has a good application prospect in diabetic wound repair.
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Introduction
The epidemic of diabetes mellitus and its complications poses a major global health threat." Among 3 million diabetes-
related hospitalizations in the United States, 20% of the cases are complicated with diabetic wounds and especially
diabetic foot ulcers,” while about 20% of moderate and severe diabetic foot ulcer infections lead to amputation.® In all,
this yields great challenges not only to the patients, but to the global healthcare system. Contrary to the four overlapping
stages of hemostasis, inflammation, proliferation, and re-epithelialization observed during acute wound healing, the
diabetic wound reveals altered and complex figures that delay the healing process.* Particularly, diabetic wounds are
characterized by inadequate vascularization caused by hyperglycemia, which restricts the supply of nutrients and oxygen
to the wound site, thereby compromising new tissue formation and delaying wound healing.>® Hence, one of the most
important strategies in diabetic wound management is to promote revascularization in the affected region.

In optimal physiological conditions, angiogenesis is influenced by a variety of growth factors.” Listed as one of the
most crucial among those, the vascular endothelial growth factor (VEGF) is primarily regulated by hypoxia-inducible
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factor (HIF)-1a.® In the acute hypoxic environment ensuing tissue wounding and damage, the release of HIF-la is
brought about by hypoxia and derives from the various cellular actors of wound healing including endothelial cells,
fibroblasts, and macrophages during the initial stage of wound healing;’ HIF-10 then enters the nucleus of target cells and
dimerizes into HIF-1B, which enables its binding to the hypoxic reaction element. This results in the upregulation and
activation of more than 60 hIF-la target genes for tissue repair, cell growth and proliferation, and upregulation of
VEGF.'® However, in diabetic wounds, topical deposition of free iron results in excessive degradation of HIF-1a by
prolyl 4-hydroxylase (PHD) enzymes that require iron (Fe*") as a cofactor,'’ further impeding the wound healing
conditions. Hence, in current medicine, a therapeutic measure that would maintain the activity of HIF-1a in the context of
diabetic wounds is highly desirable.

Desferrioxamine (DFO) is a small molecule chelating chemical that is approved by the FDA as an iron chelator to
treat thalassemia or iron poisoning. Topical application of DFO as an iron chelating agent and a stabilizer of HIF-1a
accumulation is an effective method to promote tissue angiogenesis, through the upregulation of the expression of many
growth factors such as VEGF and stromal cell-derived factor-1a, (SDF-1 a)). Because of this function, DFO has been used
to improve bone and skin tissue regeneration.'?'* However, application to diabetic wound healing has been limited by
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the cell and tissue toxicity of DFO and its short half-life that prevents sustained treatment effects,
development of biocompatible delivery vehicles with the ability to sustain-release the DFO and enable prolonged
treatment as required in the case of diabetic wounds.

Collagen (Col), of which type I is the most abundant, is the main component of skin extracellular matrix (ECM); It
possesses good biocompatibility, hydrophilicity, and low immunogenicity.!”'® It can regulate cell phenotypes and cell-
ECM interactions, and alter the physico-chemical properties of scaffolds to improve the rate and quality of wound
healing.'® Collagen is easy to extract and process and has been prepared into a variety of structures for wound dressing
such as hydrogels, sponges, and nanofibers.® However, collagen has poor mechanical properties and pure collagen-based
materials are easy to break,?! which makes it difficult to prepare self-standing materials. Because of its high hardness,
graphene Oxide (GO) is often used to improve the mechanical properties of scaffolds;**%* In fact, the tensile strength
and Young’s modulus of the composite scaffold can be improved when as reinforcement, GO is evenly and thoroughly
distributed within the main matrix compounds.*’

Researchers have tried to solve the problem of long-term stable drug delivery through a variety of nanotechnology, but
the first key is to choose a reasonable drug carrier, which should have good compatibility with the loaded drug.?® Then there
is the practicality of nanotechnology, in general, there are two approaches to nanotechnology, one is the bottom-up approach,
such as self-assembly and chemical synthesis.”” The other is the top-down approach, such as electrospinning.”®
Electrospinning technology has great potential for loading bioactive substances, mainly because of the high porosity, large
specific surface area, and suitable mechanical strength of nanofiber membranes, so that bioactive substances can be
uniformly dispersed on the surface or inside the nanofiber.?>° In addition, electrospinning has evolved from single fluid*'
to coaxial,*? side-by-side,>* triaxial,>* Janus,®> and combined. This provides a simple and practical method to control the
morphology and structure of nanofibers using different raw materials or modified materials.>® The nanonetwork structure of
nanofiber membranes is very similar to the skin’s natural extracellular matrix (ECM) and can serve as a carrier for the
controlled delivery and release of biomolecules and drugs, expanding their application in the field of wound healing.*” In this
study, we developed a drug-loaded electrospinning scaffold. Using collagen and graphene oxide as matrix materials, the
nanofiber scaffold containing DFO was prepared by electrospinning. Then, the physicochemical properties, sustained drug
release performance, biocompatibility, and angiogenesis of the stent were evaluated in vitro. Finally, the wound healing and
vascularization effects of the DCG composite scaffold were further evaluated in the full-thickness diabetic rat wound model.
The diagram showing the experimental design is shown in Figure 1.

Materials and Methods

Materials
All utilized chemicals were of analytical grade and pure. Type I collagen was procured from Kele Biotech (Chengdu,
China), graphene oxide was obtained from Suzhou Tanfeng Tech (China), and desferrioxamine (DFO) was purchased
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Figure | Schematic illustration of the fabrication procedure of DCG and its application on diabetic wound model.

from Shanghai Yuanye Biotechnology Co., Ltd. (located in Shanghai, China). Dulbecco’s modified Eagle’s medium
(DMEM) and Roswell Park Memorial Institute 1640 (RPMI 1640) were procured from Hyclone (USA). Fetal bovine
serum (FBS), penicillin-streptomycin (PS), and other cell culture reagents were obtained from Gibco (USA).
Furthermore, Calcein Acetoxymethyl Ester/propidium iodide (Calcein AM/PI) and Cell Counting Kit-8 (CCK-8),
along with hematoxylin-eosin and Masson’s trichrome kits, were obtained from Sigma-Aldrich. Matrigel was purchased
from BD (USA).

Fabrication of the DFO-Col-GO Nanofiber Scaffolds
To prepare the DFO-Col-GO (DCG) scaffolds, 240 mg of Col, 0.48 mg of GO, and 2.4 mg of DFO were dissolved in
4 mL of hexafluoroisopropanol (HFIP). The resulting solution, which contained desferrioxamine-col-GO/HFIP, was
subjected to electrospinning at 25-27 kV using a 17G needle. The extrusion speed was maintained at 0.5 mL/h, and the
spinneret was separated from the collector (aluminum mesh) by 15 cm. The samples were cooled to —20°C and freeze-
dried in a vacuum lyophilizer, resulting in the formation of DCG nanofiber scaffolds. Finally, the samples were cut into
1 cm diameter disks, placed in 12-well plates, and sterilized overnight by exposure to ultraviolet light.

Using the same procedures, collagen-only scaffolds (Col) and collagen-GO hybrid scaffolds (CG) were also obtained.

Morphological Characterization

The freeze-dried nanofiber scaffolds were coated with gold nanoparticles and examined using scanning electron
microscopy (SEM, JISM-IT300, JEOL, Japan) at a high voltage of 20 kV to observe their microstructure, after obtaining
high-resolution SEM images of the electrospun scaffolds, the diameters of the nanofibers were measured using image
analysis software (Image J).
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Freeze-dried products were also used for 'H NMR spectroscopy (Varian, 600 MHz), attenuated total reflection-
Fourier transform infrared spectroscopy (ATR-FTIR), and Raman spectroscopy (VERTEX 70, Bruker, Germany) using
LabRAM HRS800 (HORIBA JobinYvon, France) for recording the surface characteristics of the scaffolds. FTIR

measurements were carried out at a resolution of 4 cm ! in the frequency range of 4000-500 ¢cm ' and the Raman
spectrum was recorded at a scanning range of 504000 cm '. The excitation source was a diode laser with a wavelength

of 532 nm adjusted to a power of 30 mW. All data were then analyzed in OriginPro 2019 (OriginLab, America).

Mechanical Testing of the Scaffolds

An all-electric dynamic test instrument (ASTM D638, Instron) was used to measure the mechanical properties of the
scaffolds. Tensile tests were conducted on the scaffolds with a cell load of 20N and extension speeds of 5 mm/min. The
mechanical properties including Young’s moduli and stress-strain curves, were calculated using the OriginPro software.

Water Contact Angle Measurements, Water Absorption, and Retention Capacity
The water contact angle was measured using a contact angle analyzer (JGW-360B, China) to evaluate the hydrophilicity
of the fabricated nanofibrous scaffolds. A volume of 0.2 pL of pure water was dispensed onto the surface of each sample,
followed by an analysis of the contact angle using the instrument’s software. Each experimental group was tested with
three replicates.

To determine the water absorbability, five specimens of each scaffold type were initially weighed (W) and immersed
in phosphate-buffered saline (PBS) at 37 °C for 24 hours. Subsequently, the specimens were taken out from the PBS and
reweighed to determine Wt. The percentage of weight absorbed was calculated using the following formula:

Water absorption (%) = (W, — Wo) Wo x100%

A filter with 0.5 mm holes was employed to hold the wet samples. After centrifugation (AccuSpin 400, Fisher
Scientific) at 260 g for 5 minutes at room temperature, the weight of the samples was measured as W, and water retention
was determined using the following formula:

Water retention (%) = (W, — Wo) Wo x100%

In vitro DFO Release

Each scaffold sample was immersed in a 20 mL solution of PBS with a pH of 7.4 at a temperature of 37 °C and agitated
until maximum drug release was achieved. After being mixed with a specified quantity of FeCI3, the amount of DFO that
was released was measured by recording the absorbance at a wavelength of 485 nm using a UV-Vis spectrophotometer at
regular intervals, as per the standard DFO sodium calibration curve. Release experiments were conducted in triplicate,
and the average value was recorded.

In vitro Cell Experiments
Human dermal fibroblasts (HDF) and GFP-HUVECs (ATCC, USA) were cultured in growth media enriched with
DMEM and RPMI 1640 respectively, supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin at
37°C and 5% CO, in a humidified incubator. Cell detachment was achieved using 0.05% trypsin, and media was
replenished every 2 days.

The scaffolds were sterilized using UV and immersed in RPMI 1640 for 24 hours. The media was then collected and
centrifuged at 1000 rpm for 5 minutes and filtered through a 0.20 uM syringe filter. The resulting filtered media, which
served as the extract liquor of the scaffold, was collected for cytology experiments.

Cytocompatibility Testing

The scaffolds were sectioned into circular shapes with a diameter of 1 cm and placed in 24-well plates, following which
they were sterilized using UV light for an entire night. Next, HDF cells were seeded in different samples at
a concentration of 1¥10% cells per sample and cultured for 5 days to assess the cytocompatibility of the scaffolds.
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Live/dead assays were then conducted, and cells were stained with Calcein AM/PI, following the manufacturer’s
protocol. The visualization of cells was performed using a confocal laser microscope (Leica Microsystems, Germany).
The proliferation of cells on the scaffold was assessed after 1, 3, and 5 days of incubation using the CCK-8 assay. To
perform the assay, 100 uL. of CCK-8 working solution was added to each well after replenishing the medium, and the
culture was then incubated at 37°C for 1 hour. Afterward, 100 pL of the supernatant was transferred to new 96-well

plates, and their optical density (OD) values were measured at 450 nm using a microplate reader (BioTek ELx800, USA).

Tube Formation Assay

For the tube formation assay, 50 puL of thawed Matrigel was added to each pre-cooled well of a 96-well plate and
incubated for 1 hour at 37°C. Next, GFP-HUVECs were seeded with a density of 1x10 cells per well into the Matrigel-
coated wells, and the extract liquor obtained from the different scaffolds was used to treat the cells. After 6 hours of
incubation, each well was imaged using a confocal laser scanning microscope, and the images were quantified using

Image] software.

Cell Migration Assay

For the cell migration assay, GFP-HUVECs were seeded in 24-well plates at a density of 5x10* cells per well and
cultured until they reached a 90% confluence. Scratch wounds were then carefully created on the cell monolayers using
a 200 pL pipette tip, followed by a gentle rinse with phosphate-buffered saline (PBS). Subsequently, the medium in each
well was substituted with a different extract liquor. At 0, 8, 16, and 24 hours of incubation, images of the scratched
wounds were captured and the area of the remaining wound was measured at each time point using the Image J software.

RT-PCR Analysis

The mRNA expression levels of hypoxia-inducible factor 1-alpha (HIF-la) and vascular endothelial growth factor
(VEGF) in the GFP-HUVECs treated with different extract liquors were determined through real-time polymerase chain
reaction (RT-PCR). Total RNA extraction from the cultured GFP-HUVECs was achieved using the Trizol reagent, and
reverse transcription was carried out using the Revert Aid First Strand cDNA Synthesis Kit. The primer sequences used
are shown in Table 1.

The AceQ Universal SYBR qPCR Master Mix was utilized in the RT-PCR, and a real-time PCR system was
employed to quantify the PCR products. The amplification conditions were as follows: 95°C for 5 min, 95°C for 10s,
and 60°C for 30s (40 cycles). The mRNA expression level in all experimental groups was calculated using the 2~ 4¢T
method.

In vivo Wound-Healing Studies

The experimental procedures of this study were granted ethical approval by the Animal Ethical Committee of Huazhong
University of Science and Technology (HUST). All animals followed the principles of the “Guide for the Care and Use of
Laboratory Animals” and “The Guidance to Experimental Animal Welfare and Ethical Treatment” established by the
National Science Council of China.

Table | Primers for qRT-PCR in This Study

Target Gene | Direction Sequence
HIF-la F TGATTGCATCTCCATCTCCTACC
R GACTCAAAGCGACAGATAACACG
VEGF F CCCACTGAGGAGTCCAACATC
R TACACGCTCCAGGACTTATACCG
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STZ-Induced Diabetic Models

Six male Sprague-Dawley (SD) rats, aged six weeks and weighing an average of 180-200 g, were acclimatized in
a temperature and humidity-controlled room for one week. After an overnight fast, streptozotocin was administered to the
rats in the right upper abdomen. Rats with a fasting glucose level of > 11.1 mmol/L for three consecutive days were
deemed to have developed diabetes mellitus (DM). Otherwise, STZ was injected again until the DM model was
successfully established.

In vivo Wound-Healing Assay

To anesthetize the six diabetic rats, 3% pentobarbital sodium (0.ImL per 100g) was administered via intraperitoneal
injection and their dorsal fur was shaved. The incision area was marked with methylene blue and subsequently
disinfected with iodophor. Three full-thickness wounds, each with a diameter of 10 mm, were randomly created on
each side of the dorsal central line in the experimental animals. Wounds in each rat were treated with Col, CG, and DCG
in a random order. Subsequently, the wound area was fixed with a medical bandage that was changed every two days.
Wound images were captured using a Canon digital camera on days 0, 3, 7, 10, and 14 post-surgery. Image J software
was utilized to quantify the surface area of the wound at each time point. The rate of wound closure was then calculated
using the following formula:

Wound closure rate = (Sp — S,,)/So * 100%

Where S, refers to the original wound area and S, denotes the area of the wound at days 0, 3, 7, 10, and 14 post-
surgeries.

Histological Analysis

On day 14 post-surgery, all experimental rats were sacrificed using an overdose of anesthetics, and tissues from both
unwounded and wounded areas were harvested and fixed in 10% formaldehyde. Hematoxylin-Eosin (H&E) and
Masson’s trichrome staining were performed on wound tissue samples obtained on day 14 post-surgery to evaluate
epidermal, collagen, and new tissue generation. Furthermore, an immunohistochemical staining using antibodies against
specific CD31 was employed to observe vascular endothelial cells. An optical microscope (Nikon H600L, Tokyo, Japan)
was utilized for cell examination and image capture.

Statistical Analyses

The normal distribution of the data was assessed, and all results that met the normal were expressed as mean =+ standard
deviation. Student’s #-test and ANOVA were performed on the data using GraphPad Prism 9.5, and the difference was
statistically significant (p < 0.05) or not (p > 0.05). Non-normal data were presented as medians and interquartile
intervals using non-parametric tests.

Results
DCG is prepared from a mixed solution of DFO, Col, and GO. CG is prepared from a mixed solution of Col and GO. Col
is prepared from a pure Col solution. From a macroscopic view (Figure 2A-C), no significant difference was detected
among groups. Advanced analysis by scanning electron microscopy (SEM) (Figure 2D-I) then revealed randomly
organized networks of nanofibers presenting a smooth surface of the fibers, forming 3D structures with high porosities
and interconnected pores. For all groups, most fibers presented a diameter between 100 and 500 nm (Figure 2J-L), which
is propitious for cell attachment and growth.*®

We used FTIR spectroscopy to confirm the chemical structures of the scaffolds and these results are shown in
Figure 2M. In the FTIR spectra, the -NH stretching vibration was detected as the peak at 3367 cm™ ', these were derived
from the -NH, and C-N groups in all samples. Further, peaks at 1637, 1542, and 1450 cm ™' were assigned to the C=0
stretching, N-H bonding, and C-N stretching of amide (-CONH,) linkages in collagen, respectively. As the functional
groups of DFO are like those found in collagen, characteristic absorption peaks for DFO could not be specified.*
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Figure 2 The morphology analysis and chemical properties of the DCG scaffolds. Macroscopic view of the (A) Col, (B) CG, and (C) DCG on the side view. SEM images of
(D, G) Col, (E, H) CG, and (F, I) DCG on the side view. Distribution of nanofiber diameters within (J) Col, (K) CG, and (L) DCG. (M) ATR-FTIR spectra, (N) Raman
spectra, and (O) IH NMR spectrum.
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Raman spectroscopy was performed to identify the GO in DCG scaffolds; it is a highly sensitive method for the
detection of conjugated and double carbon—carbon bonds. The Raman spectroscopy (Figure 2N) displayed two evident
peaks representing the G band at 1600 cm ™' and the D band at 1323 cm ™' respectively, which derived from in-plane
vibrations of sp® carbon atoms of the graphite lattice and the out-of-plane breathing mode of the sp” atoms. With these
observations, the presence of GO in the samples was verified.

The 'H NMR spectra of the samples are shown in Figure 20. Compared to the spectra of Col and CG, there were
some new peaks in the spectra of DCG, which were consistent with the characteristic peaks of DFO reported in previous
studies.*® The signals at 2.0 and 2.8 ppm are respectively assigned to the protons of -CH; groups and -CH;SOsH, and
those at 1.2-3.5 ppm is assigned to individual hydrogen atoms labeled in the spectrum of the DFO. This confirmed DFO
as a component of the composite samples.

The water contact angles of the different nanofiber membranes are shown in Figure 3A and B. Among the scaffolds,
the Col sample exhibited the highest angle value (65+2.434°), CG samples (62+1.384°), and DCG samples (61£2.711°),
and the angle values of the Col group, CG group, and DCG group were statistically significant. Hence, for each of the
sample types, the average water contact angle is below 70°, indicating their hydrophilic nature.*' Furthermore, the
addition of moderate concentrations of GO contributed to enhanced hydrophilicity in CG and DCG samples, as indicated
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Figure 3 Physical characterization and drug release capacity of the DFO-Col-GO scaffolds. (A) Water contact angles. (B) Water contact angle statistics chart. (C) Water
absorption, (D) water retention. (E) Stress-strain curves. (F) Young’s moduli of the scaffolds. (G) Cumulative DFO release profiles. (*p < 0.05, **p < 0.01).
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by their lower water contact angles relative to the Col sample. This might be the result of GO exhibiting hydrophilic
characteristics due to the hydroxyl (OH) and carboxyl (COOH) functional groups.

As they exert a crucial role in cell ingrowth and metabolite circulation within the scaffolds, the water absorption and
retention rates of the scaffolds were evaluated (Figure 3C and D). The water absorption rates of DCG, CG, and Col were
603.4+25, 612.6£28, and 602.9+26, respectively. Meanwhile, the water retention rates of each group were 483.1+64,
501.249, and 484.4+40, respectively. The results of water retention and water absorption of all groups showed no
significant statistical difference, showing good water retention and water absorption performance.

The stress-strain curves of the different scaffolds are shown in Figure 3E. DCG had the highest tensile strength and
the best flexibility, followed by CG, and Col. In Figure 3F, the graphs indicate an increase in Young’s modulus with the
addition of GO to Col to form CG, whereas DCG has the highest Young’s modulus (0.2871+0.00292MPa) with
maximum tensile stress, indicating that DCG has the best mechanical characteristics.

The DFO release profiles for the DCG scaffolds are shown in Figure 3G. The release of DFO on the first day is
relatively rapid, about 60.15+6.53% of its total load in DCG. In the second stage, the release of DFO gradually slows
down, reaching 74.26+3.97% on the 3™ day. The release rate further decreases over the following days and stabilizes
from the tenth day with a final drug release rate of 82.77+2.72% on the 14™ day.

Live and dead cell staining of scaffolds seeded with fibroblasts for 1, 3, and 5 days are shown in Figure 4A. Live cells
displayed green fluorescence caused by Calcein AM staining while dead cells revealed a red fluorescence resulting from
PI. With the extension of cell culture time, the density of green fluorescence in each group of samples gradually
increased, with no obvious red fluorescence in any of them. There was no difference in the intensity of green fluorescence
at each time point between each group. This supports the good cytocompatibility of both Col, CG, and DCG scaffolds. To
quantify the cytotoxicity of the scaffolds in each group, we performed CCKS assays on fibroblasts grown on samples
from each group for 1, 3, and 5 days. The results of the experiments are shown in Figure 4B. The cells from each group
of scaffolds demonstrated an obvious proliferation trend, with no significant difference between the groups as to cell
viability at day 5, corroborating the findings from the live-dead cell staining.

To investigate the effect of in vitro angiogenesis of each group of scaffolds, we performed a tube formation assay on
HUVEC:s using the extracts of each group of scaffolds, and the results are shown in Figure SA. We found that HUVEC
had more tube-like structures formed after incubation on Matrigel with DCG extract for 6 hours compared to the Col and
CG groups. Statistical analysis was further carried out on the vascularization images and the mesh formation and junction
formation by HUVECs cultured with different media are shown in Figure 5B and C, respectively. The number of meshes
and nodes formed by the HUVECsS cultured with DCG extract was 82.0+19.08 and 752.7+153.8, respectively. Compared
to those formed by the HUVECs cultured with Col (19.3347.37 and 250.7+£74.78) and CG (25.67+4.04 and 334.7+22.5)
extracts, there were significantly more meshes and nodes formed with the DCG extract (P<0.01).

RT-PCR was performed to assess the gene expression of HIF-1a and VEGF in HUVECs following culture with
scaffolds’ extracts. Results (Figure 5D and E) indicate that the DCG group induced the highest stimulatory effects on the
gene expression of HIF-1a and VEGF in HUVECs, while the effects of Col did not significantly differ from those of CG.

The results of the cell migration assay using HUVECs are shown in Figure 6A. The DCG group had a faster wound
healing rate with the smallest remaining wound area at 16h and 24h (Figure 6B). In the first 16 h, cells from the DCG
group migrated faster, covering 62.9%+2.71% of the wound area compared to 25.8+7.09% for Col and 31.3+7.74% for
CG. Similarly, at 24h, the DCG group maintained the highest cell migration rate, as 76.9 + 6.29% of the scratched surface
was repopulated with cells. In the Col and CG groups, only 48.1+10.56% and 50.3 + 11.59% of the wounded area were
closed then, respectively.

Figure 7A shows the images of diabetic wounds treated with different scaffolds for 0, 3, 7, 10, and 14 days post-
surgery. From day 7 onwards, the wound area in the DCG group was significantly smaller than that in the Col and CG
groups, while the wound area was similar between the Col and CG groups. On day 14, the wound in the DCG group had
largely healed, whereas visible wounds remained in the Col and CG groups. Figure 7B shows the wound closure rate in
each group. The DCG group had a much higher healing rate as compared with the Col and CG groups. The percentage of
closed area for the DCG group was 95.07+1.8% and 99.49+1.03% on the 10th and 14th days, respectively, in comparison
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Figure 4 In vitro biocompatibility of the scaffolds. (A) Confocal fluorescent images for Calcein/PI staining of human dermal fibroblasts cultured on the scaffolds for I, 3, and
5 days. (Scale bars: 200 pm). (B) Results of CCK-8 assay performed on human dermal fibroblasts seeded on the scaffolds. (*p < 0.05).
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Figure 5 In vitro vascularization of GFP-HUVECs and relative mRNA expressions (A) Confocal fluorescent images from a Tube formation assay of GFP-HUVECs cultured
by leaching solution of scaffolds after 6h. (Scale bars: 200 pm). (B) and (C) Quantitative analysis of meshes and nodes formed in the in vitro vascularization assay. (D) and (E)
expression of HIF-l1a and VEGF evaluated by PCR when GFP-HUVECs were cultured by leaching solution of scaffolds after 3 days. (**p < 0.01, ***p < 0.001).

with 73.49+6.37% and 68.58+11.8% on the 10th day, 84.84+5.09% and 84.71+5.05% on the 14th day for the Col and CG
groups.

Histological studies were further carried out. Figure 7C shows images from H&E staining, with the black arrow and
dotted line marking the unhealed area different in structure from normal skin tissue. On the 14th day after surgery, the
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Figure 6 Scratch test of GFP-HUVECs. (A) Confocal fluorescent images from a scratch assay experiment at different time points. (Scale bars: 200 pm). (B) Closure area (%)
of the Col, CG, and DCG at different time points. (**p < 0.01).
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Figure 7 Effects of scaffolds in each group on wound healing in diabetic rats and histological analysis (A) Macroscopic views of the skin tissue sections at different time
points after treatment. (B) Closure area (%) at different time points after treatment. (C) H&E staining and (D) Masson staining of wound section after 14 days of treatment.
Black arrows: unhealed area (scale bars: 500 pm). A magnified view of the region shows the thickness of the epidermal layer indicated by dash lines (scale bars: 500 um). The
length of the unhealed area (E) and thickness of the epidermal layer (F) were analyzed. (*p < 0.05, **p < 0.01, **p < 0.001).

Col and CG groups still presented remarkable tissue defects, where microstructure was disordered, and inflammatory cell
infiltration was evident. The wound treated by DCG scaffolds had been repaired almost completely with a continuous
epidermis, whereas the other groups resulted in defect healing with a discontinuous epidermis. Figure 7D shows Masson
staining, where the DCG scaffold exhibited a uniform and thick collagen bundle deposition compared to other groups on
the 14th day. Figure 7E was plotted for comparison of the unhealed wound length in different groups. The unhealed
wound length for DCG (872.8+439.8um) was shorter than that for Col (2805+624.6um) and CG (2365+255.1um).
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Figure 8 Immunohistochemical staining for CD3 1 in the DCG group compared with the other groups. (A-B) CD3| positive vascular endothelial cells were marked by black
arrows (scale bars: 200 pm). (C) The number of CD31 positive vessels was analyzed. (*p < 0.05).

Figure 7F illustrates the thickness of the epidermis. The DCG group appeared with the best epidermal maturation marked
by a uniform thickness (81.848.728um). Col and CG on the other hand presented incomplete epithelization associated
with a much thicker epidermal layer than that of DCG.

Immunohistochemical staining for CD31 is shown in Figure 8A and B. In the repair area, more angiogenesis was
observed in the DCG group than in the Col and CG groups. Specifically, the number of blood capillaries in the DCG-
treated group (45.33+8.08) was significantly higher than that in Col (25.33+£2.08) and CG (28.67+8.08), as shown in
Figure 8C, which was attributed to the pro-angiogenic effect of DFO.

Discussion

In patients with diabetes, poor wound healing due to hyperglycemia leads to the transition from an acute wound to
a chronic wound. Due to the delay in diabetic wound healing, vascular damage caused by ischemia, and chronic
inflammation leading to serious complications, life is at risk, so it is urgent to accelerate the healing of diabetic
wounds.** In this study, we have fabricated DFO-loaded electrospun nanofiber scaffolds that facilitate the healing of
diabetic wounds. The results showed that the DCG scaffolds have good physicochemical properties and biocompatibility,
can release DFO sustainably over a therapeutically relevant time, upregulate the expression of HIF-1o and VEGF genes,
promote angiogenesis, and accelerate the healing of diabetic rat wounds.

In the process of wound healing, angiogenesis within the new tissue is regulated by the HIF-1-oa/VEGF axis.**** In fact, in
the early stages of wound healing after a skin injury, the expression of HIF-1a is increased in tissues at the wound edge, which
stimulates the expression of VEGF.* Impairment of the HIF-1/VEGF axis, which results in defective neovascularization in
response to hypoxia is one of the main causes of delayed wound healing in diabetic patients.*® In diabetic wounds, under the
influence of hyperglycemia, HIF-1a is degraded with the participation of Fe**, which interferes with the dimerization of HIF-
la into HIF-1, resulting in reduced expression of downstream HIF-1 target genes such as VEGF and leading to insufficient
VEGF protein expression, hindered angiogenesis and impaired wound healing.*”*®

DFO is an FDA-approved small-molecule chelating chemical that removes iron by linking Fe*" to its six hydroxyl
groups, which prevents iron-catalyzed HIF-1a degradation, increases the transcription and expression of VEGF, and
stimulates angiogenesis.*’ Herein, DFO has been extensively studied for promoting the healing of diabetic wounds. The
study demonstrated the efficacy of DCG nanofiber scaffolds in stimulating angiogenesis and accelerating the healing of
diabetic wounds. In the tube formation assay, more tubular structures were observed in the DCG group compared to the
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Col and CG groups (Figure 5A), and the number of tubes and mesh were also higher (Figure 5B and C), which was
mainly attributed to the angiogenic effect of DFO released from the DCG scaffold. Angiogenesis is initiated by
endothelial cells’ sprouting, as they proliferate and migrate in response to pro-angiogenic signals including VEGF.*
The formation of new blood vessels is also facilitated by the accelerated migration of vascular endothelial cells. Since the
DCG scaffold can release DFO (Figure 6A and B) to stimulate endothelial cells to express VEGF, the DCG-treated
HUVECs exhibited stronger migration ability and faster cell migration rate, underlining more efficient sprouting and
formation of vascular structures with DCG. However, the Col and CG groups failed to induce significant pro-angiogenic
and pro-migration effects. Meanwhile, we confirmed by PCR that DCG can upregulate the expression of HIF-1la and
VEGF in HUVECs through the activity of released DFO (Figure 5D and E), which is consistent with previous studies
and further explains the mechanism of DCG in promoting angiogenesis and migration.>® In the in vivo experiment, the
DCG group had a faster healing trend on day 7 and approached complete healing on day 14, with a wound healing area
percentage of 99.49+1.03% (Figure 7A and B). Histological staining statistics showed that the unhealed wound length in
the DCG group was the shortest (872.84439.8um), the epidermal maturity was the best, and the thickness was uniform
(81.8+£8.728um), which was better than that in other groups (Figure 7E and F). In addition, the immunohistochemical
results of CD31 showed more angiogenesis in the DCG group (Figure 8A and B), among which the number of capillaries
in the DCG group (45.334£8.08) was significantly better than that in the other groups (Figure 8C), indicating that DFO
had obvious vascularization promoting ability. Interestingly, the new skin in the DCG group was further marked by
reduced inflammatory cell infiltration and enhanced collagen deposition, probably because DFO reduces macrophage
TNF-1a secretion and suppresses the inflammatory response.'”

Subcutaneous administration of DFO at high dosages may lead to pain and swelling at the injection site, as well as
ophthalmic, auditory, neurological, and renal deterioration.'' Moreover, DFO has a short half-life of only 12 min, leading
it to be rapidly metabolized by plasma enzymes.’' To overcome such limitations, local and slow release of DFO over
longer periods is necessary for application in therapeutics such as for diabetic wound treatment. Kong developed an
injectable hydrogel containing DFO for enhanced repair of chronic diabetic skin defects with a slow release of DFO for
more than 24 hours.”® Although the hydrogel has good efficacy in accelerating wound healing, it requires replacing the
hydrogel dressing every 3 days, and frequent wound dressing changes have been shown to cause pain, irritation, and
increased risk of infection.'® Electrospun nanofiber scaffolds with high specific surface area and porous structure like
ECM have a wide range of applications in drug delivery, tissue engineering and regenerative medicine.’>>> A nanofiber
scaffold may be a preferable way to sustainably deliver DFO. In situ application of nanofibrous scaffolds could minimize
the disadvantages of systemic perfusion with the free drug, and on the other hand maximize the drug pharmaceutical
effects by a controlled and sustained release directly at the site of action.”® Chen et al prepared a PCL-chitosan nanofiber
scaffold that can sustainably release DFO for up to 72 hours.*® GO is a promising nanocarrier for drug delivery systems
due to its large surface to volume ratio and stability.”> -COOH and -OH functional groups present in GO allow for strong
hydrogen bond interactions to take place with the free amino groups in DFO, which improves drug loading efficiency. In
our study, DCG can release DFO rapidly in the first 24 h to compensate for the short half-life of DFO, and release DFO
slowly and continuously in the subsequent time to maintain the traumatic DFO concentration at a certain level for 14
days, reducing the number of dressing changes (Figure 3G).

Nanofiber scaffolds have been widely used as wound dressings due to their drug-loading capacity and good
biocompatibility.’® Col, the most abundant component of skin ECM, has excellent biocompatibility is non-biotoxic,
and is often used to prepare diabetic wound dressings.”’® Long et al found that the functionalization of collagen by
VEGF and SDF-1 containing collagen-binding domains could coordinate angiogenesis and inflammation for diabetic
wound healing.*® However, pure collagen scaffolds’ application is constrained by poor mechanical properties and a lack
of biological activity.”' The incorporation of GO into collagen can significantly improve the mechanical properties of the
scaffold, but there is obvious cytotoxicity when GO concentration is higher than 1%.°°" Our previous study found that
the Col nanofiber scaffold with 0.2%w/w GO had the best mechanical properties, and there was no significant difference
from the pure Col scaffold in biocompatibility.®® In this study, we once again confirmed that the addition of GO would
not affect the biocompatibility of Col (Figure 4A and B). Importantly, DCG scaffolds loaded with DFO also showed good
biocompatibility without obvious cytotoxicity and had higher elastic modulus in DCG scaffolds containing DFO
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(Figure 3F). The results showed that DCG had a better ability to resist external deformation while maintaining good
cytocompatibility. In addition, the ideal wound dressing needs to have good hydrophilicity, high-water absorption, and
water retention. All scaffolds had the same high-water absorption rate and water retention rate (Figure 3C and D), which
might be due to the similar porosity among the groups. However, because GO is rich in hydrophilic groups,®® such as -
COOH and -OH, CG and DCG showed higher hydrophilicity (Figure 3A and B). A high hydrophilic surface promotes
cell adhesion, proliferation, and penetration, which is beneficial to wound healing,*' On the other hand, the high-water
absorption rate and water retention rate can absorb the wound exudate while maintaining the local moist microenviron-
ment of the wound, which is conducive to the formation of granulation tissue.**

Conclusions

We have successfully constructed a Col-GO nanofiber scaffold (DCG) loaded with DFO by electrospinning technology.
The scaffold has good hydrophilic properties, mechanical properties, drug release properties, and biocompatibility. The
release of the DFO drug promotes angiogenesis by upregulating the expression of HIF-1a and VEGF genes. In addition,
the scaffold can not only promote full-thickness wound repair in diabetic rats but also promote vascularization ability
in vivo. The scaffold provides a new option for promoting full-thickness wound repair in diabetic rats.
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