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Background Platelet-rich plasma (PRP) contains high concentrations of growth factors
involved in wound healing. Hydrogel is a 3-dimensional, hydrophilic, high-molecular, reticular
substance generally used as a dressing formulation to accelerate wound healing, and also
used as a bio-applicable scaffold or vehicle. This study aimed to investigate the effects of PRP
and hydrogel on wound healing, in combination and separately, in an animal wound model.
Methods A total of 64 wounds, with 2 wounds on the back of each nude mouse, were
classified into 4 groups: a control group, a hydrogel-only group, a PRP-only group, and a
combined-treatment group. All mice were assessed for changes in wound size and
photographed on scheduled dates. The number of blood vessels was measured in all specimens.
Immunohistochemical staining was used for the analysis of vascular endothelial growth factor
(VEGF) expression.

Results Differences in the decrease and change in wound size in the combined-treatment
group were more significant than those in the single-treatment groups on days 3, 5, 7, and
10. Analysis of the number of blood vessels through histological examination showed a
pattern of increase over time that occurred in all groups, but the combined-treatment group
exhibited the greatest increase on days 7 and 14. Immunohistochemical staining showed that
VEGF expression in the combined-treatment group exhibited its highest value on day 7.
Conclusions This experiment demonstrated improved wound healing using a PRP-hydrogel
combined treatment compared to either treatment individually, resulting in a decrease in
wound size and a shortening of the healing period.
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INTRODUCTION the normal wound healing process [1]. Platelet-rich plasma
(PRP) is a plasma from which blood cells are removed by cen-
The components of blood platelets include glycoproteins, trifugation of the whole blood of normal persons. The platelets
are thus sequestered and contain high concentrations of self-

growth factors [2,3]. Previous studies have reported that the ap-

a-granules, and 3-granules. Among these, a-granules contain at
least 7 growth factors, and these growth factors help accelerate
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plication of PRP can promote the healing process of a wound, a
fracture surface, or a bone defect. As a result, there have been at-
tempts to apply PRP clinically to accelerate the healing of dia-
betic foot ulcers or engraftment during bone grafting. However,
the efficacy of PRP is still controversial [ 1,2,4]. Recently, studies
have attempted to produce and apply single recombinant
growth factors to wound healing, but such studies are limited by
cost and a short half-life [5,6].

Hydrogel generally refers to a 3-dimensional, hydrophilic,
high-molecular, reticular substance that easily expands on ac-
count of its considerable degree of moisture. Hydrogel has been
used as a dressing formulation. Due to its high water content,
hydrogel provides a humid environment for a wound, promotes
cell migration and epithelialization, and accelerates wound heal-
ing by dead-tissue removal. Additionally, it is characterized as
having superior biocompatibility and adequate mechanical
traits, its biodegradation can be controlled, and it shows cell ad-
hesion. In particular, due to its high biocompatibility, it can be
used as a soft-form bio-applicable scaffold or vehicle [7].

On this basis, an experiment was carried out using an animal
model under the assumption that in a combined treatment of
hydrogel and PRP, hydrogel would act as an effective scaffold for
growth factors and help in their maintenance and expression,

thereby accelerating wound healing.

METHODS

Creation of the animal experimental model

For this experiment, 32 9-week-old female BALB/c nude mice
with a weight of 20-30 g (26 g on average) and without a thy-
mus gland (Orientbio Inc., Sungnam, South Korea) were used.
They underwent a 1-week adaptation period while being bred,
fed, and given water at the laboratory. For anesthesia, 40 mg/kg
of tiletamine and zolazepam (ZoletilS0, Virbac, France) and §

Fig. 1. Skin defects in the nude mouse model

Circular full-thickness (8-mm-diameter) skin defects were made on
the back of a nude mouse.
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mg/kg of xylazine (Rompun, Bayer, Germany) were injected
into the peritoneal cavity. After the removal of the hair in the
dorsum of each mouse using an epilator, the dorsum was disin-
fected with chlorhexidine, and circular wounds were drawn in
the head and tail sides at a 10-mm distance from one another,
using a sterilized punch biopsy tool with an 8-mm diameter in
the center. With a no. 15 blade and fine scissors, a full-thickness
skin defect wound reaching the panniculus carnosus was made
(Fig. 1). To inhibit the building up of the wound and to accu-
rately measure epithelialization, a 0.5-mm-thick donut-shaped
silicone sheet 1 mm larger than the diameter of the wound was
placed and fixed using no. S nylon (Ethicon, Cornelia, GA,
USA). The 32 mice were divided into 2 groups: a group of 16
mice to which PRP was applied, and a group of 16 mice to
which PRP was not applied. In all mice, hydrogel was applied to
the wound on the tail side, while hydrogel was not applied to
the wound on the head side. Therefore, a total of 64 wounds
(n= 16 per group) were created. They were divided into 4 treat-
ment method groups: the control group, to which neither PRP
nor hydrogel was applied, the hydrogel-only group, the PRP-on-
ly group, and the combined-treatment group, to which both hy-
drogel and PRP treatment were applied. For each wound, occlu-
sive film dressing was applied using Opsite (Smith & Nephew,
London, UK) and Surgifix (Panamedic, Seoul, Korea). The
dressing was replaced daily, and the wounds were photographed
ondays 3, 5,7, 10, and 14 to assess their size.

Production of PRP

The production of PRP required the collection of 54 mL of
blood from the vein of a donor, a 30-year-old adult male. The
collected blood was mixed with 6 mL of anticoagulant citrate
dextrose solution. Using the double-spin method, centrifuga-
tion was performed for 10 minutes at 3,000 rpm at room tem-
perature, and after the removal of the underlying blood cell lay-
er, the rest of the blood was divided into 2 test tubes. Centrifu-
gation was repeated on the 2 test tubes for S minutes at 5,000
rpm. The precipitated PRP layer was carefully separated with a
micropipette, and 6.5 mL of PRP was produced (Fig. 2). An au-
tomated hematology system (XE-2100, Sysmex, Kobe, Japan)
was used to measure the average platelet count of the normal

Fig. 2. Preparation of platelet-rich plasma

Platelet-rich plasma was prepared with an injectable syringe.
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blood of the donors (as 320 x 10°/L), and the average platelet
count of the manufactured PRP as 1.08 x 10"?/L, indicating that
the process resulted in an approximately 3.375-fold higher plate-

let concentration.

PRP application and treatment

Purified bovine thrombin (Sigma-Aldrich, Munich, Germany)
was diluted at 100 units per mL in 10% calcium chloride and
was then coagulated and activated by mixing with PRP. The hy-
drogel that was used in this experiment was Purilon gel (Colo-
plast, Humlebaek, Denmark), which has an amorphous proper-
ty. For the hydrogel-only group, a 0.1-mL saline solution was in-
jected into the base of each wound with a 1-mL syringe and a
27-gauge needle in place of PRP. In the PRP-only and com-
bined-treatment groups, 0.1 mL of activated PRP was injected
into the base of each wound using a 1-mL syringe and a
27-gauge needle. For the wound on the tail side, about 1 mL of
hydrogel was applied locally. Each wound was dressed using
Opsite (Smith & Nephew, London, UK), and the dressing was
fixed with Surgifix (Panamedic). Each mouse was placed in a

separate cage and observed for 2 weeks.

Visual examination and measurement of wound size
After the creation of the wound, the dressing was replaced daily,
and photos of the wound were taken on days 3, S, 7, 10, and 14
at the same resolution and distance using a digital single-lens re-
flex camera (Nikon D90, macro-lens SO mm, Tokyo, Japan), to
reduce errors. The photos were taken with a ruler placed next to
the wound to show the wound size. The quantitative assessment
of the wound size was based on the edge of the epithelialized
portion. The area was measured at the pixel level using the Im-
age] software program (National Institutes of Health, Bethesda,
MD, USA).

Measurement of the average number of blood vessels

On days 7 and 14, 16 mice were sacrificed, respectively, and 8
specimens were collected from each group. The samples, includ-
ing about 1 mm of normal skin from the edge of the wound (in-
cluding the epithelialized portion), were resected with a no. 15
blade. After resection of the center of the wound, hematoxylin
and eosin (H&E) staining was applied to 1 fragment and immu-
nohistochemical analysis was applied to another. The collected
samples were stored by freezing them at —70°C and fixed in 10%
formalin for 1 day in order to produce histopathology slides.
Thereafter, paraffin embedding was performed, the specimens
were sliced into 4-pm-thick parts, and H&E staining was applied
to produce tissue sample slides. To determine the number of

blood vessels, structures with the shape of the inner diameter of
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a blood vessel were observed with a microscope in each of the
different fields of 3 sites for each slide, at x 100 magnification.

Analysis of vascular endothelial growth factor
expresswn

Immunohistochemistry was performed to analyze vascular en-
dothelial growth factor (VEGF) expression. The VEGF signal
protein (1:1,000; Santa Cruz Biotechnology, Dallas, TX, USA)
was used as a mouse monoclonal antibody, with beta-actin
(1:1,000, Abcam, Cambridge, UK) used as a reference value an-
tibody. After dissolving the tissue samples in a sodium dodecyl
sulfate (SDS) sample and buffer solution, they were passed
through 10% polyacrylamide gel. Thereafter, they were passed
through a nitrocellulose membrane, and the first and second an-
tibodies were reacted. Immune protein analysis was performed
through chemical fluorescence analysis of the X-ray film, and
the size of the expressed band was determined by measuring the
area using the software program Image]. The values compared
to the reference value of beta-actin expression were used for rel-

ative comparison of the groups,

Statistical analysis

To compare the wound sizes, change rates, and numbers of
blood vessels at the different time points per group, 2-way re-
peated-measures analysis of variance (ANOVA) was conducted.
To determine if the difference between the groups at each time
point was significant, ANOVA tests were performed at each
time point, and post hoc tests were conducted using the Tukey
honest significant difference test. All statistical analysis was con-
ducted using SPSS ver. 14.0KO (SPSS Inc,, Chicago, IL, USA)
and R 3.1.3 (R Foundation for Statistical Computing, Vienna,
Austria), and the significance level was set at P < 0.0S.

RESULTS

Quantitative analysis of wound size

The initial wound sizes were similar across all groups. The
wounds of the mice in the combined-treatment group on day 3
were smaller than those of the mice in the PRP-only, hydrogel-
only, and control groups. On days 3, 5, and 10, the same results
were obtained, and on day 14, wound healing was complete in
the combined-treatment group, while the wounds of the mice in
the other groups remained (Fig. 3). In the quantitative analysis,
the differences in wound size between the combined-treatment
group and the 3 other groups on days 3, S, 7, and 10 were all sig-
nificant (P < 0.05). The differences in the changes in the wound
size were also significant (P < 0.05) (Table 1). For the PRP- and
hydrogel-only groups, the differences and changes in the wound
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Fig. 3. Gross appearance of the wounds

Time course of the gross appear- Control Hydrogel only PRP only Combined
ance of the wounds: control, hy- . :

drogel-only, PRP-only, and com-
bined-treatment groups. PRP,

platelet-rich plasma. Day 3

Day 5

Day 4

Day 10

Day 14

Table 1. Comparison of wound sizes in all groups with time progression

Category Measurement Comparison
At baseline Day 3 Day 5 Day 7 Day 10 Day 14 (P-value)
Wound size (pixel)
Control 129408 104.2+1.3%9 891799  701+32%9  46.9+60 246320 o <0001
Hydrogel-only 1275408 91.4+20° 7524 1.9° 55.1 4 3.49 38+ 4.59 1594267  Time, <0.001
PRP-only 1284407 86.5+ 1.5 68.1 1.7 459+ 2.0 315+3.0° 1614240  Interaction, <0.001
Combined 1284407 695+ 3.0 409+38 245423 66+17 15+05

These results were derived through 2-way repeated-measures ANOVA.

Values are presented as mean =+ standard deviation.

PRP, platelet-rich plasma; SE, standard error; ANOVA, analysis of variance; HSD, honest significant differences.

At each time point, a post-hoc comparison was made using the Tukey HSD test.

aGignificant difference with the combined treatment; "Significant difference with PRP-only; 9Significant difference with hydrogel-only.

size and were significant on days 3, S, and 7 compared to the ~ Measurement of the average number of blood vessels
control group, but they were not significant after day 10. The number of blood vessels was determined using an optical
microscope, and the changes were analyzed (Figs. 4, 5). After
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treatment, the differences in the average number of blood ves- to be significant in all groups (P < 0.05) (Table 2). The increase
sels in the 4 groups were found to be significant (P <0.05), and patterns were the same with regard to the number of blood ves-
the increase in the number of blood vessels over time was found sels in the 4 groups, but there was no difference due to the inter-

Fig. 4. Histologic findings on day 7

H&E, X 100. (A) Control group. (B) Hy-
drogel-only group. (C) PRP-only group.
(D) Combined-treatment group. PRP,
platelet-rich plasma. The black arrows
indicate the staining of the blood ves-
sels.

Fig. 5. Histologic findings on day 14

H&E, X 100. (A) Control group. (B) Hy-
drogel-only group. (C) PRP-only group.
(D) Combined-treatment group. PRP,
platelet-rich plasma. The black arrows
indicate the staining of the blood ves-
sels.
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action effect (P=0.747). In a comparison of the average num-
bers of blood vessels per area, the combined-treatment group
showed significant differences on days 7 and 14 compared to
the hydrogel-only and control groups, but showed no significant
difference compared to the PRP-only group. Compared to the
hydrogel-only and control groups, the PRP-only group showed
a significant difference on day 7, but only showed a significant
difference on day 14 compared to the control group.

Analysis of VEGF expression

The VEGF expression values were compared by measuring the
size of the band expressed through the projection of an X-ray
film using Image]. On day 7, the combined-treatment group
showed the highest value, which represented a 1.79-fold in-
crease compared to that of the control group. On day 14,2 1.97-

Table 2. Comparison of the average numbers of blood
vessels per unit area

Category Measurement Comparison
Day 7 Day 14 (P-value)
No. of blood vessels
Control 47 +0.2 52401 Group, <0.001
Hydrogel-only 51+0.1% 56+0.29  Time, <0.001
PRP-only 56+0.1 6.3+0.2 Interaction, =0.747
Combined 59+0.1 6.6+0.2

These results were derived through 2-way repeated-measures ANOVA.

At each time point, a post-hoc comparison was made using the Tukey HSD test.
Values are presented as mean = standard error.

PRP, platelet-rich plasma; ANOVA, analysis of variance; HSD, honest significant
differences.

aSignificant difference with the combined treatment; ®Significant difference with
PRP-only.
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fold increase was also observed. The PRP-only group showed a
1.46-fold increase on day 7 compared to the control group. On
day 14, a 1.93-fold increase was also observed, which did not
differ significantly from that of the combined-treatment group

(Fig.6).

DISCUSSION

The a-granules of PRP contain 7 major growth factors, includ-
ing 3 isomers of platelet-derived growth factor (PDGF-aa,
PDGF-af, and PDGF-fp), 2 isomers of transforming growth
factor- (TGF-B1 and TGF-2), VEGF, and epithelial growth
factor (EGF) [2]. They are secreted by activated platelets in the
process of wound healing, and each serves to promote wound
healing as a growth factor or cytokine [8]. PRP can be injected
into the base of the wound or applied directly to the wound. It
can promote activation of the physiological functions by sup-
plying a greater than normal amount of growth factors to the
damaged site, and can reduce the chance of infection, as well as
pain and blood loss [9].

Some clinical trials have reported that PRP is effective for
wound healing, but no evidence of its efficacy has been clearly
established [ 10]. A study reported that due to its short half-life,
the effect of PRP is weak, and it should be used within a certain
period of time after its production [ 11]. However, another study
reported that PRP has a sufficient effect if it is repeatedly applied
[12]. In such cases, repeated application of PRP imposes an in-
convenience, and there is a disadvantage in that the quality of
PRP (i.e., the concentration) may not be consistent. To over-

come this limitation, a study was conducted on increasing the

Fig. 6. Vascular endothelial growth factor expression

Fold intensity

Vascular endothelial growth factor expression was measured using a computer planimetry software program. The 4 graphs on the left pertain to
day 7, while the 4 graphs on the right pertain to day 14. VEGF, vascular endothelial growth factor; PRP, platelet-rich plasma.

VEGF expression

1.2
1.0

0.8 -
0.6 |-
04
0.2 |
0

Control  Hydrogel only PRP only
| Day 7 |

Combined

Control  Hydrogel only PRPonly  Combined
| Day 14 |
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action time and effect by utilizing a scaffold or vehicle along
with a bioactive substance such as PRP [13]; in particular, this
study aimed to investigate the effect by using hydrogel as a scaf-
fold.

Hydrogel generally refers to a 3-dimensional, hydrophilic,
high-molecular, reticular substance that can easily expand on ac-
count of its considerable degree of moisture. Hydrogel has re-
ceived much attention and has been extensively discussed in the
literature as a dressing formulation. It is in current use in clinics.
It comes in various types, including amorphous hydrogel, hy-
drogel-impregnated gauze dressing, and sheet hydrogel. Hydro-
gel dressing acts as a humectant, prevents the formation of a
scab by maintaining the water content of the wound, and pro-
motes wound healing in the center.

Hydrogel has a 3-dimensional structure, absorbs secretions
and foreign materials, and secures a space by dilating the poly-
mer chain cross-linking structure. Additionally, hydrogel does
not strongly adhere to the wound surface and does not cause ir-
ritation. It can also be easily removed, without pain. The bio-
degradation and cell adhesion of hydrogel can be controlled,
with superior biocompatibility, and it is mechanically adequate
for use as a soft-form bio-applicable scaffold. One study has re-
ported on its use as a combination treatment with biological
materials [ 14].

Since hydrogel has dual properties as a scaffold or vehicle due
to its 3-dimensional structure, previous studies have noted its
use for promoting the healing of soft tissue and bone defects by
the addition of other bioactive substances. The added substanc-
es have varied and include traditional antibiotic substances such
as povidone-iodine, collagen or antibiotics, PRP, polydeoxyri-
bonucleotide, and stem cells [14]. The hydrogel that was used
in this experiment was Purilon gel (Coloplast), an amorphous
gel consisting of natural materials with high biocompatibility,
such as purified water, sodium carboxymethylcellulose, and cal-
cium alginate; it is applicable to any type of wound.

The increased size and number of blood vessels are among the
factors important for wound healing, because blood vessels sup-
ply oxygen and nutrients to the tissues undergoing regeneration.
Various factors are known to induce angiogenesis [15], and
among them, VEGF is the most powerful angiogenic cytokine
secreted from platelets, macrophages, and fibroblasts. It diffuses
the vascular endothelial cells and increases vascular permeability
[16]. Thus, the abundant supply and maintenance of these fac-
tors can be helpful for wound healing, and a study has reported
that VEGF concentration alone induced accelerated in wound
healing [17].

This study showed that wound healing was significantly accel-
erated in the combined-treatment (PRP and hydrogel) group
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compared to the PRP- and hydrogel-only groups. The degree of
wound healing acceleration in the PRP-only group was signifi-
cant compared to the control group, but there was no significant
difference between the PRP- and hydrogel-only groups in this
regard. Additionally, in the analysis of the number of blood ves-
sels per unit area, the differences and changes in the number of
blood vessels were significant in the combined-treatment group
compared to the control and hydrogel-only groups on days 7
and 14. In the PRP-only group, significant differences were ob-
served on days 7 and 14 compared to the control group, and on
day 7 compared to the hydrogel-only group. Therefore, it can be
said that the application of PRP accelerated angiogenesis. More-
over, while there was no significant difference in the hydrogel-
only group compared to the control group, an increase in the
overall number of blood vessels was observed. Thus, it is
thought that angiogenesis was promoted by the cell migration
due to the humid environment of the hydrogel. The effective re-
sults in the combined-treatment group are thought to have been
due to the fact that hydrogel served as a scaffold to increase
maintenance and expression, promoted angiogenesis, and fur-
ther accelerated wound healing. In addition, in the analysis of
the VEGF expression on the wound surface using immunobhis-
tochemistry, the most greatly increased values were observed on
days 7 and 14 in the combined-treatment group. Since hydrogel
acts as a scaffold for PRP, it increased the expression of growth
factors and helped in the maintenance and acceleration of
wound healing.

There are limitations to this study. Since the wounds were lo-
cated in 2 different areas (in the head and tail of each mouse, re-
spectively) the wound locations did not exactly match for each
experimental group. This introduces a potential bias due to the
fact that differences in the movement of the head and tail at dif-
ferent wound locations can affect the healing of the wound.
However, the distance between these 2 areas was within 10 mm,
with wounds largely located in the dorsum and central portions,
and we believe this limitation is unlikely to have significantly af-
fected the results. Further work including quantitative analysis
and measurement is required to accurately assess the effects of
VEGF expression. Although H&E staining was used in our
study, another important way of identifying the number of
blood vessels generated would be through the use of CD31
staining, which would provide a potential area for further re-
search.

In this study, the application of PRP-hydrogel combination
therapy resulted in more effective wound healing acceleration. It
is thought that hydrogel acted as a scaffold for the growth factor,
which led to an increase of the expression of growth factors and

angiogenesis.
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