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Abstract

Background: Acute skin wounds may compromise the skin barrier, posing a risk of infection.
Small intestinal submucosa (SIS) is widely used to treat acute and chronic wounds. However, the
efficacy of SIS to accelerate wound healing still needs to be improved to meet clinical demands. To
tackle this problem, platelet-rich plasma (PRP) is used due to its potency to promote proliferation,
migration and adhesion of target cells. In this study, we applied PRP and SIS to skin wounds
to explore their effects on wound healing by evaluating re-epithelialization, collagen production,
angiogenesis and the inflammatory response.

Methods: A 1 x 1-cm full-thickness skin defect was established in mice. Sixty mice were divided into
four treatment groups: PRP + SIS, PRP, SIS and control. On days 3, 5, 7, 10 and 14 post-surgery, tissue
specimens were harvested. Haematoxylin and eosin, Masson’s trichrome, immunohistochemical
and immunofluorescence double staining were used to visualize epidermal thickness, collagen and
vascular regeneration and inflammation.

Results: Wound contraction in the PRP and PRP + SIS groups was significantly greater, compared
with the other groups, on days 3 and 5 post-surgery. A histological analysis showed higher collagen
expression in the PRP and PRP + SIS groups on day 7, which was associated with a thicker epidermal
layer on day 14. In addition, immunohistochemical staining showed that CD31-positive blood
vessels and vascular endothelial growth factor expression in the PRP + SIS and PRP groups were
significantly higher, compared with the control group. Furthermore, immunofluorescence double
staining showed that the number of M1 and M2 macrophages in the PRP + SIS and PRP groups
was higher, compared with the control and SIS groups alone, on day 3. However, on day 7, the
number of M1 macrophages dramatically decreased in the PRP + SIS and PRP groups. The ratio
of M2 to M1 macrophages in the PRP + SIS and PRP groups was 3.97 and 2.93 times that of the
control group and 4.56 and 3.37 times that of the SIS group, respectively.
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Conclusion: Co-administration of SIS and PRP has a better effect on promoting angiogenesis, re-
epithelialization and collagen regeneration in managing acute wound healing than either agent

alone.

Key words: Small intestinal submucosa, Platelet-rich plasma, Full-thickness skin defect, M1 macrophages, M2 macrophages, Animal

model, wound healing, skin

Highlights

* This study revealed that applying PRP to acute wounds facilitates the transition of M1 into M2 macrophages.

* The preparation of PRP is recommended acoording to the author’s experience.

* Co-administration of SIS and PRP has a better effect on promoting angiogenesis, re-epithelialization and collagen regeneration

than either agent alone.

Background

The skin, as a protective barrier, plays an important role
in retaining water, maintaining electrolytes and preventing
the invasion of pathogens. The barrier function of the skin
is compromised by acute skin wounds caused by trauma,
surgical procedures and burns, which may lead to a series of
complications, such as infection [1]. In patients with chronic
diseases, such as diabetes mellitus, wounds fail to heal and
can become chronic. Therefore, it is important to accelerate
wound healing and recover the structural integrity and func-
tionality of the skin.

Wound healing is a continuous pathophysiological process
of tissue regeneration, which consists of four consecutive
phases: (1) coagulation and haemostasis, (2) inflammation,
(3) proliferation and (4) wound remodelling [2]. Immediately
after an acute injury, platelet aggregation and blood clot
formation at wound sites are triggered by release of clotting
factors [3]. Platelet activation can release growth factors, such
as platelet-derived growth factor (PDGF) and transforming
growth factor-81 (TGF-B1), which act to stimulate wound
healing by attracting and recruiting neutrophils, macrophages
and endothelial cells [3, 4]. Macrophages are one of the main
cell types that participate in inflammation and can be divided
into two distinct phenotypes: (1) classically activated and
pro-inflammatory M1 macrophages and (2) alternatively
activated and anti-inflammatory M2 macrophages [5].
Within 3-5 days after injury, M1 macrophages infiltrate
wound areas and phagocytose pathogens and senescent
cells. M1 macrophages are typically associated with pro-
inflammatory events, such as the production of interleukin-
6 (IL-6) and tumour necrosis factor-a (TNF-a) [6]. At
5-7 days after injury, M1 macrophages transition into
M2 macrophages, which gradually dominate wound sites
[7]. M2 macrophages express high levels of TGF-81 and
vascular endothelial growth factor-o (VEGF-a) to promote
angiogenesis and re-epithelialization. M2 macrophages also
stimulate the synthesis and secretion of collagen fibres and
matrix proteins from fibroblasts [8]. Continuous efforts
have been made to develop new materials that target
these biological events to promote healing of acute skin
wounds. In recent years, biomaterials, bioactive factors

and stem cells have shown promising prospects for wound
healing.

One such material to promote skin wound healing is small
intestinal submucosa (SIS), which is derived from the mucosal
and muscle layers of the intestine. SIS consists of collagens,
glycosaminoglycans (GAGs), proteoglycans, fibronectins and
hyaluronic acid (HA) [9], as well as a series of active growth
factors, including TGF-8, epidermal growth factor (EGF) and
VEGEF [10]. SIS has low antigenicity, good histocompatibility
and proper degradability. SIS bears low porosity and thus has
a limited capacity for water to flow through, which may serve
as a protective barrier to prevent wound bed dehydration [11,
12]. SIS can promote proliferation, migration and attachment
of fibroblasts, keratinocytes and endothelial cells iz vitro [13,
14]. SIS is also widely applied to treat various wound types
in vivo [15, 16]. However, its efficacy in accelerating wound
healing still needs to be improved to meet clinical demands
[17]. Thus, it is essential to seek suitable bioactive agents to
achieve a better therapeutic effect.

Platelet-rich plasma (PRP) is an inherently safe and easily
accessible platelet concentrate derived from autologous blood
[18]. Platelet activation and degranulation can release large
amounts of bioactive factors, including growth factors and
exosomes [18, 19]. The major growth factors in PRP are
PDGE TGF-8, VEGF and EGE which stimulate and pro-
mote proliferation, migration and adhesion of target cells,
such as fibroblasts, epithelial cells and endothelial cells [20-
22]. PRP promotes healing of various wound types, includ-
ing acute wounds [23, 24]. In addition, exosomes derived
from PRP can effectively induce proliferation and migration
of endothelial cells and fibroblasts to improve angiogene-
sis and re-epithelialization in chronic wounds. This occurs
through activation of Yes-associated protein (YAP) signalling
[19]. Furthermore, platelets in PRP contain pro- and anti-
inflammatory factors that participate in macrophage polar-
ization [25]. However, proteases can cleave molecules, lead-
ing to rapid degradation of platelet-activating factors [26],
and administration of PRP liquid on wounds extremely gets
losses. This situation inspired us to co-administer SIS and PRP,
since SIS may provide a slow delivery system for PRP to exert
a better effect on wound healing.
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In the present study, a full-thickness skin defect model was
established in mice. PRP and SIS were applied to skin wounds
to explore the effects of wound healing at different stages.
Wound healing percentage, re-epithelialization collagen pro-
duction, angiogenesis and the inflammatory response were
assessed. Our study aimed to explore effective treatments for
wound healing and analyse the biological mechanisms, to
provide a beneficial reference for clinical application.

Methods

PRP/SIS preparation

PRP was prepared from an autologous blood sample volun-
tarily provided by a healthy adult (female, aged 26 years) at
the General Hospital of Southern Theater Command. The
platelet concentration of whole blood was 191 x 10°/1. Blood
was centrifuged for 10 minutes at 600 g to collect the plasma
derived from the upper and middle layers. Subsequently,
plasma was centrifuged again for 20 minutes at 1500 g.
The upper platelet-deficient plasma layer was separated, and
the remaining PRP layer was activated using 10% calcium
gluconate (clinical use) at a ratio of 9:1 (v/v). The platelet
concentration of PRP was 887 x 10°/1.

SIS powder was obtained from Guangzhou Sinoregen
Medical Materials Co. Ltd (China). Before application, SIS
powder was thoroughly mixed with PRP and 0.9% sodium
chloride (NaCl) at a volume ratio of 1:1 (v/v) through three-
way pipes (B. Braun Inc., Germany) and formed into a
paste. The four treatment groups were as follows: G1 (no
PRP, no SIS); G2 (PRP alone); G3 (SIS alone); and G4
(SIS + PRP).

Acute in-vivo wound model

Sixty male C57 mice aged 6-8 weeks and weighing 22—
28 g were obtained from the Animal Research Centre of
Guangdong (China). The animal experiment was approved
by the Animal Care Committee of General Hospital of
Southern Theater Command (animal ethics approval number:
2018030601).

First, 1% pentobarbital sodium (5 ml/kg) was adminis-
tered to mice via intraperitoneal injection to induce anaesthe-
sia. After induction of anaesthesia, the dorsal hair of mice was
shaven and sterilized with iodophor. A 1 x 1-cm full-thickness
skin defect in the dorsal area of each mouse was made,
using a square punch biopsy instrument. Four treatments
were randomly applied to the wounds, and each wound was
treated with a 0.5-ml dose of the respective treatment each
day. On days 3, 5, 7, 10 and 14 post-surgery, three mice were
randomly sacrificed from each group at each time point and
tissue specimens were harvested.

Wound contraction

On days 0, 3, 5, 7, 10 and 14 post-surgery, wounds were
photographed with a Nikon digital camera (Japan) and
the wound area was measured using Image ] software.
Wound contraction (%) was calculated according to the

following formula: wound contraction (%)=[(Ag —Ax) +
Ap] x 100%, where A represents the initial wound area and
A¢ represents the wound area at each time point [27].

Histological staining

Haematoxylin and eosin (H&E) staining Tissue specimens
were fixed in 4% paraformaldehyde for 48 hours and
dehydrated step by step in a dehydrator (JJ-12 J; Jun-
jie Electronics Inc., China). Subsequently, samples were
embedded, sliced to a thickness of 4 pm and dried in
an oven (Shanghai Huitai Instrument Manufacturing Co.
Ltd, China) at 65°C for 2 hours. Sections were stained
with H&E and photographed using an electron microscope
(Olympus BX51; Olympus, Germany). The re-epithelialized
area and length were measured and analysed using Image
J software. The epithelial thickness was calculated by
epithelial area + epithelial length. Five tissue sections in
each group were selected to calculate mean = standard
deviation (SD).

Masson’s trichrome staining Tissue specimens were dehy-
drated and stained in sequence with haematoxylin (G1004;
ServiceBio Inc., USA) for 5 minutes, ponceau-acid fuchsin
solution (G2011; ServiceBio Inc.) for 5 minutes, 1%
phosphomolybdic acid (G3472; Solarbio science&tehnology
Co., Ltd, China) for 2 minutes and aniline blue (G1071;
ServiceBio Inc.) for 5 minutes, and subsequently dehydrated
and sealed. Stained sections were photographed using a
microscope, and collagen expression was analysed using
Image-Pro Plus (Media Cybernetics, Inc. Moldova). The
positive expression level of new collagen fibres was calculated
according to the following formula: mean optical density
(MOD) = integrated option density (IOD) sum =+ area sum.

Immunohistochemistry

Sections were deparaffinized and blocked in 3% hydrogen
peroxide solution for 10 minutes at room temperature.
After rinsing in phosphate-buffered saline, sections were
incubated overnight at 4°C with antibodies, including
rabbit anti-platelet CD31 (GB13063, 1:300; Servicebio
Inc.) and mouse anti-VEGF (MA5-13182, 1:100; Thermo
Fisher Scientific Co. Ltd, USA). Correspondingly, sections
were incubated with secondary goat anti-mouse (G1214,
1:200; ServiceBio Inc.) or goat anti-rabbit (G1213, 1:200;
ServiceBio Inc.) antibodies at 37°C for 50 minutes and
detected with 3,3’-diaminobenzidine tetrahydrochloride
(DAB) solution (G1211; ServiceBio Inc.) for 10 minutes.
Nuclei were stained with haematoxylin. All sections were
photographed with a microscope, and the area and IOD
of VEGF expression were analysed using Image-Pro Plus
software. VEGF expression was calculated according to the
following formula: MOD =10OD sum = area sum. CD31-
positive blood vessels were quantified using Image-Pro Plus
software with blind tests. Images from five sections in each
group and from five different fields in each section were
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Figure 1. Day 0, 3, 5, 7 after treatment, the dynamic changes of the wound area in four groups. (a) Representative images of acute wounds showing that wounds
treated with platelet-rich plasma (PRP) alone and PRP + small intestinal submucosa (SIS) presented a smaller wound area compared to the control and SIS alone.
(b) Wound contraction (%) in each treatment group. On days 3, 7 and 10, the healing percentage of the wounds treated with PRP + SIS was higher compared to
the control, SIS alone and PRP alone, while PRP showed superior efficacy on day 5. Data were presented as mean = standard deviation (SD). $PRP+SIS group
and PRP group vs the control group (p < 0.05), *PRP+SIS group and PRP group vs the SIS group (p < 0.05)

submitted to Image-Pro Plus software, and the average value
of positive results was automatically counted and calculated.

Immunofluorescence

Immunofluorescence double staining was performed to
identify M1 and M2 macrophages [28]. Tissue sections
were incubated overnight at 4°C with antibodies against
CD68 (GB11067, 1:300; ServiceBio Inc.), CD80 (GB11034,
1:300; ServiceBio Inc.) and CD206 (GB11062, 1:500;
ServiceBio Inc.). Correspondingly, sections were incubated
with secondary horseradish peroxidase donkey anti-rabbit
immunoglobulin G (IgG) antibodies (ab150075, 1:2000;
Abcam Trade Co. Ltd, China), and nuclei were stained
with DAPI (G1012; Google Biotechnology Co. Ltd, China)
for 10 minutes. Stained sections were observed and pho-
tographed using a fluorescence microscope (Nikon Eclipse
TI-SR; Nikon, Japan). M1 (CDé68-positive and CD80-
positive) and M2 (CD68-positive and CD206-positive)
macrophages were automatically counted and analysed using
Image-Pro Plus.

Statistical analysis

SPSS software was used to detect significant differences. All
quantitative results were expressed as mean & SD. Data were
analysed using one-way analysis of variance and Bonferroni
tests. A p value of <0.05 was considered statistically
significant.

Results

Effects of PRP, SIS and PRP + SIS on acute wound
contraction

At all selected time points (3, 5, 7 and 10 days post-surgery),
wound contraction in the SIS group was similar to that in
the control group (Figure 1a). Three and 5 days post-surgery,
the closed wound area in the PRP and PRP + SIS groups was
significantly more pronounced, compared with the SIS and
control groups (Figure 1a). On days 3, 7 and 10, the closed
wound area in the PRP + SIS group was the most pronounced
among the four groups, while PRP showed superior efficacy
only on day 5 (Figure 1b).

Effects of PRP, SIS and PRP + SIS on re-epithelialization
and collagen expression
H&E and Masson’s trichrome staining were performed
to evaluate the effects of PRP + SIS on re-epithelialization
(Figure 2a) and collagen expression (Figure 3a), respectively.
Fourteen days post-surgery, a quantitative analysis showed
that the average thickness of the newly formed epidermal
layers in the PRP+SIS and PRP groups was signifi-
cantly greater, compared with the SIS and control groups
(Figure 2b), while no difference was found between the two
PRP groups.

Collagen expression was analysed on day 7 post-surgery
at wound sites. Treatment with PRP + SIS was associated
with the highest collagen expression, which was followed by
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Figure 2. Histological evaluation of epidermal thickness at wound sites. (a)
Fourteen days post-surgery, the cell layers of newly formed epidermal layer
in the PRP and PRP+ SIS groups were thicker than those in the control
and SIS groups. The yellow curve shows the epidermal regeneration area.
Scale bar=500 pm. (b) Quantitative analysis showed that treatment with PRP
and PRP + SIS was associated with the greatest thickness of newly formed
epidermal layer. $PRP and PRP+SIS groups vs control group; *PRP and
PRP + SIS groups vs SIS group (p < 0.05). PRP platelet-rich plasma, SIS small
intestinal submucosa

treatment with PRP alone (Figure 3b). In contrast, the SIS
group showed a similar collagen expression to that in the
control group. Collagen expression in the PRP + SIS group
was significantly higher, compared with the SIS and control
groups, while that in the PRP group was not significantly
different when compared with the SIS and control groups.
There was no significant difference between treatment with
PRP + SIS and PRP alone.

Effects of PRP, SIS and PRP + SIS on angiogenesis

To evaluate the effects of PRP, SIS and PRP + SIS on angiogen-
esis, immunohistochemical staining was performed to detect
VEGF as a marker of angiogenesis (Figure 4a),and CD31 as a
vascular endothelial cell marker (Figure 5a). On day 14 post-
surgery, CD31-positive blood vessels in the PRP+ SIS and
PRP groups were 2.80 and 2.53 times more abundant com-
pared with the control group, and 2.00 and 1.81 times more
abundant compared with the SIS group, respectively, while no
significant difference in the number of CD31-positive blood
vessels was found between the PRP + SIS and PRP groups
(Figure 4b). On day 14 post-surgery, VEGF expression in the
PRP + SIS group was significantly higher compared with the
control group, while that in the PRP and SIS groups was
not significantly different compared with the control group
(Figure 5b).

Without SIS With SIS
No PRP

Collagen mean optical density T

Figure 3. Masson staining evaluation of collagen fibres deposited at the
wound sites. (a) Seven days post-surgery, there was massive deposition
of collagen fibres in the PRP + SIS group. Blue staining represents positive
collagen expression. Scale bar=100 um. (b) Quantitative analysis showed
that collagen expression level in the PRP + SIS group was significantly higher
compared with the other groups, whilst either SIS or the control intervention
did not significantly influence collagen expression. *PRP + SIS group vs
control group; ¥*PRP + SIS group vs SIS group (p <0.05). PRP platelet-rich
plasma, SIS small intestinal submucosa

Effects of PRP, SIS and PRP + SIS on macrophage
polarization

To investigate the effect of PRP + SIS on macrophage polar-
ization at wound sites, M1 (CD68 and CD80) and M2
(CD68 and CD206) macrophages [29] were stained on days
3 and 7 post-surgery. Three days post-surgery, the number
of M1 macrophages in the PRP + SIS (22.3 +6.6) and PRP
(19.7 £3.5) groups was higher compared with the control
(10.7£3.1) and SIS (11.7+3.1) groups, while there was
no significant difference among all groups (Figure 6¢). On
day 7 post-surgery, the number of M1 macrophages in the
SIS and control groups mildly decreased. In contrast, the
number of M1 macrophages in the PRP + SIS and PRP groups
significantly decreased to a similar level to that in the SIS and
control groups (Figure 6¢).

Three days post-surgery, the number of M2 macrophages
in the PRP+SIS (53.7+14.4) and PRP (52.3+18.3)
groups was significantly higher compared with the control
(17.0£4.0) and SIS (19.3 £4.2) groups (Figure 6d). Seven
days post-surgery, the number of M2 macrophages in the
four groups decreased, while the number of M2 macrophages
in the PRP + SIS (25.3 +5.5) and PRP (23.3+5.7) groups
was still significantly greater compared with the control
(8.7+1.5) and SIS (9.3 £4.9) groups (Figure 6d). On days
3 and 7, the number of M2 macrophages in the PRP + SIS
group was slightly higher compared with the PRP group,
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CD31 positive vessels

Figure 4. Immunohistochemical evaluation of endothelial cell adhesion molecule-1 (CD31)-positive blood vessels at wound sites. (a) Fourteen days post-surgery,
the number of CD31-positive blood vessels per microscopic field in the PRP + SIS and PRP groups were 2.80 and 2.53 times that of the control, respectively, and
2.00 and 1.81 times that of the SIS alone group, respectively, as shown by green arrows. Scale bar=50 pm. (b) Quantitative analysis showed that the PRP + SIS
group had the highest number of new blood vessels, compared with the other groups. ¥ PRP + SIS group vs control group (p < 0.05). PRP platelet-rich plasma,
SIS small intestinal submucosa
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Figure 5. Immunohistochemical evaluation of the expression level of the angiogenic marker vascular endothelial growth factor (VEGF). (a) Fourteen days post-
surgery, the positive expression level of VEGF was higher in the PRP + SIS group, as shown by green arrows. Scale bar=50 pm. (b) Quantitative analysis showed
that VEGF expression in the PRP + SIS group was significantly higher, compared with the control and SIS groups. $PRP + SIS group vs control group (p < 0.05).
PRP platelet-rich plasma, SIS small intestinal submucosa

with no significant difference observed between the two PRP and control (1.6 +0.1) groups (Figure 6¢). On day 7 post-
groups. surgery, the ratio of M2 to M1 macrophages in the PRP + SIS

Three days post-surgery, the ratio of M2 to M1 macrophages and PRP groups increased dramatically and was 3.97 and
in the PRP + SIS (2.45+0.4) and PRP (2.62+0.3) groups 2.93 times that of the control group, respectively, and 4.56
was significantly higher, compared with the SIS (1.7 £0.1) and 3.37 times that of the SIS group, respectively (Figure 6e).
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Figure 6. Immunofluorescence double staining of M1 and M2 macrophages at wound sites. (a) and (b) Representative images of M1 macrophages (CD68, red;
CD80, green; nuclei, blue) and M2 macrophages (CD68, red; CD206, green; nuclei, blue) on day 3 post-surgery, as shown by yellow arrows. (¢) and (d) Changes
in cell counts of M1 and M2 macrophages in the four groups. On day 3 post-surgery, quantitative analysis showed that the number of M1 and M2 macrophages
in the PRP + SIS and PRP groups was higher, compared to the control and SIS alone groups. On day 7, the number of M1 macrophages dramatically decreased
in the PRP + SIS and PRP groups and the number of M2 macrophages in the PRP + SIS and PRP groups were significantly higher, compared to the control and
SIS alone groups. (e) The ratio of M2 to M1 macrophages in the PRP + SIS and PRP groups was significantly higher, compared to the SIS alone and control
groups, on days 3 and 7. $PRP and PRP + SIS groups vs control group; *PRP and PRP + SIS groups vs SIS group (p < 0.05). PRP platelet-rich plasma, SIS small

intestinal submucosa

Discussion

The primary function of the skin is to serve as a protective
barrier against damage from the external environment. Once
damage to the skin occurs, the barrier loses its protective
function [30]. It is essential to accelerate wound healing

to rapidly reconstruct damaged skin tissue and restore its
structural and functional integrity. Our results show that
wound contraction was significantly greater with PRP + SIS
treatment, compared with the control intervention or SIS
alone. Thus, co-administration of PRP and SIS is more
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beneficial than their individual use in promoting acute skin
wound healing.

A desirable wound dressing should be developed to pro-
mote wound healing. With burns, degloving injuries and
chronic wounds, the dermal extracellular matrix (ECM) may
be completely absent. SIS, as a biologically derived ECM
material that contains major dermal matrix components, has
been widely applied to treat acute and chronic wounds by
promoting proliferation, migration and attachment of various
skin cells [16, 31]. However, an animal study showed that
addition of SIS does not significantly promote wound closure
in acute full-thickness wounds in dogs when compared with
control animals [32]. Our study confirmed that SIS alone
was not associated with significantly higher healing efficacy
within the 14-day monitoring span. Therefore, optimizing the
efficacy of wound healing is of paramount importance. PRP
is clinically proven to be safe and effective for wound healing
[33], but there has been no clear evidence of its efficacy.
One study showed that the effect of PRP is weak due to its
short half-life, and local administration should be repeated to
achieve wound healing [34, 35]. To overcome this limitation,
we applied both PRP and SIS to acute wounds, which resulted
in significantly greater wound contraction, compared with
SIS alone and with the control intervention, 3 days post-
surgery. Such a beneficial effect may be attributed to a host of
powerful mitogenic and chemotactic growth factors in PRP.
All types of skin cells involved in wound repair are sensitive to
growth factors [36, 37] that promote proliferation, migration
and adhesion of target cells, such as fibroblasts, epithelial cells
and endothelial cells [22, 38]. Furthermore, SIS may serve as
a slow-release system for PRP to decelerate its degradation.

In this study, we hypothesized that co-administration of
SIS and PRP might achieve better wound healing than appli-
cation of either agent alone. Considering that the bioactive
factors in PRP degrade easily [35], SIS may serve as a slow-
release system for PRP. Furthermore, the bioactive agents in
PRP may contribute to better wound healing. In our study, co-
administration of PRP and SIS yielded a significantly better
effect on wound contraction, which supports our hypothesis.
However, ideal healing not only focuses on promoting the
speed of wound healing, but also improves skin aesthetics and
functionality.

In the process of wound healing, it is essential to
accelerate the formation of new epidermis and to avoid
pathogenic invasion and dehydration. Epidermal cells and
keratinocytes migrating from the wound margin undergo a
proliferative burst to replace those defected cell layers [39].
Once the wound surface has been covered by a monolayer of
keratinocytes, the process of epidermal migration creases and
a new stratified epidermis with an underlying basal lamina
is re-established [39]. Approximately 1 week after injury,
fibroblasts have completely infiltrated into the wound, which
are mainly mediated by TGF-81 and PDGF to synthesize
and remodel new collagen [40]. Our results show that
co-administration of SIS and PRP was associated with
significantly greater epidermal thickness and higher collagen

expression, compared with the control and SIS groups, while
PRP alone only showed a superior effect in promoting
epidermis formation. These results demonstrate that co-
administration of SIS and PRP efficaciously stimulated pro-
liferation and migration of skin cells, as well as potentiated
their functionality. Such an effect may be primarily attributed
to growth factors, including EGF and TGF-81, in PRP and
SIS, which promote proliferation, migration and adhesion
of skin cells to enhance re-epithelialization and collagen
systhesis [41, 42]. In addition, the wound healing property
of exosomes released from PRP is induced by exosomes
promoting proliferation and re-epithelialization of fibroblasts
through YAP activation [19].

New blood vessel formation takes place during all phases
of wound healing to provide a desirable microenvironment
for cell growth. A variety of cells, such as endothelial cells and
macrophages, as well as angiogenic factors, such as TGF-1
and VEGE, are involved in the process of angiogenesis [43,
44). In vitro, VEGF is a highly specific mitogen that inhibits
endothelial cell apoptosis, promotes endothelial cell prolifer-
ation and increases vascular permeability [45]. In this study,
co-administration of SIS and PRP yielded the greatest num-
ber of CD31-positive blood vessels and showed the highest
VEGEF expression, which was followed by PRP alone. In con-
trast, neither SIS alone nor the control intervention promoted
angiogenesis. Mechanistically, PRP has direct proliferation-
inducing effects on endothelial cells through activation of the
phosphatidylinositol 3-kinase (PI3K)/Akt and Erk pathways
[19]. Furthermore, the presence of VEGF in the SIS ECM
induced tube formation of human microvascular endothe-
lial cells in a three-dimensional fibrin-based angiogenesis
assay [46].

Cellular inflammation is divided into two separate phases:
an early inflammatory phase and a late inflammatory phase.
Cellular inflammation aims to establish an immune barrier
against invading pathogenic organisms and phagocytose
matrix debris [47]. Within 24-36 hours after injury,
neutrophils and monocytes are attracted to the wound
site, which is mediated by chemo-attractive agents released
by degranulating platelets, to phagocytose bacteria and
necrotic tissue [48]. Around 48-72 hours after injury,
macrophages appear in the wound and regulate proliferation.
Wound-associated macrophages are divided into classically
activated M1 macrophages and alternatively activated M2
macrophages [47], which increase until day 2 to reach around
3000 cells per wound. This remains stable until day 5 and
progressively decreases to steady-state levels by day 14 [49].
In the early inflammatory phase, M1 pro-inflammatory
macrophages are attracted to the wound site to produce pro-
inflammatory cytokines, including IL-6, TNF-o and other
stimulators that accelerate the initial stages of wound healing
[50]. In our study, the number of M1 macrophages in the
PRP + SIS and PRP groups was higher, compared with the
control and SIS groups, at day 3 post-surgery. Remarkably,
activated platelets in PRP induce pro-inflammatory signalling
by synthesizing IL-18 [51], and CD40 ligands released from
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platelets can bind to CD40 on macrophages, endothelial cells
and fibroblasts, inducing inflammatory events [52]. However,
failure to transition from M1 to M2 phenotype can lead to
a continuously negative inflammatory response and delayed
wound healing [53]. To approach this problem, it is essential
to promote the transition of M1 into M2 macrophages,
which are typically anti-inflammatory and can secrete anti-
inflammatory cytokines, such as TGF-81 and VEGF-«, which
induce fibroblast and endothelial cell proliferation [54].
In the late inflammatory phase, these cells are responsible
for collagen production and angiogenesis in the wound.
Our study showed that the number of M1 macrophages
dramatically decreased in the PRP+SIS and PRP groups
on day 7 post-surgery, while treatment with SIS alone and
with the control intervention did not. In addition, our study
also showed that the ratio of M2 to M1 macrophages in the
PRP + SIS and PRP groups was 3.97 and 2.93 times that of
the control group, respectively, and 4.56 and 3.37 times that
of the SIS group, respectively, on day 7. Such effects may
be attributed to apoptosis-induced platelet microparticles in
PRP, which have the potential to differentiate monocytes into
M2 macrophages [55]. Platelet microparticles activated by
calcium can decrease TNF-« release and show low expression
of CD40L, which binds to CD40 on macrophages to induce
inflammatory events [56]. Furthermore, PRP can increase
the expression of CD206, CD163 and CD86, as well as
increase IL-10 production, all of which are M2 tissue repair
macrophage-related markers [57].

Our study has several limitations. First, the difference
in key parameters between PRP and PRP + SIS was minimal.
One possible explanation might be that GAGs in SIS that bind
chemokines and growth factors may provide a delivery system
for PRP to exert a slow and persistent effect. However, healing
of acute wounds in mice is short term due to self-healing.
Moreover, it was difficult to observe differences between PRP
and PRP + SIS. Chronic wounds and mass tissue defects may
be better models to explore the effect of co-administered
PRP and SIS. Second, the PRP preparation and treatment
method were not standardized, which may have led to biased
efficiency.

Conclusions

In conclusion, co-application of SIS and PRP to acute wounds
achieves a desirable effect on modulating the macrophage
immune response. In addition, co-application of SIS and PRP
can accelerate wound healing and promote angiogenesis, re-
epithelialization and collagen production, as well as facili-
tate the transition of M1 into M2 macrophages. This is a
promising strategy to manage acute wound healing. Further
evaluation should be performed in pig models, which have
similar skin to humans and heal through physiologically
similar processes [58].
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