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Hydrogels are ideal biological carriers in vivo and have been widely used in the treatment of wound healing
through loading with or without bioactive substances. Platelet-rich plasma (PRP) is purified from autologous
plasma and has known curative efficacy for wound healing. The combined efficacy of shorten poly-N-acetyl
glucosamine (sNAG) hydrogels and PRP in the treatment of wound healing has not been previously assessed.
The cytotoxic and proliferative effects of PRP on fibroblasts were detected using Cell Counting Kit-8 assays
and flow cytometry. The levels of cyclin D1 and cyclin D3 were assessed to evaluate cell proliferation. Protein
expression was assessed by western blot analysis. Adenosine levels were assessed by enzyme-linked immu-
nosorbent assay. Cell apoptosis was assessed by flow cytometry and western blot analysis. Rat wound models
were performed, and the effects of PRP, single hydrogels, and sNAG hydrogels loaded with PRP were respec-
tively detected through the assessment of wound closure. Hematoxylin eosin staining was used to measure
the depth and width of regenerative scars.

Our results demonstrated that PRP promotes fibroblast proliferation and inhibits apoptosis. PRP contains abun-
dant levels of adenosine, which has a positive role on fibroblast function, whilst the inhibition of adenosine
A2A receptors impairs the efficacy of PRP. SNAG hydrogels loaded with PRP showed curative efficacy during
wound healing in mice. Mice treated with hydrogels loaded with PRP showed high levels of regeneration with
scarless healing.

Our results indicate that SNAG hydrogels loaded with PRP promote wound healing. The pro-proliferative, and
anti-apoptotic effects of the fibroblasts are mediated by the activating A2A receptor in response to elevated
adenosine levels.
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Background
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Material and Methods

Wound healing is a complex pathophysiological process involv-
ing numerous cytokines, growth factors, chemokines, and cells;
it includes 3 main stages: inflammation, proliferation, and tis-
sue remodeling. During these processes, variations in the cel-
lular and molecular environment can lead to chronic wound
or scar formation [1]. Chronic wounds are often accompanied
by other diseases [2] and up to 1% to 2% of the global popu-
lation in the developed world will develop chronic wounds in
their lifetime [3]. With the aging population, the occurrence
of chronic wounds is anticipated to rise [4]. Chronic wounds
cause pain and promote limb dysfunction and adverse emo-
tions such as depression, anxiety, and tension. This imposes
a heavy economic burden to patients and their families and
exhausts medical resources [5].

PRP is a platelet-rich plasma obtained from the whole blood
of human or animals after repeated centrifugation, that is rich
in cells and growth factors, such as fibroblasts growth factors,
platelet-derived factors, transformed growth factor beta, and
vascular endothelial cell growth factor [6]. PRP has good thera-
peutic effects in wound healing, tissue repair and reconstruc-
tion [7]. A variety of cytokines and growth factors enriched in
PRP regulate gene expression by activating cell surface recep-
tors thereby regulating cell proliferation and apoptosis, par-
ticipating in matrix degradation and tissue reconstruction in
the wound [8]. These cytokines further promote angiogenesis
within the wound, which provides a blood supply and nutri-
ents for wound repair. Accumulating evidence have shown that
platelet-rich plasma effectively stimulates angiogenesis [9], as
well as relieving neuropathic scar pain at the wound surface [10].

Self-assembling peptide nanofiber materials (self-assembling
peptide nanofiber scaffold, SAPNS) is one of the new achieve-
ments in the area of biological materials, which could absorb a
lot of moisture and insoluble 3-dimensional polymer hydrogel.
Due to its material-cell interface compatibility and good bio-
logical activity, it is considered an ideal repairing matrix ma-
terial [11,12]. Previous studies have shown that SAPNS hydro-
gels can be loaded with antimicrobial peptides to accelerate
chronic wound healing in vitro and in vivo [13,14]. Shorten poly-
N-acetyl glucosamine (sNAG) nanofibers had been used for
the treatment of chronic wound due to its advantage of pro-
moting cell proliferation and migration and inducing the re-
lease of growth factors. However, research on the curative ef-
fects of SNAG combined with PRP in the treatment of wounds
is sparse. In this study, we investigated the effect of SNAG hy-
drogels loaded with PRP on wound healing and explored its
underlying mechanism.
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Cell culture

Fibroblasts were purchased from the Cell Bank of the Wuhan
University, Wuhan, China. Cells were cultured in DMEM/F-12
(#10565042, ThermoFisher Scientific, GI, USA) containing 10%
fetal bovine serum (FBS; #10099141, ThermoFisher Scientific,
Gl, USA).

Cell Counting Kit-8 (CCK-8) assays

Fibroblasts were seed into 96 well plates for 24, 48, or 72 hours
and CCK-8 reagent was added to the cells in serum-free me-
dia for 2 hours. Cell viability was assessed by measurements
of absorbance at 450 nm.

Flow cytometry

Propidium iodide (PI) staining was used for cell cycle progres-
sion assessments. Apoptosis was assessed using Annexin
V-FITC/PI apoptosis detection kits (Genechem, Shanghai, China).
For both approach cells were stained according to provided in-
structions and measured via flow cytometry.

Quantitative real-time polymerase chain reaction
(qQRT-PCR)

TRIzol (#15596018, Invitrogen, Gl, USA) was used for RNA ex-
traction according to manufacture protocols. A one-step Prime
Script cDNA synthesis kit (Invitrogen, Gl, USA) was used to
produce cDNA. After which SYBR Premix Ex Taqll (#RR820A,
TaKaRa, Japan) was used for amplification of equivalent cDNA
amounts. A Thermal Cycler C-1000 Touch system (#10021377,
Bio-Rad CFX Manager, USA) was used to perform gPCR anal-
ysis with GAPDH mRNA used for normalization. Data were
given as fold change over appropriate controls. All primer se-
quences are as follows:

rat cyclin D1, 5’-GTCTTCCCGCTGGCCATGAACTAC-3’ and
5’-AAGAAAGTGCGTTGTGCGGTAGCA-3’;

rat cyclin D3, 5’-CAGTGACCGGCAGGCTTTG-3’ and
5’-CACTTCAGTGCCTGTGATCC-3%;

rat Bcl-2, 5’-TTTGAGTTCG GTGGGGTCAT-3’ and
5’-TGACTTCACT TGTGGCCCAG-3’;

rat Bax, 5’-TGGCAGCTGACATGTTTTCTGAC-3’ and
5’-TCACCCAACCACCCTGGTCTT-3%;

GAPDH, 5’-CCTCCCGCTTCGCTCTCT-3’ and
5’-CCGTTGACTCCGACCTTCAC-3".

Western blot

Tissues or cells were lysed via a lysis buffer (#AS1004, Aspen,
South Africa) with 1% protease inhibitor (#AS1008, Aspen,
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Figure 1. PRP promotes fibroblast proliferation in vitro. (A) The proliferation of fibroblasts among the 6 groups was measured by
CCK-8. (B) Flow cytometry was used to assess the stage of cells. (C) The levels of cyclin D1 and cyclin D3 were measured by
western blot analysis. (D) gRT-PCR analysis was applied to detect the expression of cyclin D1 and cyclin D3 in control and
PRP groups. * P<0.05, **** P<0.0001. PRP — platelet-rich plasma CCK-8 — Cell Counting Kit-8; qR-PCR — quantitative real-time

polymerase chain reaction.

South Africa) on ice. First, the protein fractions were collected,
after which SDS-PAGE separation was carried out, followed by
transfer onto a NC membrane (#IPVH00010, Millipore, USA).
And then membranes were blocked by using 5% skim milk
and probed at 4°C overnight, followed by HRP-conjugated
secondary antibodies (#AS1058, Aspen, South Africa). Protein
was visualized using a chemiluminescence detection system
(#LIiDE110, Canon, Japan). Antibodies were as follows: anti-Bcl-2
(#MAB-8272, 1: 500, R&D System, USA), anti-Bax (#AF820,
1: 1000, R&D System, USA), anti-cyclin D1 (#AF4196, 1: 500,
R&D System, USA), and anti-cyclin D3 (#MAB6570, 1: 500, R&D
System, USA). All experiments were conducted in triplicate.

Enzyme-linked immunosorbent assay (ELISA)

Normal serum and PRP was obtained from healthy volun-
teers, and the level of adenosine was measured by an ELISA
kit (Abcam, UK).

Prepare of SNAG nanofibers hydrogels and PRP

To obtain the sNAG nanofibers, we used Y irradiated radia-
tion to reduce N-acetylglucosamine fibers to formed shortened
poly-N-acetylglucosamine fibers. Hydrogel sheets-based sSNAG
nanofibers was engineered as 1 cm in diameter. The PRP-loaded

sNAG hydrogels were prepared by adding PRP in sNAG hydro-
gel. Briefly, a total of 300 pL of PRP solution was dropped on
the hydrogel and incubated for 1 hour until PRP was absorbed.

Prepare of platelet-rich plasma

We obtained 5 mL of whole blood from healthy volunteers us-
ing a syringe containing 0.1 mL of acid dextrose anticoagulant
agent (ACD-A), subsequently centrifuged at 1560 g for 10 min-
utes. Then, the supernatant was collected and centrifuged for
a second time at 2340 g for 10 minutes.

Rat wound model and treatment

Male Sprague Dawley rats (200 g weight) were obtained
from the center of experimental animals, Soochow University.
Intraperitoneal pentobarbital sodium (50 mg/kg; Sigma-Aldrich,
MO, USA) were used to anesthetize animals, after which the rat
fur was shaved, and 1x1 cm full-thickness excision skin wounds
were generated on the dorsum. The animals were divided into
4 groups according to the treatment method, including con-
trol (phosphate-buffered saline [PBS]), PRP, sNAG hydrogel,
and PRP+sNAG hydrogel groups. For the PBS and PRP group,
we injected 100 pL of PBS or PRP around the wound site. For
the other 2 groups, the hydrogel sheets were applied to cover
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Figure 2. PRP suppress fibroblast apoptosis in vitro. (A) The apoptosis rate of fibroblasts among the 6 groups was measured by flow
cytometry. (B) The levels of Bcl-2 and Bax were measured by western blot analysis. (C) gRT-PCR analysis was applied to
detect the expression of Bcl-2 and Bax in control and PRP groups. * P<0.05, **** P<0.0001. PRP — platelet-rich plasma;

gR-PCR — quantitative real-time polymerase chain reaction.

all wounds. The transparent dressing (Tegaderm™ film) was
used to prevent damage to the wound. The Institution Animal
Care and Use Committee of the Soochow University approved
all animal studies (No. 2019-023-16).

Histological analysis

Skin samples were decalcified to obtain paraffin-embedded
sections with a thickness of 5 to 7 ym. Samples were stained
with hematoxylin-eosin (H&E). Immunofluorescence (IF) stain-
ing was performed as described [15].

Observation of wound closure

Wound closure rates were measured using digital images and
quantified using ImageJ (National Institutes of Health) on days
0, 3, 5,7, and 10. On day 14 post-injury, rats were euthanized,
and wound tissues were paraffin embedded. H&E staining was
performed, and samples were visualized (100x) to determine
wound regeneration. Besides, the Ki67 staining was used to
assess the proliferation of fibroblasts.

This work is licensed under Creative Common Attribution-
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Statistical analysis

Data are the meanzstandard deviation (SD). GraphPad Prism 7.0
(GraphPad Software, Inc., La Jolla, CA, USA) was used for all anal-
yses. Three or more groups were measured through the one-
way analysis of variance (ANOVA) with Tukey’s post-hoc test.
The 2-tailed Student’s t-test was used for data comparison be-
tween the groups. P<0.05 was deemed statistically significant.

Results

PRP induce fibroblasts proliferation in vitro

To explore the effects of PRP on fibroblasts, we performed
CCK-8 assays to identify the optimal concentration of PRP for
cell proliferation. Our data showed that PRP significantly pro-
moted cell proliferation in a concentration-dependent man-
ner (Figure 1A). We selected 50% PRP for subsequent experi-
ments. Upon the assessment of cell cycle progression in the
fibroblasts, a higher percentage of cells were arrested in the
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Figure 3. Adenosine is involved in PRP-induced cells proliferation. (A) The levels of adenosine in normal serum and PRP assessed by
ELISA (n=6). (B, C) Fibroblasts were divided into 3 groups based on the different treatments. The proliferation of fibroblasts
among the 3 groups was measured by CCK-8 and flow cytometry. (D) The levels of cyclin D1 and cyclin D3 were measured by
western blot analysis. (E) gRT-PCR analysis was applied to detect the expression of cyclin D1 and cyclin D3 in control and PRP
groups. PRP — platelet-rich plasma; ELISA — enzyme-linked immunosorbent assay; CCK-8 — Cell Counting Kit-8;
gR-PCR — quantitative real-time polymerase chain reaction.

G1 stage of the cell cycle in the control group. In contrast,
a higher proportion of cells entered the S stage in the PRP
group (Figure 1B). Moreover, the proliferation-related genes cy-
clin D1 and cyclin D3 were detected via western blot (Figure 1C)
and gRT-PCR analysis (Figure 1D). These results were consis-
tent with flow cytometry assessments, highlighting the abili-
ty of PRP to induces fibroblast proliferation.

Fibroblasts apoptosis is suppressed by PRP

To investigate the effects of PRP on the apoptosis of fibro-
blasts, flow cytometry was performed. In cells treated with
50% PRP, the number of apoptotic cells were lower than other
groups (Figure 2A). The levels of Bax and Bcl-2 were detected

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

by western blot analysis and qRT-PCR. As shown in Figure 2B
and Figure 2C, PRP significantly reduced Bax expression and
enhanced Bcl-2 expression compared to the control group.
These data suggest that PRP suppresses fibroblast apoptosis.

Adenosine promotes fibroblast survival via A2A receptor
activation

To detect the levels of adenosine in both normal serum and
PRP, we collected 12 serum samples including 6 normal sam-
ples and 6 PRP samples. The levels of adenosine were mea-
sured by ELISA. As shown in Figure 3A, higher level of ade-
nosine was observed in the PRP group compared to normal
samples. To investigate the role of adenosine on fibroblasts,
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Figure 4. Adenosine inhibits fibroblast apoptosis via A2A receptor. (A) The apoptosis rate of fibroblasts among the 3 groups was
measured by flow cytometry. (B) The levels of Bcl-2 and Bax were measured by western blot analysis. (C) gRT-PCR analysis
was applied to detect the expression of Bcl-2 and Bax in control and PRP groups. * P<0.05, **** P<0.0001. PRP — platelet-rich
plasma; gR-PCR - quantitative real-time polymerase chain reaction.

we treated fibroblasts with PBS, adenosine and adenosine+A2A
receptor inhibitor group. Flow cytometry was used to assess
the proliferation of fibroblasts among the 3 groups. The results
showed that adenosine promoted cell proliferation that could
be prevented through the administration of the A2A inhibi-
tor (Figure 3B, 3C). The levels of cyclin D1 and cyclin D3 were
measured by western blot (Figure 3D) and qRT-PCR (Figure 3E)
and were consistent with the flow cytometry data.

Adenosine suppresses fibroblast apoptosis in vitro

Fibroblasts were treated with PBS, adenosine, and
adenosine+A2A receptor inhibitor, and apoptosis rate were
assessed by flow cytometry (Figure 4A). Our results showed
that adenosine inhibits apoptosis, with the beneficial ef-
fects impaired by A2A receptor inhibition. In addition, the de-
creased levels of Bcl-2 and increased expression of Bax in
the adenosine+A2A receptor inhibitor groups suggested
that A2A receptor inhibitor treatment promotes cell apop-
tosis (Figure 4B, 4C). Taken together, these results indicated
that adenosine significantly suppressed fibroblast apoptosis,
an effect that could be alleviated by blocking the A2A receptor.

Besides, our data showed that the beneficial effect of PRP on
fibroblasts could be partly impaired by A2A receptor, as evi-
denced by the inhibited proliferative ability and higher apop-
tosis rate in the PRP+A2A receptor group when compared to
the PRP group (Figure 5). These data suggested that adenos-
ine is critical in PRP-induced fibroblast proliferation.

sNAG hydrogel combined with PRP promote tissue
regeneration in vivo

We next assessed the ability of SNAG hydrogels loaded with
PRP to influence wound healing. We generated full-thickness
cutaneous wounds on the backs of rats, and locally injected
PBS, sNAG hydrogel, PRP, or sNAG hydrogel loaded with PRP
onto the wound sites. As shown in Figure 6A and 6B, signifi-
cantly faster wound closure rate was observed for sNAG hy-
drogels loaded with PRP. Furthermore, H&E staining suggest-
ed that rats treated with SNAG hydrogels loaded with PRP had
smaller and shallower scars (Figure 6C, 6D). The Ki67 staining
results showed that the proliferative rate of cells on wound
was significantly higher in the SNAG+PRP group compared to
the other 3 groups (Figure 6E). Together these findings revealed
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Figure 5. The beneficial effect of PRP on fibroblast function was partly attributed to adenosine. (A, B) CCK-8 assay and flow cytometry
was used to evaluate the proliferation of fibroblasts. (C, D) The expression level of cyclin D1 and cyclin D3 was assessed by
western blot and qRT-PCR. (E-G) The apoptosis of fibroblasts among the 2 groups was measured by western blot, qRT-PCR,
and flow cytometry. * P<0.05. PRP — platelet-rich plasma; CCK-8 — Cell Counting Kit-8; qR-PCR — quantitative real-time

polymerase chain reaction.

that sSNAG hydrogels loaded with PRP could promote in vivo
wound healing.

Discussion

Appropriate concentration of PRP is vital for tissue healing.
Studies have proposed that the platelet concentration most
conducive to tissue healing is 1.5-3.0x10%/uL, which is about
3-fold to 8-fold higher than the physiological concentration
of platelets in whole blood [16]. Furthermore, recent studies
have indicated that the immediate use of platelets after the
inflammatory phase has the greatest effects on tissue heal-
ing [17]. It is suggested that the early use of PRP without delay

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

is more important than the number of platelets it contains [18].
However, concerns regarding the extraction process of autog-
enous PRP, such as phlebitis, infection, and anemia also ex-
ist [19]. It is therefore necessary to identify drug carriers that
can support PRP and promote safe drug release.

SAPNS represents an advancement in biological materials,
due to its ability to absorb moisture and insoluble 3-dimen-
sional polymer hydrogels. Currently, SNAG hydrogels have
been used in clinical practice as biological scaffolds [20,21].
Recent studies have reported that hydrogels can be encap-
sulated mesoporous silicon coated gold nanoshells as the
only drug transporter [22], achieving outstanding clinical ef-
ficacy. Biodegradable hydrogel-loaded drugs have now been
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Figure 6. The effect of hydrogel loaded with PRP on wound healing in vivo. (A) Rat models were divided into 4 groups according
different treatments. Gross view of the wounds on day 0, 3, 5, 7, 10, and 14 post-injury. (B) The closure rate of the wounds
among the 4 groups (n=6). (C) H&E staining of the regenerative scars of the wounds (n=6). (D) The dermal thickness of the
wounds (n=6). (E) The Ki67 staining of the wounds. * P<0.05. PRP - platelet-rich plasma; H&E — hematoxylin-eosin.
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synthesized which when injected under the skin, provide long-
term immunity [23].

In the present research, we demonstrated that PRP can promote
fibroblasts proliferation and inhibits apoptosis via activation of
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adenosine A2A receptor, and thereby promoting wound heal-
ing in vivo. In vivo, we synthesized a SNAG hydrogel composed
of isoleucine-lysine-valine-alanine-valine and arginine-glycine-
aspartic acid (RGD). The sNAG hydrogel could be a good car-
rier to PRP. In the present study, we performed sNAG hydro-
gel encapsulated PRP to observe the effect on wound healing.
Through in vivo study, we found that PRP+SNPAS hydrogel-
treated rats obtained the fastest healing rate as relative to
other groups. Furthermore, H&E staining indicated that the
combination of PRP and SNPAS hydrogel together promote
wound disclosure, which demonstrated that the application
of PRP and SNPAS hydrogel can be coordinated to accelerates
wound healing process.

Conclusions

Our results indicated that the combination of PRP and SNPAS
hydrogels promotes wound healing through increased prolif-
eration and the prevention of fibroblasts apoptosis through
adenosine A2A receptor activation (Figure 7). In vivo and in
vitro studies are now required to define the detailed molec-
ular mechanisms by which PRP accelerates wound healing.
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