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A B S T R A C T   

Although employed to release growth factors (GFs) for regenerative medicine, platelet-rich plasma (PRP) has 
been hindered by issues like burst effect. Based on collagen sponge scaffolds (CSSs) modified with polydopamine 
(pDA), a novel dermal regeneration template (DRT) was designed. However, whether it could efficiently deliver 
PRP and even foster wound healing remained unclear. In this work, after PRP was prepared and pDA-modified 
CSSs (pDA-CSSs) were fabricated, microscopic observation, GFs release assay and in-vitro biological evaluations 
of pDA-CSSs with PRP (pDA-CSS@PRP) were performed, followed by BALA-C/nu mice full-thickness skin defects 
implanted with pDA-CSS@PRP covered by grafted skins (termed as a One-step strategy). As a result, scanning 
electron microscope demonstrated more immobilized platelets on pDA-CSS′ surface with GFs’ controlled release 
via enzyme-linked immunosorbent assay, compared with CSSs. In line with enhanced in-vitro proliferation, 
adhesion and migration of keratinocytes & endothelial cells, pDA-CSS@PRP were histologically revealed to 
accelerate wound healing with less scar via rapid angiogenesis, arrangement of more mature collagen, guiding 
cells to spread, etc. In conclusion, pDA-CSSs have potential to serve as a novel DRT capable of delivering PRP, 
which may foster full-thickness skin defect healing by means of a One-step strategy.   

1. Introduction 

As the largest organ of the body, the skin (consisted of epidermis, 
dermis and its appendices), acts as an important barrier against the in
vasion of foreign microorganisms, and has the functions of immunity, 
thermoregulation and metabolic activities [1]. Skin defects resulting 
from burns, chronic diseases, trauma, tumor resection, etc. often cause 
water-electrolyte imbalances and microbial invasion, threatening peo
ple’s lives. Autografts, particularly split-thickness skin graft (STSG) or 
skin flap transplantation are considered to be important managements 
for aiding full-thickness skin defects [2,3]. Due to the disadvantages (e. 
g., complicated operation, severe damage to the donor area, bloated 
appearance, high failure rate, etc.), skin flap transplantation is not as 
widely used in clinical practice as skin grafts [4]. However, despite the 

better take-in in the early stage, skin grafts lacking sufficient dermal 
matrix, are often hindered by uncontrollable scar hyperplasia, lower 
mechanical resistance, etc. in the later phase, leading to graft failure or 
severe scar formation, which seriously affects the local appearance and 
functions [5]. How to avoid severe scar hyperplasia and contracture in 
the later phase is a key difficulty needing to be overcome in skin 
grafting. 

Whether the skin graft has sufficient blood supply is the main factor 
affecting the quality of the skin graft [6]. Platelet-rich plasma (PRP) is a 
high-concentration platelet-oriented plasma obtained from animal or 
human whole blood via centrifugation [7], which typically 3- to 7-fold 
the mean platelet concentration in whole blood. Containing α-gran
ules, platelets secrete several growth factors (GFs) after being activated, 
such as transforming growth factor-β (TGF-β), platelet-derived growth 
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factor (PDGF), vascular endothelial growth factor (VEGF), etc [8,9]. 
These GFs and other proteins (such as adhesion molecules and chemo
kines) interact with the local environment to promote cell differentia
tion and proliferation, which are responsible for re-epithelization and 
angiogenesis via mesenchymal cell recruitment and extracellular matrix 
synthesis [8,10]. Nevertheless, PRP is limited due to burst release and its 
short half-life, i.e., 95% of these GFs are secreted within an hour, quickly 
dilute and decay into the tissue fluid [11,12]. In this case, although 
secreted GFs promote angiogenesis and fibroblast maturation, this 
release process will inevitably cause numerous wastes of GFs. In prac
tice, how to avoid the burst release and reduce the waste is a hot issue 
that needs to be addressed during the use process. 

In the past decades, numerous bi-layer dermal substitutes have been 
developed and applied for the management of full-thickness skin de
fects, such as Alloderm® [13,14], Integra® [15,16], Pelnac® [17] and 
Lando®, of which the low-layer porous collagen sponge scaffold (CSS) 
function as dermal regenerate template (DRT). Being the main protein of 
the extracellular matrix, collagen has excellent biocompatibility low 
immunogenicity [18]. Moreover, collagen scaffold has attracted the 
most attention due to the sustained drug release properties [19]. The 
previous studies have demonstrated that the CSS have surface that can 
be functionalized, of high porous structure to provide a biomimetic 
three-dimensional microenvironment, possessing the ability to host drug 
molecules to sustain drug release [20]. On the other hand, the porous 
structure guide inward proliferation and migration of fibroblasts and 
endothelial cells, which promotes granulation tissue and angiogenesis 
for wound healing with less scar [21,22]. However, the second-step skin 
graft surgery is usually performed two to three weeks after CSS im
plantation [23], which increases the patients’ pain and prolongs the 
patients’ hospital stay. One-step skin grafting requires the dermal sub
stitute and a STSG to be covered on the wound at the same time. The 
existence of non-vascular active dermal substitute may hinder the sur
vival of the graft [24]. 

It is known that functional surface coatings mediate the cell− surface 
interaction between tissues and biomaterials, which provided alterna
tive strategies for the improvement of bioactivities [25,26]. Polydop
amine (pDA) inspired by mussels has biocompatibility with low 
cytotoxicity and improves the adhesion properties of biomaterials 
modified [27]. Under alkaline ambient conditions, dopamine (DA) 
dispersed in moisture and oxygen is susceptible to self-polymerize into 
pDA through covalent bonding, hydrogen bonding, π− π interactions, etc 
[28,29]. The functional groups of pDA such as amine, imine and cate
chol functionalities enable pDA to be a highly reactive substance which 
can adhere to a variety of materials’ surface, including metals, hydrogel, 
ceramics, polymers and even Teflon [30,31]. Numerous previous studies 
have demonstrated pDA to have surface immobilization of biologically 
active molecules. For instance, after synthesizing PDA-coated gold NPs, 
Liu et al. [32] investigated their biocompatibility and stability in vivo. 
And Chen et al. [33]. applied pDA in three-dimensional (3D) printing 
technology to fabricate porous degradable bone repair scaffolds. In 
particular, pDA has great potential as surface coating strategy to avoid 
initial burst effect onto various drug delivery matrices [34–36]. 

Herein, we hypothesized that CSSs coated with pDA (pDA-CSSs) 
might display improved outcomes for skin wound healing. To confirm 
this, pDA-CSSs were fabricated and subsequently characterized via 
micromorphology and in vitro biological evaluations. Furthermore, a 
nude mouse model with full-thickness skin defects was established, and 
pDA-CSSs delivering PRP was applied to repair the defects with a full- 
thickness skin graft (as a One-step surgical procedure). This novel 
scaffold’s DRT function and drug delivery efficiency in vivo would be 
further evaluated. 

2. Materials and methods 

2.1. Fabrication of CSSs 

Unlike the bilayer artificial dermis commercially available, the CSSs 
were a single-layer structure (without a silicone layer) consisted of 
collagen and polysaccharides, which were fabricated as reported pre
viously [37]. Briefly, type I collagen derived from bovine tendon was 
selected in the whole process, and a collagen solution was prepared with 
the addition of a mass fraction of 0.6% chondroitin sulfate. After being 
poured into special molds and dried by a freeze dryer, the mixture was 
then subjected to thermal cross-linking at 105 ◦C under vacuum, fol
lowed by another freeze-dry to obtain the desired CSSs. Micromor
phology observation was conducted via Scanning Electron Microscope 
(SEM; TM3030, HITACHI). 

2.2. Fabrication of pDA-CSSs 

After dopamine hydrochloride (2 mg/mL) was dissolved in 10 mM 
Tris-HCl (pH 8.5), hydrated CSSs were immersed in the oxygen- 
containing solution to be modified in a horizontal rotation mode (50 
rpm, 12 h) at room temperature [38]. Next, the pDA-coated samples 
were ultrasonically rinsed with deionized water 10 times (for 5 min each 
time), and clean pDA-CSSs sterilized by irradiation were air tightly 
stored in phosphate-buffered saline (PBS). SEM (MIRA3, TESCAN; 
TM3030, HITACHI) and Atomic Force Microscope (AFM; Dimension 
ICON, BRUKER) were employed to observe the microstructure with 
unmodified CSSs as a control. 

2.3. Isolation of PRP from Bama miniature pig 

All procedures were in line with the Institutional Animal Care and 
Use Committee (IACUC) and were approved by the Animal Experi
mentation Ethics Committee of Nanfang Hospital. One male Bama 
miniature pig (weighing ~ 40 kg) was anesthetized with isoflurane 
(Sevorane®; Abbott AG, Baar, Switzerland) in oxygen applied by the 
facemask. Skin patch was shaved, washed with sterile physiological 
saline, wiped dry with sterile gauze and disinfected with iodophor [39]. 
A total of ~180 mL of whole blood was collected from the jugular vein 
and quickly dispensed into a test tube containing 1 mL of sodium citrate 
(10% volume fraction) as an anticoagulant. After the blood was firstly 
centrifuged at 300 g for 10 min as previously reported [40,41], the 
upper layer (platelet-poor plasma, PPP) and the middle buffy-layer 
(containing platelets & leukocytes) were together pipetted out into 
another tube for further centrifugation (1000 g, 10 min). The bottom 
layer in white was suspended with modest PPP to obtain PRP, tempo
rarily stored at 4 ◦C. 

2.4. PRP adhesion and characterization of immobilization efficiency of 
platelets 

In order to enable PRP fully contact with the scaffolds, the adhesion 
process was carried out by uniformly rotating and mixing. Briefly, the 
pDA-CSS were immersed into PRP and mixed in a horizontal rotation 
mode (50 rpm, 12 h) at room temperature (like the modification of pDA- 
CSSs above). These scaffolds were then rinsed twice with PBS to remove 
unattached platelets. To characterize the immobilization efficiency of 
platelets, the pDA-CSSs were also fixed in 2.5% glutaraldehyde for 2 h, 
followed by being rinsed again with deionized water three times. Then 
the samples were dehydrated in ethanol in a medium gradient: 50%, 
70%, 80%, 90%, 100%, 100%, each gradient was 15min. The dehy
drated samples were then transferred in a refrigerator at − 86 ◦C and 
underwent lyophilization in a freeze dryer for 12 h. After each sample 
was fixed on an aluminum sample platform and sputter-coated with a 
thin layer of gold under vacuum via a sputtering machine (JS-17085, 
KYKY), SEM (HITACHI TM3030) was employed to observe platelets 
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immobilized on pDA-CSSs’ surface with CSSs (unmodified) as a control. 

2.5. In vitro GFs release assay 

Enzyme-linked immunosorbent assay (ELISA) was applied to quan
tify the GFs’ release profiles, such as that of VEGF (n = 5) and PDGF-BB 
(n = 5). By means of the adhesion of PRP introduced above, the pDA-CSS 
with PRP (pDA-CSS@PRP) was prepared. Rapidly, the release of the 
VEGF and PDGF-BB from the pDA-CSS@PRP (immersed in 500 μL PBS) 
at 6, 12, 24, 48, 72, and 96 h after the activation with 4% CaCl2 (at a 
ratio of 7:1 to the buffer, 37 ◦C) was evaluated using VEGF and ELISA 
kits (R&D Systems, USA). Single PRP and CSSs with PRP attached 
(CSS@PRP) served as controls. 

2.6. In vitro cell viability 

2.6.1. Cell proliferation and adhesion 
HUVECs and HaCaT cells were respectively seeded on each group of 

scaffolds in a 96-well plate at a density of 105 cells/mL, and cultured at 
37 ◦C for 7 days, with medium exchange culture every 1–2 days. On day 
7 of culture, the samples were taken out of the incubator, underwent two 
washes with PBS and 20-min fixation with 4% paraformaldehyde at 
room temperature. After the fixative was washed off with PBS, the cells 
were sequentially penetrated with 0.1% Triton X-100 (REF# V900502, 
Sigma) and blocked with 1% bovine serum albumin (BSA; REF# 
V900933, Sigma). Subsequently, 5 μg rhodamine-labeled phalloidin 
(P1951, Sigma) and the 4’, 6-diamidino-2-phenylindole (DAPI; REF# 
D9542, Sigma) solution were utilized to stain the cytoskeletons and the 
cell nuclei in a dark room, respectively. Finally, a laser scanning 
confocal microscopy (LSCM; SP8, Leica) was used to obtain images of 
cell proliferation and adhesion at 405/552 nm, with five fields being 
recorded each sample. 

2.6.2. Scratch wound assay 
For the scratch wound assay, HaCaT cells and HUVECs were plated 

into 6-well plates at 5 × 105 cells/well (3 replicates per group) and 
incubated until the confluence in a 37 ◦C incubator. Then the pipette tip 
was used to make a scratch on the cell layer at a constant speed on the 
back of the plate. After 3 washes with PBS, 24-mm inserts (3 μm pore 
polyester membrane, REF# 3492, Corning) were placed into 6-well 
plates (REF# 3492, Corning), and pDA-CSS@PRP, CSS@PRP, CSS 
were transferred onto the inserts. Subsequently, serum-free medium was 
added to the plates until the scaffolds could be totally immersed. The cell 
migration of each group was photographed and recorded at 0 h, 6 h, 12 
h, 24 h, 48 h. Cell migration area was calculated using the following 
formula: Migration Rate (MR) (%) = (R0 – Rn)/R0 × 100%, of which R0 
represents the area of initial scratch area, Rn represents the remaining 
unclosed scratch area. 

2.7. In vivo wound healing in a full-thickness skin model 

In keeping with the ethical standards of the IACUC, this study was 
approved by the Animal Experimentation Ethics Committee of Nanfang 
Hospital, Southern Medical School, China. Efforts were made to mini
mize animal suffering and the number of rodents utilized in this study. 
Male BALA-C/nu mice (n = 30, weighting 20–24 g) were purchased 
from the Experimental Animal Center of Southern Medical University. 
And these animals with free access to standard food and water were 
maintained in a specific pathogen-free environment (22 ± 2 ◦C) with a 
12-h light/dark cycle. 

After one-week adaptation to the environment before the launch of 
experiment, the animals were randomly divided into four groups based 
on the different grafts employed to the wound bed: pDA-CSS@PRP, 
CSS@PRP, CSS and Normal Saline (NS, as a blank control). Above all, 
these mice were placed in an induction chamber with isoflurane (3% in 
O2 at 0.6 L/min) to induce anesthesia. Then, the mouse was immediately 

transferred onto a heating pad (at 38 ◦C setting) in a prone position with 
the limbs stretched. Meanwhile, the gas flow was reduced to 0.3 L/min 
for maintenance of general anesthesia with a nose cone. Two round full- 
thickness excisional wounds with a diameter of 12 mm were created on 
the dorsum with iris scissors under sterile surgical conditions. By 
removing the deep partial dermis and panniculus carnosus away, the 
excised skins were trimmed into full-thickness skin grafts, stored in sa
line gauze for later use. In order to compare different groups on the same 
individual, various interventions were cross-paired and implanted into 
two wound beds, covered by full-thickness skin graft with intermittent 
suture. Silicone rings were fixed around the wound to prevent wound 
contraction (Scheme 1). One Vaseline gauze, gauze ball and sterile 
dressing (REF# 1624w, 3 M Healthcare)were applied on top of the skin 
grafts in sequence to provide appropriate pressure and prevent 
scratching, with external dressings replaced every other day. 

2.8. Survival, contraction and capillary density of skin grafts 

On postoperative day 3, 5, 7, 14 and 21, six mice (a total of twelve 
wounds, each group in triplicate) were randomly sacrificed by carbon 
dioxide inhalation. The wound sites were photographed with a digital 
camera and quantified using Image J software (version 1.50i). The skin 
graft survival was expressed by using the following formula: Wound 
healing rate = [1- (Unhealed skin graft size/Traced area size)] × 100%. 
On day 21, the margin of each grafted skin was also carefully traced to 
assess the skin graft contraction, which was calculated as followed: 
Wound shrinkage rate = [1- (Traced area size/Original wound size)] ×
100%. 

With the purpose of morphologically recording the generated blood 
vessels, the grafts and surrounding tissues were harvested to be flattened 
on a transparent petri dish. A white light source is set from the bottom of 
the petri dish to illuminate the samples, so that the blood vessels were 
easily visible, which were photographed and recorded. All samples were 
then fixed in 4% paraformaldehyde at 4 ◦C, followed by dehydration 
through series of ethanol wash, and then embedded in paraffin. 

2.9. H&E and Masson’s trichrome staining 

Paraffin-embedded samples which were cut into slices with 4 μm 
thickness in cross-section were utilized for histological staining. After 
dewaxation and rehydration, Hematoxylin and eosin (H&E) staining and 
Masson’s trichrome staining were conducted to histologically measure 
the number of new blood vessels, thickness of the granulation tissue and 
the deposition of collagen following the manufacturer’s (Sigma). Images 
were taken via an automatic section scanner (C10730-12, HAMA
MATSU). Vascularization of samples was evaluated by counting the 
capillaries in 5 fields of each H&E section, performed by two blinded 
reviewers. Thickness of the granulation tissue and collagen density & 
deposition were measured by analyzing images using ImageJ as 
described previously [42]. 

2.10. Immunohistochemistry of CD31 and Ki67 

To further evaluate angiogenesis and cell proliferation in wound 
tissue, immunohistochemistry of CD31 and Ki67 were employed, 
respectively, of which the treatments were carried out in accordance 
with the established method [43,44]. Briefly, after undergoing these 
processes such as deparaffinization, rehydration and antigen retrieval, 
sections were incubated by Hydrogen peroxide block and Protein block 
in turns. Immunohistochemical staining was performed using primary 
antibodies against CD31(1:25; REF# ab28364, Abcam) and Ki67 
(1:2000; REF# ab15580, Abcam) at 4 ◦C overnight, followed by sec
ondary antibody. Angiogenesis and cell proliferation were evaluated by 
counting the number of brown-labeled vessel-like structures and 
brown-labeled nuclei, respectively. Images were acquired with an 
automatic section scanner from five fields of each section and the 
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quantification were performed using ImageJ software. 

2.11. Statistical analysis 

All quantitative data were recorded with SPSS software (version 
23.0, IBM Corporation) and presented as mean ± standard deviation. 
Statistical comparisons between groups were performed using Inde
pendent Student’s t-test or one-way ANOVA when appropriate. Values 
of P < 0.05 (*) and P < 0.01 (**) were considered statistically signifi
cant, and ns indicated not significant. 

3. Results 

3.1. Characterization of pDA-CSS 

In this experiment, CSSs are different from the artificial dermis 
commercially available in that they are a single layer scaffold mainly 
composed of collagen I extracted from bovine tendon. After being pre
pared, the scaffolds were transferred to dopamine solution to allow the 
spontaneous oxidative polymerization of dopamine to form the pDA- 
CSSs. 

The SEM images at low magnification (Fig. 1I) manifested that these 
pDA-coated CSSs retained a porous network structure like CSSs without 
modification, meaning the original structure was not destroyed upon the 
introduction of pDA. Allow for the surface morphology and roughness of 
materials play an important role in changing the cell-scaffold interaction 
[45], the three-dimensional microstructure of pDA-CSSs and CSSs were 
further observed by SEM at high magnification and AFM. In line with the 
SEM at high magnification (Fig. 1, II & III), AFM revealed the micro
morphology of unmodified CSS was homogenous and slightly rough 
whereas the roughness considerably increased for the pDA-CSS in 
which, moreover, the presence of randomly distributed self-polymerize 
particles could be clearly observed. 

3.2. Microscopic observation of PRP immobilized on pDA-CSSs 

The whole blood was separated by a two-step centrifugal separation 
method to prepare PRP, and the concentrated platelets were immobi
lized on the surface of pDA-CSS. Compared with unmodified CSSs, SEM 
images (Fig. 2I) demonstrated more PRP (or platelets) were immobilized 
onto the pDA-CSSs, which means pDA modification could significantly 
increase the loading of PRP (or platelets) on the biomaterial. 

Scheme 1. Schematic overview of the preparation of polydopamine-modified collagen sponge scaffold with platelet-rich plasma (pDA-CSS@PRP) and bio
application. (I) The preparation of CSS. (II) The CSS is combined with PRP promoting the release of GFs. (III) The pDA-CSS@PRP and STSG transplanted by One-step 
to accelerate full-thickness skin defect wound healing. 
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Interestingly, some platelets attached to the pDA-CSS were seen to be 
activated, which was attributed to the tight connection to CSS and the 
further interaction with collagen, as previously reported [46]. 

3.3. Growth factors release detection 

The release of VEGF and PDGF-BB from the PRP, CSS@PRP, and 
pDA-CSS@PRP groups were evaluated with ELISA. The PRP group had 
an immediate release of VEGF and PDGF-BB in the first 6 h after which 
the release decreased rapidly, no subsequent release after 72 h for VEGF 
and after 48 h for PDGF-BB. In contrast, the pDA-CSS@PRP group 
released a relatively high amount of both GFs and showed a prolonged 
release (P < 0.05). Following incubation for 96 h, the VEGF still main
tained at 34.5% of its peak in the pDA-CSS@PRP group, and 5.6% of its 
peak in the CSS@PRP group. In line with that of VEGF, the release of 
PDGF-BB in pDA-CSS@PRP group displayed the same trend (P < 0.05), 
and a maintained release of 7.7% of its peak was found until 96 h. 

3.4. In vitro cytological evaluation 

3.4.1. Cell adhesion and proliferation 
In order to prove the effect of these different scaffolds on cell 

adhesion and proliferation, the cytoskeleton was stained with Alexa 
Fluor 564 Phalloidin, and the nucleus was stained with DAPI for 
immunofluorescence observation [22]. As showed in Fig. 3I, the seeded 
cells adhered firmly to the scaffolds in each group on day 7, a typical 
cobblestone morphology was clearly observed to represent HaCaT cells 
and a polygonal morphology to represent HUVECs. In addition, more 
cells had fully spread inside the pores of pDA-CSS@PRP and closely 

packed together, which indicated that better promotion of cell adhesion 
and proliferation were achieved than unmodified CSSs with or without 
PRP (P < 0.05). 

3.4.2. Cell migration 
In-vitro cell migration was evaluated based on HUVECs and HaCaT 

cells and the results are displayed in Fig. 4. At 24 h after scratching, 
HaCaT cells cultured in the presence of pDA-CSS@PRP exhibited a 
significantly increasing migration rate (Fig. 4II, P < 0.05), and the cells 
on both sides have contacted each other. At 48 h, the gap between 
HaCaT cells of CSS@PRP was also closed (Fig. 4I). The migration rate of 
HUVECs in the pDA-CSS@PRP, CSS@PRP and CSS groups at 6 h was 
36.7 ± 0.47%, 26.91 ± 0.24% and 15.44 ± 0.35%, respectively, which 
was statistically significant (Fig. 4Ⅳ, P < 0.05). The HUVECs intercel
lular space was closed after 24 h in the pDA-CSS@PRP group, while that 
in the CSS@PRP group was closed after 48 h (Fig. 4III). The result 
demonstrated that pDA-CSS@PRP indeed played an important role in 
improving the migration of both HUVECs and HaCaT cells. 

3.5. In vivo wound healing in a full-thickness skin model 

In order to further evaluate the application of wound healing, full- 
thickness dorsal wounds were performed to confirm the positive ef
fects of pDA-CSSs with PRP adhered as a wound dressing in vivo. We 
choose to transplant two different scaffolds on the same mouse and use 
the same breeding conditions to exclude the influence of individual and 
external factors on the experimental results (Fig. 5I). 

In Fig. 5 (II-Ⅳ), the repaired skin was clearly distinguished from the 
surrounding normal skin because of the suture knots. After 5 days of 

Fig. 1. Microstructure of pDA-CSS and CSS. (I) SEM images of CSS and pDA-CSS at low magnification. (II) Ultrastructure characteristics of CSS by AFM and SEM. (III) 
Ultrastructure characteristics of pDA-CSS by AFM and SEM. The self-assembled pDA was pointed by a yellow arrow. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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treatment, the skin survival rate of pDA-CSS@PRP, CSS@PRP, CSS and 
blank control were 41.01 ± 2.81%, 33.10 ± 2.82%, 26.18 ± 5.02% and 
29.57 ± 0.49%, which showed a significant increase of early survival in 
the pDA-CSS@PRP group (P < 0.05). On day 7 and 14, it was observed 
that the full-thickness skin graft in the pDA-CSS@PRP group appeared a 
pink and dry surface with an indistinctive wound edge, while that of CSS 
exhibited a more exudate appearance. Quantification of the skin survival 
rate indicated significantly rapid healing rate of the pDA-CSS@PRP 
treatment (P < 0.01). Finally, on day 21, the wounds in pDA- 
CSS@PRP and CSS@PRP groups were almost completely healed 
(95.84 ± 1.90% and 84.53 ± 3.69%), displaying a morphological 
appearance closer to the original uninjured tissue, which suggested that 
PRP could enhance the cutaneous wound healing, and pDA modification 
furtherly enlarged this therapeutic effect (P < 0.01). Notably, though 
without statistical significance, the wound shrinkage rate in the blank 
control group (19.72 ± 3.84%) was more higher than that in the three 
scaffold groups (14.63 ± 2.93 for pDA-C@PRP, 14.63 ± 3.39% for 
CSS@PRP and 16.94 ± 3.13% for CSS) after 21 days of treatment 
(Fig. 6), which might be attached great importance to the DRT as pre
viously reported [2]. 

3.6. Histology analyses 

3.6.1. Cellularity and vascularization via H&E staining 
To further distinguish the ultimate survival’s quality of full-thickness 

skin grafts in each group, the tissue specimens were harvested for the 
histological analysis via H&E staining on day 21. Fig. 7I showed a whole 

morphology with enlarged cross-sectional images of skin grafts and 
scaffolds. According to the whole morphology, the full-thickness skin 
grafts in each group all survived well on day 21, and no obvious gap was 
observed between the skin graft and the regenerative tissue. In pDA- 
CSS@PRP and CSS@PRP groups, new blood vessels and fibrous struc
ture were distributed almost along the edge of the scaffolds, with little 
obvious necrotic tissue occurring, while plenty of inflammatory cells 
had infiltrated into the graft’s dermis in the CSS group and surrounded 
the degenerated or coagulated necrotic hair follicles. 

As presented in Fig. 7II, the thickness of newly formed granulation 
tissue in pDA-CSS@PRP (98.65 ± 34.35 μm) was thicker than that in 
CSS@PRP (61.88 ± 14.91 μm), CSS (44.69 ± 13.57 μm) and black 
control group (25.58 ± 6.57 μm) (P < 0.05). And the quantification of 
new blood vessels in the pDA-CSS@PRP group was also significantly 
demonstrated higher than the other three groups (Fig. 7III, P < 0.05). In 
skin graft layer, more neovascularization was further noticed in the 
pDA-CSS@PRP group with less inflammatory cell infiltration and 
necrotic tissue, distinguished from the CSS. In addition, it was seen from 
the magnified view of the scaffold layer that more fibroblasts and 
extracellular matrix proliferated and infiltrated into pDA-CSS delivering 
PRP with desired neovascularization, instead of successively decreasing 
spreading cells in CSS@PRP and CSS in turns. 

3.6.2. Collagen deposition and maturation via Masson’s trichrome staining 
Masson’s trichrome staining and analysis were used to describe the 

collagen deposition and maturation in wounds. As displayed in Fig. 8, 
aniline blue dye was utilized to labeled collagen (in blue), whose 

Fig. 2. Characterization of pDA-CSS@PRP. (I) SEM of pDA-CSS@PRP and CSS@PRP. (II) Release profiles of VEGF. (III) Release profiles of PDGF-BB.  
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maturity and accumulation were positively correlate with and the de
gree of color. And notable histological observations are highlighted at 
high magnification (Fig. 8II). To be brief, dense and thick collagen in the 
pDA-CSS@PRP group was easily observed with a deeper blue color and 
the regular arrangement, while some blank areas conversely remained 
without collagen filling in other groups, especially in the blank control 
group, which was verified in statistical data of the collagen index (CI; the 
intensity of collagen fibers accumulation [42], Fig. 8III). Obviously, the 
pDA-CSS@PRP group exhibited increasing mature collagen with 
well-organized deposition compared to other groups, while the disor
derly immature state of collagen in blank control group might contribute 
to scar hyperplasia and shrinkage. 

3.7. Immunohistochemistry 

3.7.1. Angiogenesis 
Angiogenesis plays a vital role in the entire wound healing process 

because blood vessels provide progenitor cells, oxygen and nutrients to 
maintain the proliferation and remodeling of cell tissues. Vascular 
endothelial cells were marked by CD31 to confirm the degree of tissue 
neovascularization [6]. On postoperative day 21, the pDA-CSS@PRP 
group displayed greater amounts of new blood vessels with stronger 
branches under the full-thickness skin graft (Fig. 9, I & II). For further 
histological evaluation, CD31 immunohistochemistry staining demon
strated the pDA-CSS@PRP group possessed increasing 

neovascularization [50 ± 8/(high power field, HPF)] compared with the 
CSS@PRP group (36 ± 4/HPF), CSS group (16 ± 4/HPF) and blank 
control group (27 ± 6/HPF) (Fig. 9III, P < 0.05). 

3.8. Cell proliferation 

Ki67 is a nuclear antigen expressed in proliferating cells, which 
makes cells in the proliferation cycle appearing brown [47]. In the 
process of wound healing, various types of cells are involved at different 
stages, including keratinocytes, endothelial cells, fibroblasts, inflam
matory cells, etc. [48], which were labeled by immunohistochemistry 
staining for Ki67 in this experiment. As illustrated in Fig. 10I, the layer 
of full-thickness skin grafts (blue box) and scaffold edge (red box) were 
selected for partial magnification observation. In accordance with the 
edge of the scaffolds, more proliferating cells in the skin grafts were 
demonstrated in the pDA-CSS@PRP group than others. Quantitatively, 
cell proliferation was the most active in the pDA-CSS@PRP (172 ±
45/HPF), followed by CSS@PRP (68 ± 16/HPF), blank control (18 ±
8/HPF) and CSS (34 ± 12/HPF), which was statistically significant 
(Fig. 10II, P < 0.05). What’s more, another significant increase of Ki67 
positive cells were also observed in the scaffold of pDA-CSS@PRP 
(Fig. 10III, P < 0.05), which implied its better promotion for skin 
repair related cells’ adhesion and proliferation, in keeping with in-vitro 
cytological evaluation above. 

Fig. 3. Cell adhesion and proliferation in vitro. (I) Immunofluorescence staining of HaCaT and HUVEC in different groups. (II) Quantitative statistics of fluorescence 
intensity per field (*P < 0.05). 
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Fig. 4. Scratch assay to detect the migration of HaCaT cells and HUVECs. (I) The migration state of HaCaT. A, B and C indicate pDA-CSS@PRP, CSS@PRP and CSS, 
respectively. (II) Quantification of HaCaT migration rate. (III) The migration state of HUVEC. (Ⅳ) Quantification of HUVEC migration rate (*P < 0.05). 
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4. Discussion 

Full-thickness skin defects caused by severe trauma, extensive burns 
and other reasons are common clinical disorders, their spontaneous 

healing is a dynamic and multi-stage process including inflammation, 
angiogenesis, matrix deposition and cell recruitment [49,50]. And there 
are multiple kinds of cells involved, including keratinocytes, endothelial 
cells, fibroblasts, inflammatory cells, etc [48]. Generally speaking, the 

Fig. 5. Macroscopic wound healing evaluation. (I) 
Schematic diagram of the application of different 
scaffolds in mouse wounds. (II) Representative im
ages of survival status of full-thickness skin grafts at 
each time point post wounding. A, B, C and D indi
cate pDA-CSS@PRP, CSS@PRP, CSS and blank con
trol, respectively. The edges of unhealed wounds 
were circled in yellow dotted lines. (III) Schematic 
diagram of unhealed wound edges of the four groups 
on day 0, 7 and 21 post wounding. (Ⅳ) Quantifica
tion of wound healing rate (*P < 0.05, **P < 0.01). 
(For interpretation of the references to color in this 
figure legend, the reader is referred to the Web 
version of this article.)   

Fig. 6. Wound shrinkage of mice on days 21 post-operation. (I) Macroscopic images of wound shrinkage in different groups. (II) Quantitative statistics of wound 
shrinkage rate (*P < 0.05). 
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conventional treatment is to debride the wound and then perform skin 
grafting or skin flap transplantation after the wound granulation tissue 
grows well [2]. Compared with skin flaps transplantation, skin grafts 
have the distinctive advantages of less damage to the donor site and easy 
operation [4]. However, due to the lack of sufficient dermal matrix, skin 
grafts are easily hindered by uncontrollable scar hyperplasia, lower 
mechanical resistance, etc. in the later phase [51]. The development and 
application of skin tissue engineering may improve the skin graft 
treatment to a certain extent. 

PRP has been reported to be a stocking source for various GFs (e.g., 
PDGF, IGF-1,VEGF, FGF-2, etc.), which stimulate neo-angiogenetic 
vascularization and various activities of fibroblasts [52]. VEGF is 
accepted as the principle stimulatory factors of angiogenesis. PDGF, 
capable of enlarging blood vessels and forming mature vessels, is a 
powerful chemoattractant for fibroblasts and smooth muscle cells. 
Increasing attention has been attracted for wound healing by PRP 
treatments, including PRP combined with mesenchymal stem cells (like 
adipose-derived stem cells) or stromal vascular fraction [53,54]. Based 
on an in-vitro and in-vivo evaluation of a bio-functionalized scaffold 

containing PRP and hyaluronic acid, Pietro Gentile et al. demonstrated 
its regenerative potential in chronic ulcers, with increased epidermal 
proliferation and dermal renewal [52]. Thereafter, they also reported 
in-vivo/in-vitro results obtained with different Kits to isolate autologous 
human activated or non-activated PRP, with the aim of meeting 
consensus quality criteria [55]. Nevertheless, application of PRP is 
currently limited by the short half-life period and the burst release 
(causing low concentration of GFs in situ) [12]. It is necessary to find 
solutions to improve the clinical application of PRP. 

Artificial dermis is a commercially available bi-layer scaffold 
(including the silicone layer and the collagen-based layer), which has 
been widely applied in various full-thickness skin defects. The porous 
structure and suitable pore size of the lower layer (that is the CSS, 
termed as a DRT) promote cell adhesion and diffusion, and the 
connection of pores plays an key role in nutrient transportation and 
vascularization, significantly reducing contracture and scar formation 
[56]. Currently, the two-step surgical procedure is the universal criteria 
in the application of artificial dermis. Briefly, wounds are implanted 
with bi-layer artificial dermis following thorough wound debridement in 

Fig. 7. Histological analysis of the skin flaps for 
different groups on 21st day. (I) H&E stained sec
tions of each group. The blue solid square boxes 
indicate the locations investigated under higher 
magnification at the full-thickness skin graft layer. 
The red solid square boxes indicate the locations 
investigated under higher magnification at the 
scaffold layer. The high magnification images are 
displayed with the corresponding color frame after 
whole morphology. Black arrow heads indicated 
necrotic tissues. Yellow asterisks represent new 
blood vessels. The length of the green dumbbell 
represents the granulation tissue thickness. (II) 
Quantification of granulation tissue thickness. (III) 
Quantification of vessel number (*P < 0.05). (For 
interpretation of the references to color in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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the first stage, and after 2–3 weeks of the DRT′ vascularization, skin 
grafts will be performed to cover the wound bed in the second stage [57, 
58]. By means of the two-step surgical procedure with bi-layer dermal 
substitutes, Barbara De Angelis et al. proved Nevelia® took precedence 
over Integra® for patients with post-traumatic injury wounds [59]. 
Undoubtedly, the need for two surgical procedures is not only indeed 
frustrating and inconvenient, but also increases the hospital stay and the 
risk of infection [60]. Therefore, One-step transplantation (i.e., DRT 
implantation and skin transplantation are performed in one surgical 
procedure.) implies an attractive clinical prospect, as reported by Bar
bara De Angelis et al. for the reconstruction of scalp after full-thickness 
oncologic defects with Integra® DRT [61]. However, the current DRT of 
artificial dermis commercially available by means of the One-step 
strategy will counter-intentionally form a barrier between the wound 
bed and the grafted skin, leading to graft failure [62]. Previous studies 
have suggested that PRP has positive effects on the implantation of 
artificial dermis. Formigli et al. [10]. reported that artificial dermis 
combined with PRP demonstrated an improved overall restoration of 
tissue functions. On the other hand, Harrison et al. [63]. explored the 
use of collagen as a platelet activator in PRP, proving the sustained 
release effect for GFs from PRP with collagen. The main challenge of this 
strategy is how to promote the cells’ adhesion and proliferation and 
vascularization into the scaffolds in the short-term after surgery, thus 
achieving sustained and efficient tissue regeneration with enough 
vascularization to enable the skin grafts with desired survival. 

Messersmith and coworkers [64] investigated mussel adhesion in 
nature and reported that dopamine, under alkaline conditions, could 
self-polymerize into pDA, which is rich in catechol functions. This 
functional groups can be converted into quinones to enhance 

cross-linking, providing a simple method to modify various inorganic 
and organic substrates [65]. With the increasing researches being per
formed in the past decade [66–68], pDA has been proven to possess 
excellent biocompatibility, adhesion and low cytotoxicity, shedding new 
light on the surface functionalization (e.g., photothermal performance, 
strong adhesive property, pH-sensitive release patterns) of various bio
materials (such as electrospinning, nanoparticles, microsphere) [30,69, 
70]. For instance, Zhang et al. [71]. reported that pDA can significantly 
reduce oxidative stress damage and improve cell viability, which pro
moting good cell proliferation. Zhang et al. [72]. developed a 
paclitaxel-loaded mesoporous silica nanoparticles which were encap
sulated in pDA-coated electrospun polylactic acid fibers, with delayed 
early burst release of paclitaxel in-stent thrombosis, thereby avoiding 
the proliferation of vascular smooth muscle cells and increasing the 
safety of vascular stent implants. Meanwhile, the high surface charge on 
pDA increased the degree of oxidation of graphene oxide, which acti
vated platelets [73]. 

By means of pDA modification strategy in this study, we firstly 
fabricated a new biomaterial based on CSS as a DRT facilitating dermis 
regeneration, as well as being beneficial for angiogenesis and cell 
chemotaxis. After being coated with a pDA layer, sterilized scaffolds 
were then spin-mixed in the freshly prepared PRP to make them fully 
loaded with platelets. As previously reported [45], the microscopic 
feature of artificial dermis is a porous structure with pore sizes ranging 
from 50 to 150 μm and a continuous radial structure, which is beneficial 
for more PRP adhesion, cell migration and angiogenesis. After being 
immersed and modified in a dopamine solution (pH = 8.5) for 12 h, 
some pDA nanoparticles were covalently bonded together to form a 
uniform pDA layer and aggregated on the CSS’s surface (Fig. 1III), 

Fig. 8. Masson’s trichrome stained tissue sections 
of all groups on days 21. (I) Collagen deposition in 
the skin graft sections of each group at low magni
fication. A, B, C and D indicate pDA-CSS@PRP, 
CSS@PRP, CSS and blank control, respectively. 
The red solid square boxes indicate the locations 
investigated under higher magnification. (II) 
Magnified view of the locations investigated for 
each group. (III) Statistical data of the collagen in
tensity of the four groups (*P < 0.05). (For inter
pretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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making the pDA-CSS surface increasingly rough and dense [74,75]. 
Meanwhile, the microstructure via SEM demonstrated that the porous 
structure of CSSs didn’t been destroyed. Furthermore, more platelets 
were immobilized on the surface of pDA-coated CSS (Fig. 2I), which 
indicated that pDA significantly increased the loading of PRP on CSSs, 
probably providing more stimulating factors for tissue formation and 
angiogenesis. This result above was also in accordance with the release 
profiles of VEGF and PDGF-BB (Fig. 2II & III). Compared with other 
groups, the concentration of GFs in the pDA-CSS@PRP group remained 
high for a long time, which means that the CSS modified by pDA loads 
more PRP and exerts a controlled-release effect. 

Wound healing requires the extensive participation of multiple tissue 
cells, whose proliferation and migration are key in this process [76]. 
HaCaT cells (as the substitute for keratinocytes in scientific research 
involving re-epithelialization) [77] and HUVECs (as the substitute for 
endothelial cells, universally being applied to investigate angiogenesis) 
[78] were selected in the following in-vitro biological evaluations. As 
displayed in Fig. 3, the fluorescence intensity demonstrated that HaCaT 
cells and HUVECs well attached to the scaffolds in each group, indi
cating the CSS itself possess excellent properties of promoting cell 
adhesion, in line with the previous studies [22]. Furthermore, PRP also 
facilitated cell adhesion and proliferation of HaCaT cells and HUVECs, 
which meant its potential to promote epithelialization and vasculari
zation. Notably, the positive effects above were further enhanced by 
pDA modification (Fig. 3II, P < 0.05), which not only indicated the 
excellent biocompatibility of pDA-CSS, but also further demonstrated 

this new scaffold capable of delivering more PRP (or platelets) created 
favorable conditions for cell proliferation. This was also confirmed by 
the scratch wound assay (Fig. 4), implying the pDA-CSS delivering PRP 
(or platelets) positively augmented the migration of the wound healing 
related cells. Prior studies have reported that collagen/PRP (COL/PRP) 
scaffold provides sustained release of GFs [46], which paralleled with 
our result. Considering these release profiles of VEGF and PDGF-BB, it is 
reasonable to presume that pDA-CSS might function as a novel DRT with 
an excellent drug delivery potential to achieve high-efficiency regener
ation of full-thickness skin defects. This difference in release may also be 
attributed to the fact that platelets were activated through 
protease-activated receptor-4 (PAR-4, as the second receptor after 
attaching to collagen, which forms a lengthier mechanism that delays 
the release of GFs [79]. Of course, it was necessary to be further verified 
in in-vivo experiments. 

In order to verify the impacts of pDA-CSS with PRP on the regener
ation of in vivo wound healing, two dorsal full-thickness wound model 
were established on nude mice by means of the One-step strategy. To be 
general, full-thickness skin grafts in each group survived to some extent 
after being grafted, that is, unhealed wounds presented a shrinking trend 
with the progress of transplantation. Particularly, pDA-CSS with PRP 
performed significant efficacy in the survival of the skin grafts (Fig. 5). 
However, different from the pDA-CSS@PRP group, the skin graft and 
CSS are transplanted simultaneously by means of One-step strategy 
revealed the poorer effect of promoting wound healing due to the lack of 
blood supply, as prior reported, which is why the artificial dermis 

Fig. 9. Angiogenesis in vivo. (I) CD31 immunohistochemistry staining of wound sections on post operational day 14. Newly formed blood vessels were detected in 
the wound sites. A, B, C and D indicate pDA-CSS@PRP, CSS@PRP, CSS and blank control, respectively. (II) Gross view of wounds receiving different treatments at day 
21 post-wounding from the undersurface. (III) Quantification of CD31 vessels (*P < 0.05). 
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commercially available requires two-step skin grafting [80]. H&E and 
Masson trichrome staining histologically proved pDA-CSS@PRP to be 
capable of accelerating the healing process (Figs. 7 and 8), which was 
mainly reflected in the fact that pDA-CSS@PRP promoted the formation 
of prolific granulation tissue and the predetermined arrangement of 
more mature collagen. Totally, it is reasonably inferred that 
pDA-CSS@PRP’s positive effects on wound repair may be according to 
the following aspects: Firstly, the porous and well-biocompatible CSS, as 
the basic scaffold of a DRT, essentially facilitates the ideal colonization 
of skin repair related cells (e.g., fibroblasts, HUVECs, keratinocytes, etc.) 
with enhanced biological activities. And the porous structure tends to be 
infiltrated and filled by extracellular matrix, including fibrin, 
pro-collagen molecules, lysyl oxidase, etc [81]. By the way, lysyl oxidase 
and collagen can be further cross-linked to achieve long-term strength 
and stability [82]. Secondly, it is universally acknowledged that the 

repair and regeneration of tissues require multiple GFs’ cooperative 
participation [83]. Unlike the clinical practice just using one or two GFs, 
the promising PRP in this study comprehensively provided more GFs for 
wound healing, of which VEGF and PDGF-BB are especially important in 
cell proliferation and angiogenesis [84,85]. Thirdly, as an important 
interface modifier, pDA not only improved biocompatibility [30], but 
also furtherly inspired the surface immobilization of bioactive mole
cules. On the one hand, the activated surface can facilitate the recruit
ment of more repair related cells (e.g., fibroblasts, vascular endothelial 
cells, inflammatory cells, etc.) and induce them to colonize in situ. On 
the other hand, the enhanced adhesion property improves the loading 
capacity and controlled release effect of these scaffolds delivering PRP 
(or platelets), maintaining the concentration of local GFs at a high level. 
In this case, angiogenesis and tissue repair will be achieved more effi
ciently, which provides desired conditions for the survival rate of 

Fig. 10. Ki67 staining of proliferating cells. (I) Cell 
proliferation of wounds on day 14. The blue solid 
square boxes indicate the locations investigated 
under higher magnification at the full-thickness 
skin graft layer. The red solid square boxes indi
cate the locations investigated under higher 
magnification at the scaffold layer. The high 
magnification images are displayed with the corre
sponding color frame after whole morphology. (II) 
Quantification of proliferating cells number at full- 
thickness skin graft layer. (III) Quantification of 
proliferating cells number at the scaffold layer (*P 
< 0.05). (For interpretation of the references to 
color in this figure legend, the reader is referred to 
the Web version of this article.)   
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full-thickness skin graft, as well as the healing and regeneration of skin 
wounds. 

There are still some issues deserving attention. In this study, pigs 
were used to obtain enough blood to uniformly prepare PRP in large 
amounts. And in order to better mimic the autologous application of PRP 
in clinical practice [52], non-immunogenic nude mice were applied to 
construct full-thickness skin defects. Since the end point of animal 
experiment was day 21, the degradation characteristics of 
pDA-CSS@PRP in vivo haven’t been collected for the time being, which 
will be improved in our researches in the near future. In addition, 
considering that there were two different groups on the back of each 
mouse (following the principle of homologous control [86]), we failed to 
compare the differences in the in-vivo release of GFs in each group by 
collecting mouse whole blood. Furthermore, unlike STSGs clinically 
recommended as skin grafts [87], full-thickness skin grafts were applied 
in this experiment in order to reduce system errors (caused by incon
sistent and difficult surgical operations of skin removal on such petite 
nude mice). And interestingly, full-thickness skin grafts displayed ex
pected survival in this experiment, although it is theoretically not as 
easy to survive as STSG. Logically, doesn’t it mean that the results of this 
study may provide more references for the applicability of STSG? 
Notably, no significant difference was observed among the four groups 
regarding their wound shrinkage rate, which might be attributed to the 
end time point or types of skin grafts (Fig. 6). A more comprehensive 
research with long-term effect observation and standardized STSG (as 
clinical practice) should be focused on and performed in future. 

5. Conclusions 

In summary, we successfully constructed a composite of pDA and 
CSS, which can load more PRP to increase the release and duration of 
GFs for the treatment of full-thickness skin defects. Both in vivo and in 
vitro, the complexes maintained the biological activity of PRP and 
promoted angiogenesis and cell proliferation. This study demonstrates 
that pDA modified CSS can load more PRP to stimulate early angio
genesis in full-thickness skin defects and promote wound healing and 
skin remodeling, which provides more options for the design of bio
logical tissue engineering materials. 
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3D three-dimensional 
AFM atomic force microscope 

BSA bovine serum albumin 
COL/PRP collagen/PRP 
CSS(s) collagen sponge scaffold(s) 
DA dopamine 
DAPI 4′, 6-diamidino-2-phenylindole 
DRT dermal regenerate template 
ELISA enzyme-linked immunosorbent assay 
FGF-2 fibroblast growth factor-2 
GF(s) growth factor(s) 
H&E Hematoxylin and Eosin 
HaCaT cells human immortalized keratinocytes 
HPF high power field 
HUVEC(s) human umbilical vein endothelial cell(s) 
IACUC institutional animal care and use committee 
IGF-1 insulin-like growth factors-1 
LSCM laser scanning confocal microscopy 
MR migration rate 
NS normal saline 
PBS phosphate buffered saline 
pDA polydopamine 
PDGF-BB platelet-derived growth factor-BB 
PPP platelet-poor plasma 
PRP platelets-rich plasma 
SEM scanning electron microscope 
STSG(s) split thickness skin graft(s) 
TGF-β: transforming growth factor-β 
VEGF vascular endothelial growth factor 
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