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Platelet rich plasma-complexed hydrogel glue enhances skin wound
healing in a diabetic rat model
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Abstract: Diabetic patients often exhibit delayed or incomplete progress in the healing of acute wounds, owing to poor
blood perfusion. Platelet-rich plasma (PRP) has attracted much attention as a means to improve wound healing, because
it contains high growth factor concentrations. However, the burst-like release of PRP growth factors results in a short half-
life of these therapeutic proteins, thus greatly limiting the therapeutic effect. In this study, we prepared PRP from human
umbilical cord blood and developed an in situ photocrosslinkable PRP hydrogel glue (HNPRP) by adding a
photoresponsive hyaluronic acid (HA-NB) into PRP. The HNPRP hydrogel allowed for controlled release of platelet-
derived growth factor-BB (PDGF-BB) and transforming growth factor-p (TGF-B) for up to 28 days. In vitro cell
culture showed that HNPRP promoted migration of fibroblasts and keratinocytes as well as PRP and did not reveal
the advantages of HNPRP. However, in a diabetic rat skin wound model, HNPRP treatment promoted faster wound
closure. Furthermore, the HNPRP group, compared with the control, PRP and hydrogel only groups, showed
significantly greater re-epithelialization and numbers of both newly formed and mature blood vessels. The HNPRP
group also displayed higher collagen formation than did the control group. In conclusion, HNPRP enhances
angiogenesis and skin regeneration and consequently achieves faster wound healing, thus extending its potential for

clinical applications to treat diabetic skin wounds.

Introduction

Wound healing, a normal biological process that restores
tissue homeostasis in the human body, requires the
activation of platelets and a cascade of released factors.
Patients with diabetes often exhibit impaired healing of
acute wounds because of deficient blood flow, thus
increasing the complications and risks during treatment
(Natarajan et al., 2000; Steed et al., 2006). Hence, there is an
urgent need to explore effective treatments for wound
healing in diabetes (Fehse et al., 2001).

Platelet-rich plasma (PRP) and fibrin-based biomaterials,
known as fibrin glues or fibrin sealants, have been used for
more than 30 years and have demonstrated benefits in
almost all surgical fields, including reconstructive plastic
surgery and wound treatment (Burnouf et al., 2013). The
activation of platelets and the release of growth factors are
the key aspects of natural wound repair and tissue
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regeneration (Borrione ef al., 2010; Gelmini et al, 2001;
Nakanishi ef al, 2001). PRP derived from human umbilical
cord blood (HUCB) rather than peripheral blood has a
higher content of growth factors, such as platelet derived
growth factor (PDGF), transforming growth factor-f
(TGEF-p), fibroblast growth factor, epidermal growth factor
and vascular endothelial growth factor (Andrade et al., 2020;
Murphy et al, 2012). Moreover, the application of the
allogeneic HUCB-PRP may circumvent the practical
limitations preventing the clinical use of autologous platelet
gel in groups of patients such as elderly hypo-mobile
patients, neonates and children for whom repeated blood
collections for multiple PRP gel applications might be
difficult or clinically inappropriate (Rebulla et al., 2016), and
clinical study has shown that allograft PRP injection is safe
in the treatment of rotator cuff disease (Jo et al., 2020).
Several challenges remain in the application of PRP for
management of clinical wounds. First, the use of bovine
thrombin is associated with a risk of inducing immunological
reactions characterized by the generation of cross-reactive
anti-human factor V or anti-thrombin antibodies (Clark
et al., 2008). The rapid activation of platelets and the cascade
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of released factors lead to short lifetimes of the growth factors
present or their early inactivation and degradation by
numerous hydrolytic enzymes at the wound site (La and
Yang, 2015). Moreover, activation by thrombin immediately
before implantation significantly inhibits the activity of PRP
(Han et al, 2009). Therefore, a suitable scaffold with the
ability to provide controlled release of many growth factors is
needed for topical application of PRP during wound healing.
Among various biomaterials, hydrogels that share many
properties with soft tissue have become a research hotspot
(Xue et al, 2019). Many types of hydrogels have been
researched in dermal wound healing, such as
bisphosphonate-functionalized hydrogel (Guven et al., 2018),
chitosan hydrogel (Ponsubha and Jaiswal, 2020) and
thermoresponsive hydrogel (Zhu et al., 2016). However, none
of these materials allow for stable biological fixation, which is
crucial in constructing the wound barrier and maintaining
the applied agent (Dreifke ef al, 2015). An ideal integration
requires a close, preferably chemically bonded, interface
between the hydrogel and tissue surface (Gristina, 1987).
Herein, we designed a novel PRP-complexed hydrogel
(HNPRP) capable of in situ gelatinization and tight
integration with wounds through a phototriggered-imine-
crosslinking reaction, which not only solved the problem that
PRP was not suitable for adhesion in the past, but also
effectively carried out the slow release of growth factors in PRP.

In the present work, double centrifugal method was used
to extract PRP, which could effectively remove almost all
cellular components in umbilical cord blood and avoid
rejection reaction. And we first successfully prepared
HUCB-PRP-complexed hydrogel, then evaluated its
application in wound healing at the cellular level and in an
STZ-induced diabetic rat skin wound model. We
hypothesized that this new gel loaded with a certain
concentration of PRP derived from HUCB might effectively
promote tissue repair during wound healing.

Materials and Methods

Preparation of the HNPRP hydrogel
Human cord blood samples were collected from healthy
parturients during delivery. Fresh plasma was obtained
within 6 h of collection from the parturients to maintain the
bioactivity of cytokines and growth factors. The plasma was
centrifuged at 200 g for 15 min, then the plasma together
with the platelets were re-centrifuged at 150 g for 10 min.
Finally, PRP was isolated by discarding the red blood cell
fraction at the bottom. The PRP was activated in the form
of a gel by using 10 U/mL bovine thrombin (Sigma-Aldrich,
St. Louis, MO, USA) and 2.5 mM CaCl,. For all experiments
in this study, PRP was standardized to a concentration of 10°
plateletsyrmL. by dilution with sterile saline solution.
Concentrated PRP was stored at -80°C until use to preserve
its function. This study was approved by the Ethics
Committee of the Sixth People’s Hospital of Shanghai Jiao
Tong University. HUCB samples were collected after written
informed consent was obtained from all participants.
Photoresponsive hyaluronic acid (HA-NB) generated
aldehyde groups under light irradiation, which subsequently
reacted with amino groups in the PRP components, such as
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fibrinogen. HA-NB was synthesized according to a previous
report (Yang ef al., 2016). The graft content of nitrobenzene
(NB) in hyaluronic acid was approximately 6%. To prepare
HNPRP hydrogel, HA-NB was fully dissolved in the
obtained PRP solution at a concentration of 3% w/v. Then a
395 nm-LED (20 mW/cm?, 1 min) was used to prepare the
HNPRP hydrogel. The platelet concentration in PRP was
determined by double centrifugation method. The platelet
concentration in PRP was adjusted to 1 x 10° units/uL by
sterilized PBS. The platelet concentration in PRP was used
as standard PRP for in vitro and in vivo experiments.

Characterization of the HNPRP hydrogel

The dynamic rheological properties of the HNPRP hydrogel
under light irradiation was detected with a HAAKE MARS
III (Thermo Scientific, Karlsruhe, Germany) rheometer
equipped with an OmniCure S2000 lamp (320-500 nm,
light intensity of 395 nm: 40 mW/cm?®). 200 uL. HNPRP
hydrogel precursor solution was added to the rheometer.
Then the storage modulus (G”) and loss modulus (G”) were
recorded with increasing irradiation time at a frequency of
1 Hz and y of 10%.

The morphology of freeze-dried HNPRP hydrogel was
observed by scanning electron microscopy (SEM). HNPRP
hydrogel (50 pL) was prepared and freeze-dried for 24 h.
The freeze-dried sample was coated with gold and observed
by SEM at 15.0 kV.

The swelling properties of HNPRP hydrogel were
evaluated by immersion in phosphate buffered saline (PBS,
pH = 7.4), which the pH accomplished the requirements for
diabetic wound injuries (Mcardle et al, 2014). Briefly, six
pieces of 100 uL. HNPRP hydrogel disks with a diameter of
5 mm were precisely weighed, and the initial weight was
recorded as Wy. The hydrogel disks were then immersed in
PBS at 37°C. Then, at specific time points (1, 2, 4, 8, 16, and
24 h after immersion in saline); the samples were removed
from the tubes and gently blotted with filter paper to
remove excess water on the surface. The mass of each
sample was recorded as W The swelling ratio at each time
point was calculated as W/Wi,,.

Release kinetics of growth factors

The release of PDGF-BB and TGF- from PRP gel and HNPRP
hydrogel in vitro was determined through enzyme-linked
immunosorbent assay (ELISA) during a time course of 28
days. Briefly, 200 uL PRP gel or HNPRP hydrogel was added
to a 48-well plate, and the same volume of phosphate-
buffered saline (PBS) was then added. At predetermined time
points, the supernatant was collected by centrifugation at
1000 g for 5 min and replaced with the same volume of fresh
PBS. The released PDGF-BB and TGF- were determined by
measuring the concentrations in the supernatant through
ELISA (R&D Systems, Minneapolis, MN, USA) according to
the manufacturer’s instructions.

Cell lines

Both primary fibroblasts (from mouse tail skin) and human
epidermal cell line HaCaT were provided by Dr. Dawei Li,
School of Pharmacy, Shanghai Jiao Tong University. Cells
were cultured in Dulbecco’s modified Eagle’s medium
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(DMEM) containing 10% fetal bovine serum (FBS), and
maintained in 5% CO, at 37°C.

Cell migration

The effects of HNPRP on the mobility of fibroblasts and
HaCaT cells was assessed through scratch wound assays, as
described previously (Wang et al, 2001). Briefly, the cells
were grown to 80% confluence in six-well plates at 37°C in
a 5% CO, incubator. A wound was created by scratching
the cells with a sterile 200 uL pipette tip. The cells were then
incubated with 100 uL of PRP gel, hydrogel glue only or
HNPRP hydrogel for 12 or 24 h. Cell migration into the
wound surface was determined under an inverted
microscope (LSM 510, Carl Zeiss, Oberkochen, Germany).
Cells that migrated across the black lines were counted in
five random fields in triplicate experiments.

Diabetic rat skin wound model and treatments
All procedures were approved by the Animal Research
Committee of the Sixth People’s Hospital at Shanghai Jiao
Tong University. Adult male Sprague-Dawley rats weighing
200-250 g were obtained from the Experimental Animal
Center of Shanghai Jiao Tong University. All rats were
housed in a facility with a 12 h light/dark cycle (lights out
between 18:00 h and 06:00 h) at a controlled temperature
(22 £ 3°C) and humidity (50 + 15%) and were given free
access to a standard diet and tap water. A type I diabetes rat
model was created as previously described (Luippold et al,
2012). Briefly, rats were pre-treated with a single
intraperitoneal injection of 60 mg/kg STZ (Sigma-Aldrich,
St. Louis, MO, USA) to induce experimental diabetes. The
serum blood glucose levels were measured daily with a
blood glucose meter. Animals with fed glucose levels above
16.67 mmol/L were selected and used in the different studies.
To create a skin wound model under the diabetic
condition, the dorsal skin was shaved after each rat was
placed under anesthesia through intraperitoneal injection
of 50 mg/kg pentobarbital. Four full-thickness excisional
wounds (18 mm in diameter) were created on the dorsal
skin. The four wounds were randomly assigned to four
different treatments, each applied to one wound: (1) 200
pL saline (control, N = 20), (2) 200 pL hydrogel alone
(HG, N = 20), (3) 200 pL free PRP (PRP, N = 20) (4) or
200 pL equal PRP loading hydrogel (HNPRP, 3% w/v,
N = 20). Each wound received 395 nm light irradiation for
3 min on the surface of the wound. After irradiation,
Tegaderm (3M, London, ON, Canada) was placed over the
wounds for protection.

Wound closure analysis
Digital photographs of wounds were taken at day 0, 7, 14, 21 in
anesthetized rats placed against a ruler. Photographs were
calculated with an image analysis program (NIH Image,
USA). The percentage wound closure was calculated with the
equation: wound closure (%) = (Aq - A)/Ay x 100%, where
Ay is the initial wound area on day 0, and A, is the wound
area at each time point post-wounding. The investigators
measuring samples were blinded to group and treatment.

Six wounds per group were harvested at days 14 and
21 post-wounding, fixed with 10% buffered formalin
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(Sigma-Aldrich) for 1 day and embedded in paraffin for
subsequent histological and immunostaining evaluation.

Histological analysis

The paraffin-embedded samples were sectioned into 4 um
sections. The sections were stained with hematoxylin and
eosin (H&E) and used to assess gross morphology and
qualitative wound healing parameters such as the thickness
of granulation tissue and the formation of normal dermal
substructures. To examine the collagen composition, we also
performed Masson’s trichrome staining (Laufer et al., 1974),
examined samples through light microscopy (Olympus BX
45, Olympus, Hamburg, Germany), and measured collagen
areas in ImagePro software (Media Cybernetics, Silver
Spring, MD).

Immunofluorescence analysis

For immunofluorescence staining, dorsal skin samples from
the wound sites were fixed in 4% paraformaldehyde
overnight. rabbit anti-CD31 (1:100 dilution, US Abcam,
Cambridge, MA) and mouse anti-a-SMA (1:50 dilution,
Abcam, Cambridge, MA, USA) were used to confirm
angiogenesis during the wound healing process. Alexa-Fluor
594-conjugated goat anti-rabbit and Alexa-Fluor 488-
conjugated goat anti-mouse antibodies (1:200) were used as
secondary antibodies, and the nuclei were counterstained
with DAPIL All images were acquired with fluorescence
microscopy (Olympus FluoView™ FV1000, Tokyo, Japan).
The newly formed vessels were indicated by CD31 positive
staining, and mature vessels were detected as CD31 and a-
SMA double-positive vascular structures. Five randomly
selected microscopic fields were analyzed per slide in a
blinded manner, and the number of newly formed vessels
and mature vessels was recorded.

Re-epithelialization was measured in day 7 wound
sections stained with a rabbit antibody to polyclonal
cytokeratin (1:100 dilution, Abcam). Re-epithelialization was
defined as the percentage of the initial wound produced at
surgery, which was calculated as: re-epithelialization (%) =
(1-distance between epithelial tongues/length of wound) x
100% (Choi et al., 2016).

Statistical analysis

The quantitative data are expressed as mean * standard
deviation (SD). All data were statistically analyzed in SPSS
22.0 software (IBM Corporation, Armonk, NY, USA).
Differences were determined with one-way ANOVA
followed by Tukey’s post hoc test. The significance threshold
was set at P < 0.05.

Results

Characterization of HNPRP hydrogel glue

First, we investigated the dynamic rheological properties of
HNPRP hydrogel under light irradiation. Both the storage
modulus (G’) and the loss modulus (G”) increased with
increasing irradiation time at the initial stage (Fig. 1A). At
15 s, the value of G’ exceeded that of G”, thus suggesting
that the gel state had formed in the system. The fast gelation
of HNPRP hydrogel upon irradiation aids in its application
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FIGURE 1. (A) Dynamic rheological properties of HNPRP hydrogel upon light irradiation. (B) SEM image of freeze-dried HNPRP hydrogel.
(C) Swelling rate of HNPRP hydrogel. *P < 0.05, **P < 0.01 compared to 1 h. The data are presented as mean + SD (N = 6).

in wound healing. At ~200 s, the value of G’ reached ~200 Pa
and remained stable thereafter, thus indicating the maximum
storage modulus of HNPRP hydrogel. Furthermore, the
HNPRP hydrogel showed a robust final storage modulus
that allowed stable 3D structure to be maintained.

We then observed the morphology of freeze-dried
HNPRP hydrogel. A porous 3D structure with micrometer-
scale pores was observed in SEM images of freeze-dried
HNPRP hydrogel (Fig. 1B). The porous structure of HNPRP
hydrogel aids in nutrient transfer, growth factor delivery
and cell infiltration, all of which promote tissue regeneration.

The dynamic swelling properties of the HNPRP hydrogel
were investigated via saline immersion. The HNPRP hydrogel
swelled rapidly within 4 h after immersion in saline (Fig. 1C,
P < 0.05). The swelling rate then began to decline, and
after 16 h, the mass of HNPRP remained constant, thus
suggesting full swelling of the HNPRP hydrogel. The final
swelling ratio was ~2.1. Furthermore, after fully swelling, the
HNPRP hydrogel maintained a stable gel structure. The
swelling property of HNPRP hydrogel is important because
it allows for absorption of wound exudates and maintenance
of a stable structure after full swelling.

Effects of HNPRP on growth factor release kinetics

To determine whether the HNPRP hydrogel had the ability to
slow the burst-like release of growth factors, ELISA was used to
detect the release kinetics of PDGF-BB and TGF-B from the
HNPRP hydrogel and PRP gel. The release kinetics of PDGF-
BB and TGF-P indicated slower release from HNPRP than
PRP. In the HNPRP hydrogel, the two factors were released
progressively for 28 days, whereas in PRP gel, a clear burst-like

release was observed after 6 h for PDGF-BB and after 1 h for
TGF-B (P < 0.05), after which the release of growth factors
slowed significantly, then remained almost unchanged (Fig. 2).

Effects of HNPRP on cell migration of fibroblasts and keratinocytes
To investigate whether the HNPRP hydrogel affected the
migration of fibroblasts and HaCaT cells, scratch wound
assays were performed. The same trend was observed for
both cell lines. Both PRP gel and HNPRP hydrogel,
compared with the control, significantly promoted the
migration of fibroblasts (Figs. 3A and 3B) and HaCaT cells
(Figs. 3C and 3D) (P < 0.01 for both), and the migration rate
increased with extension of the incubation time. Compared
with the HaCaT cells, fibroblasts showed more active
migration at 24 h in both PRP gel and HNPRP hydrogel.

Effects of HNPRP on wound healing

To assess the effects of HNPRP on wound healing, dorsal skin
wounds were created in STZ-induced diabetic rats and were
randomly treated with free PRP, hydrogel alone, HNPRP or
saline control. Fig. 4C shows HNPRP firmly binds to the
wound surface after light irradiation. Fig. 4A shows
representative images of wound surfaces at days 0, 7, 14, and
21 for each group. The wound areas were significantly smaller
in the HNPRP treated group than the control group on days
7, 14, and 21 (P < 0.05), whereas no significant differences
were observed in the PRP, and hydrogel groups compared
with the control group (Fig. 4B). On day 21, the wounds in
the HNPRP group were almost fully healed, whereas ~8%,
15% and 20% of the wound areas in the hydrogel group, PRP
group and control group, respectively, remained open.
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FIGURE 3. Cell migration photographs of fibroblast (A) and HaCaT (B) at different time points. (C and D) Quantification of the percentage
migrated cells at 12 and 24 h. All values represent the mean * SD of three replicates. **P < 0.01.
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FIGURE 4. (A) Digital images of the wound area at days 0, 7, 14 and 21. (B) Quantification of the percentage wound closure. Quantitative data
are shown as mean + SD (N = 5 per time point for each group). *P < 0.05. (C) HNPRP firmly binds to the wound surface after light irradiation.
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Effects of HNPRP on re-epithelization

Histological analysis of the H&E-stained wound sections
indicated that the restoration of epidermal tissues occurred
faster in the HNPRP group than in the other three groups
at days 14 and 21 (Fig. 5A). At days 14 and 21, wounds
treated with HNPRP had significantly smaller scar widths
than those of the other treated wounds, whereas the PRP
and hydrogel groups showed no differences between groups
(Fig. 5B, P < 0.01). At day 21, the HNPRP treated group
showed nearly complete wound healing. We also identified
epidermal cells in the wounds by immunofluorescence
staining for cytokeratin (Fig. 5C). On day 7 after wounding,
the HNPRP group showed significantly higher re-
epithelialization than did the other groups (Fig. 5D, P <
0.01). The re-epithelialization in the HNPRP group was
approximately 50% complete, whereas it was approximately
30% in the PRP and hydrogel groups and less than 25% in
the saline group.

Effects of HNPRP on angiogenesis

To confirm the effects of HNPRP on angiogenesis during the
wound healing process, immunofluorescence staining for
CD31 and a-SMA was used to image newly formed and
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mature blood vessels, respectively (Figs. 6A and 6B). For
newly formed blood vessels, at days 14 and 21 after surgery,
a significantly higher vascular density was observed in the
HNPRP group compared with the other three groups,
whereas there were no significant differences among the
control, PRP- or HG-treated groups (Fig. 6C). At day 14,
the mature blood vessel density showed the same trend as
that of the newly formed blood vessels. At day 21, the
HNPRP group had a significantly higher mature blood
vessel density than that in the other three groups, and there
was a significant difference between the HG and control
groups (Fig. 6D).

Effects of HNPRP on collagen deposition

Masson’s trichrome staining was used to identify collagen
deposition in the wounds 14 days after surgery. Among all
groups, the most collagen deposition was observed in the
wounds treated with HNPRP (Fig. 7A). The HG and
HNPRP groups exhibited better organized collagen
deposition than did the other two groups (Fig. 7B), and the
collagen areas in the HG and HNPRP groups were also
significantly larger than those in the control group (Fig. 7C,
P < 0.05).
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FIGURE 5. (A) Micrographs of H&E-stained tissue specimens. Arrows mark the scars. Bars = 500 pm. (B) Scar width was measured.
(C) Wound sections were stained for cytokeratin and counterstained with DAPI to reveal cell nuclei. Arrows indicate the epidermal cells.
Bars = 500 pm. (D) Percentage change in re-epithelialization, measured on day 7. Quantitative data are shown as mean + SD (N = 5 per

group). **P < 0.01.
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FIGURE 6. (A) immunofluorescence staining for CD31 and a-SMA on days 14 (A) and 21 (B) after wounding. Positive CD31 staining was
used to reveal newly formed blood vessels. CD31 and a-SMA co-staining indicates mature blood vessels. Bars = 300 pm. Numbers of newly
formed blood vessels (C) and mature blood vessels (D) on days 14 and 21 post-surgery. Quantitative data are shown as mean + SD (N = 5 per

group). *P < 0.05, **P < 0.01.

Discussion

PRP contains a variety of therapeutic growth factors, the
chemotactic properties of growth factors can stimulate cell
proliferation and the synthesis of extracellular matrix
(ECM), contributing to the repair of wound tissue that are
involved in wound healing and the repair of mineralized
tissue (Max et al., 2001; van Elden et al., 2001; Yang et al.,
2016). Compared with the normal wound healing process,
the normal balance of the types and amounts of growth
factors in the wound environment of diabetic patients is
unbalanced, leading to difficulty in wound healing
(Thomson et al.,, 2010). PRP is usually used via thrombin
activation to form a gel state and has wide clinical
applications in fields such as orthopedics, skin surgery and
sports medicine (Chen ef al., 2018; Jeck and Sharpless, 2014;
Jessen and Mirsky, 2016; Previtali et al, 2003). However,
some studies have shown that the use of PRP alone does not

significantly improve conditions (Ashwal-Fluss et al., 2014),
and moreover the clinical utilization of PRP gel has some
disadvantages. The first drawback is that the release of
growth factors is temporal and has a short lifetime, thus
limiting wound healing efficacy (La and Yang, 2015).
Second, there is low tissue adhesiveness between the PRP gel
and the wound surface, thus leading to easy loss of the gel.
Third, the introduction of thrombin to activate PRP may
induce an immune response during the experiment.
Therefore, finding a means of slowing the release of growth
factors, achieving stable tissue adhesiveness, and eliminating
immune responses to PRP remain pressing problems.

HUCB has been widely used in the clinical treatment of
various diseases. Compared with peripheral blood, umbilical
cord blood PRP contains higher concentrations of growth
factors and is not susceptible to immunological rejection
(Han et al, 2018; Hashemi et al, 2017; Murphy et al.,
2012). Moreover, hydrogels have a high-water retention



1336

Control PRP

(A)

(B)

YUNLONG ZHANG et al.

HG HNPRP

m‘ﬁ!f e

tqu =

&5 Z &."g @L
3 £ N

©

Collagen area (%)

&
&
[9)

R
&
{
&

FIGURE 7. Histological analyses of wound healing at day 21, using Masson’s trichrome staining, with low magnification (A, bars = 1 mm), and
an enlarged view of the region inside the box of A (B, bars = 100 um). (C) Quantification of collagen areas. All data are shown as mean = SD

(N = 5 per group). *P < 0.05.

capacity, which not only promotes the exchange of the liquid
microenvironment but also prevents secretions from
gathering in the wound site by promoting drainage. In our
study, the HNPRP hydrogel exhibited controlled release of
PDGF-BB and TGF-p for as long as 28 days, whereas free
PRP exhibited only a burst-like release at 6 h for PDGF-BB
and at 1 h for TGF-p. The mechanism of controlled release
may be that HNPRP released a large number of growth
factors, which became fixed in the hydrogel through
physical interaction, and this fixation of growth factors
slowed the release as the hydrogel degraded (Qiu et al,
2016). Furthermore, our previous research showed that the
hydrogel could perfectly fill the skin defect with strong
tissue binding strength, which is of great significance in
clinical applications. We believe that this characteristic of
HNPRP may promote the development of therapeutic
treatments for acute skin wounds.

Keratinocytes and fibroblasts play important roles in the
healing process of skin wounds and can be activated by
trauma. Activated cells participate in epithelialization, scar
tissue formation, wound remodeling, and angiogenesis
through cell proliferation and migration (Cao et al., 2018;
Kim et al.,, 2017). Our in vitro results showed that HNPRP
promoted the migration of fibroblasts and keratinocytes as
well as PRP did, but it did not reflect the advantages of
HNPRP. In those experiments, we used normal cells and
observed no significant differences between the HNPRP and
PRP groups, possibly because of that HNPRP needs to be

continuously immersed in tissue culture medium in the
scratch experiment and can only play a limited role in
controlled release. Wound re-epithelialization rebuilds a
barrier between the wound and its surroundings, which is
necessary to prevent infection (Rousselle et al, 2019).
Because epithelial cells can protect skin from infection, it is
important in skin wound healing. In this study, we found
that, compared with the control wounds, the wounds in the
HNPRP treatment group healed well, and the epidermis was
thicker. Keratinocytes on the wound surface moved faster
than the scar tissue below in HNPRP treated wounds (Shi et
al., 2016). Therefore, compared with the in vivo experiment,
the barrier protective effect of HNPRP on the wound was
not demonstrated in the in vitro experiment, so there was
no significant difference in the in vitro experiment, while
the effect of promoting wound healing in the HNPRP group
was significantly better than that in the PRP group in the in
vivo experiment.

Fibrous tissue replacement of granulation tissue is an
important biological process in wound healing (Hajimiri et
al, 2016). In our study, Masson’s trichrome staining
indicated that the greatest collagen deposition occurred in
the wounds treated with HNPRP, among all groups.
HNPRP promoted skin tissue remodeling, thus accelerating
wound healing. The elevated blood glucose in diabetic
patients can decrease protein synthesis and consequently
result in cell metabolic abnormalities, which cause a decline
in fibroblast function and collagen deposition at wound sites
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(Saidian et al., 2019). These responses can in turn cause the
tensile strength of the wound to be insufficient, thus
affecting wound healing.

New blood vessel formation is a key factor in wound
healing, because new blood vessels can provide oxygen and
nutrients, and also transport cells and secretion factors that
are necessary for healing to the wound area (Michalczyk et
al, 2020). In addition, the growth of blood vessels is
dependent on the stability of the surrounding smooth
muscle cells. Newly formed blood vessels were detected on
the basis of CD31 positive staining, and mature vessels were
detected as CD31 and a-SMA double-positive vascular
structures (Petersen et al, 2018). Vascular disease in
patients with diabetes can cause a deficiency in nutrient
supply and hinder the repair of local wound tissue. In this
study, the HNPRP group showed significantly more newly
formed and mature blood vessels than were found in the
control, PRP and hydrogel only groups. Thus, HNPRP was
beneficial to the formation of granulation tissue and
collagen, and further accelerated wound healing. However,
there are still some shortcomings in our study. For example,
in vitro study, we did not simulate the environment of
diabetic wound to confirm the effect of our new material on
promoting cell migration.

Conclusion

This study showed that HNPRP hydrogel can slow the burst-
like release of growth factors from PRP and promote the
migration of fibroblasts and keratinocytes in vitro. In a
diabetic rat skin wound model, HNPRP can accelerate
wound healing by enhancing angiogenesis and skin
regeneration. Overall, HNPRP extends the potential for
clinical application of hydrogels to treat diabetic skin
wounds. However, because only five animals were used at
each time point in this study, and only one treatment
concentration was assessed at each time point, we cannot be
sure whether HNPRP’s curative effects exhibit dose
dependency. In the future, we will optimize the HNPRP
dose to achieve faster wound healing.
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