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Abstract

Background and Objectives: The restoration of the damaged tissue commences very early with a regulated sequence of biochemical events
set into motion to repair the damage. While the understanding of this entire process is still incomplete, it has been established that platelets
play a decisive role not only in hemostasis, but also in the wound healing process, through an abundance of growth factors and other
signaling cytokines modulating the inflammatory response. To this end, we attempted to evaluate the effect of a platelet-rich biomaterial –
platelet-rich fibrin (PRF) – in the augmentation of full-thickness skin grafts (FTSGs). Materials and Methods: Skin defects were performed
on the rats’ dorsum and covered with FTSGs. The test group wound bed was treated with PRF before the suture of the graft. Skin graft
specimens were obtained from the control and test group rats for histological and immunohistochemical examination on the 21st postsurgical
day. Our study included 40 male Wistar rats. Average thickness of epidermal cell layers was recorded for each wound site. The average
fibroblast count was compared between the control and test (PRF-augmented FTSG) groups. Blood vessel count and vascular density –
the blood vessels were identified under low-power microscopy. The prominent vascular areas were then scanned in higher-power fields;
individual vessels were marked and counted by hand. Vascular density was calculated. Mean vascular count for each graft was then
calculated. Results: The mean thickness of the epidermal layer was significantly higher and closer to the physiological epidermal thickness,
in the test group than in the control group. The average fibroblast and fibrocyte count in the dermal layer in FTSGs augmented with PRF
was higher than in the control group. We discovered a statistically insignificant increase in the blood vessel count and vascular density of
the test group, compared to the control group. Conclusions: Our limited data supports the theory that the addition of PRF to FTSG recipient
wound beds has the potential to improve graft take and regulate the proliferation of a thicker and more uniform epidermis, while decreasing
healing time and dermal necrosis rates.
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 Introduction
Cutaneous wound healing is a complex process,
entailing the collaboration of many cell strains and their
products [1, 2].
The restoration of the damaged tissue commences very
early with a regulated sequence of biochemical events
set into motion to repair the damage. Although imperfect,
these processes usually accomplish their biological
programming and achieve wound closure and remodeling.
The processes are usually divided into four predictable
phases, which may overlap: hemostasis, inflammation,
proliferation and tissue remodeling. While the understanding of this entire process is still incomplete, it has
been established that platelets play a decisive role not
only in hemostasis but also in the wound healing process,
through an abundance of growth factors and other signaling
cytokines modulating the inflammatory response [1–7].
Even though researchers have made significant strides
in understanding the wound healing process, many fundamental mysteries remain unresolved. Because skin does
not fully recover, and only regains about 80% of the
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tensile strength, scarring continues to be a major clinical
issue for doctors and researchers around the world.
Aim
To this end, we attempted to evaluate the role of a
platelet-rich biomaterial – platelet-rich fibrin (PRF) – in
the augmentation of full-thickness skin grafts (FTSGs).
 Materials and Methods
The selection of the Wistar rat as the experimental
animal model was made as it would produce scientifically
accurate results because of the histological similarities
between rat and human skin. Data from the proposed
research would be pertinent and valuable to current and
forthcoming investigators. As stated in current scientific
literature, the rat experimental animal model has been
regularly used in experiments performed on the skin of
the animal. The relative ease of handling, posing few and
mild hazards to the research team, made the rat an ideal
experimental animal for this project [8–11].
Typical living conditions were provided for the Wistar
ISSN (online) 2066–8279
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rats by the animal laboratory personnel. A regular dayto-night light cycle was used, and the rats were allowed
access to food and water ad libitum.
The study comprised 40 male Wistar rats supplied by
the University of Medicine and Pharmacy of Craiova,
Romania, weighing 460–550 g per specimen, with at least
52 weeks of age.
The animal studies were approved by the Animal Care
and Use Committee of the University of Medicine and
Pharmacy of Craiova, and all of the protocols were
approved by the Ethics Committee of the University of
Medicine and Pharmacy of Craiova.
The total of 40 specimens were split into a control
(n=20) and test (n=20) group.
The surgical procedures were conducted under strict
sterile environments, with minimal variation in performance.
Anesthesia
The rats were anesthetized by means of an intraperitoneal injection of a solution of Ketamine and Xylazine
(50 mg/kg and 5 mg/kg, respectively). Effective anesthesia
was verified by using a toe pinch test [12, 13].
Preparation
The rats’ hair on the dorsum was trimmed with electrical
clippers and shaved with a razor. The rats were then placed
in a prone position on a surgical platform. We opted for
a surgical rectangular dorsal lesion of 3×2 cm for both
the test group and the control group.
The pre-operative markings for the dorsal defect were
performed, followed by surgically scrubbing the operative
area with a topical aqueous solution of 7.5% Povidone–
Iodine. Subsequently, the rat was draped using standard
surgical techniques.
Surgery
Incisions were performed on the outlined preoperatory
marks. The skin was detached from the deep muscular
fascia and harvested.
The graft was trimmed of all underlying tissues; the
panniculus carnosus muscle was dissected from the dermis,
in order to simulate a human FTSG.
The surgical site was scrubbed again with a topical
aqueous solution of 7.5% Povidone–Iodine and cleansed
with 0.9% saline solution. The skin graft was then secured
in place using a simple interrupted 4-0 Polypropylene
surgical suture, which was covered with a tie over dressing,
in order to prevent the formation of a hematoma or seroma
and protect against infectious agents and mechanical trauma.
Lastly, the control group specimen was returned to
its housing. All specimens were housed separately in
order to avoid any interaction trauma to the surgical site.
In order to produce the required PRF quantities needed
for the test group, we opted to harvest blood from the
control group, at the finalization of the experiment, on
the 21st postoperative day, instead of collecting it from a
separate healthy group.
We decided this with the intention of reducing the
number of experimental animals used, as the control group
was going to be terminated nonetheless in order to harvest
and prepare the samples for histological analysis.

In order to harvest the blood, the specimens were
deeply anesthetized for the terminal procedure, after which
the required quantity of blood was obtained by cardiac
puncture. Using this technique, we were able to harvest
9–12 mL of blood from each rat, on plain vacuum tubes,
which was afterwards processed according to our work
protocol; the blood sample was centrifuged at a relative
centrifugal force (RCF) of 450 g for 12 minutes in the
plain vacuum tubes [13–15].
While the blood was being harvested and the PRF
was being prepared inside the centrifuge, a different rat,
part of the test group was anesthetized using the same
protocol – Ketamine and Xylazine (50 mg/kg and 5 mg/kg,
respectively).
The same surgical procedure was performed on the
test group, with the difference of applying the prepared
PRF to the deep muscular fascia bed before covering it
with the FTSG and suturing it using 4-0 Polypropylene
surgical suture, again covering the skin graft with a tie
over dressing, lastly returning the test group specimen
to its housing.
Both groups were handled identically, with the exception
of adding PRF to the test group.
The healing process was daily evaluated, and on the
21st postoperative day, the rats were humanely terminated,
and the FTSGs were harvested for histological and
immunohistochemical (IHC) analysis.
The skin fragments were fixed in 10% formalin solution
and included in histological paraffin, using the classic
histopathological protocol. Then, the biological material
was sectioned by microtome, obtaining serial sections of
4 μm thickness that were stained with Hematoxylin–Eosin
(HE) and light green trichrome [Goldner–Szekely (GS)
technique].
For the IHC study, the sections cut on the microtome
were placed on special slides, covered with poly-L-lysine.
We followed the special protocol for the IHC technique,
in order to highlight specific cellular antigens. In our study,
we used the following antibodies: monoclonal mouse antihuman alpha-smooth muscle actin (α-SMA) (clone 1A4,
1/100 dilution, Dako) to highlight any remaining myofibroblasts in the wound; monoclonal mouse anti-human
cluster of differentiation 68 (CD68) (clone KP1, 1/100
dilution, Dako) for highlighting macrophages; monoclonal
mouse anti-human FVIII [factor VIII, von Willebrand
factor (vWF)] (clone F8/86, 1/50 dilution, Dako) for
highlighting blood vessels; monoclonal mouse anti-human
mast cell tryptase (clone AA1, 1/500 dilution, Dako) for
mast cell detection.
The pictures from the histological and IHC analysis
were processed using ImageJ medical image processing
software and our statistics were conducted using Microsoft
Excel and GraphPad Prism 8.
 Results
During the first week, the graft was slightly depressed
below the surrounding skin and covered by a thick scab.
Throughout the second week, the scab started to peel
and separate from the underlying dermis, revealing a pink,
vascular surface, with varying degrees of dermal necrosis
and ulcerations. We noted that the areas of necrosis were
larger in the control group, compared to the test group.
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In the third week, the graft was almost fully
epithelialized, slightly whiter in color than the normal
surrounding skin; the areas of granulation tissue, still
larger in the control group, started to shrink, and a few
sparse short hairs started to develop.
Epidermis morphological changes
Average thickness of epidermal cell layers (not including
stratum corneum) were recorded for each wound site slide,
based on at least 10 standardized measurements.
The control group presented an uneven epidermal
layer, with areas of ulceration and erosion, with vast
alterations in thickness, with zones of atrophy (Figure 1)
or hyperplasia (Figure 2), averaging 21 μm in thickness.
The skin graft in the test group shows essentially
relatively normal histology without apoptotic epithelial
cells and a uniform epidermal layer (Figures 3–6), with
an average thickness of 30 μm, close to that of normal
rat dorsum epidermis (32 μm).
The mean thickness of the epidermis of FTSGs was
compared between the control and test groups by a twotailed t-test. Due to the relatively small number of
experimental animals, the statistical significance was
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determined at p<0.01.
The percentage difference of 35% between the average
thickness of the epidermal layer (not including stratum
corneum) was eloquently high – p<0.01.
Also, a significant difference was observed in the
standard deviation of the control group, as opposed to the
test group, objectifying the vast differences in epidermal
thickness identified in the histological compounds in the
control group (Figure 7, A and B).
Fibrocyte and fibroblast count
Cells were selected by size, circularity and color
intensity and the images were processed using thresholding, watershedding and measurement options accordingly.
FTSG average fibroblast and fibrocyte count was
compared between the control and test groups by a twotailed t-test. The statistical significance was determined
at p<0.01.
The average fibroblast and fibrocyte count per slide
in the dermal layer in FTSGs augmented with PRF (the
test group) – 2577 – was significantly higher than that in
control grafts – 1700; p<0.01, 41% difference (Figures 6
and 8).

Figure 1 – Control group skin: epidermal atrophy –
uneven epidermal layer, with areas of ulceration and
erosion, and vast alterations in thickness, with zones of
atrophy (HE staining, ×40).

Figure 2 – Control group skin: epidermal hypertrophy
– uneven epidermal layer, with vast alterations in
thickness, with zones of hyperplasia (HE staining ×100).

Figure 3 – Test group skin: uniform thickness –
relatively normal histology without apoptotic epithelial
cells and a uniform epidermal layer (HE staining, ×100).

Figure 4 – Test group skin: uniform epidermal thickness
(HE staining, ×100).
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Figure 5 – Test group skin: uniform epidermal layer,
plenty of new blood vessels (GS trichrome staining,
×100).

Figure 6 – Test group skin: normal histology, a uniform
epidermal layer, many blood vessels and fibroblasts
(HE staining, ×100).

We discovered an increase of blood vessels and
vascular density in the slides of the test group. These,
however, provided weak evidence against the null
hypothesis – 6.74% difference between the two groups,
in the blood vessel count (the test group mean – 92,
compared to the control group mean – 86; p>0.05) and
24.8% difference in vascular density measurements (2.81%
mean test group versus 2.19% mean control group; p>0.05;
Figure 9, A and B).

Figure 7 – (A) High standard deviation (SD) indicates
the high variability in thickness; (B) Data distribution.

Figure 9 – (A) Similar average number of blood vessels
(with SD); (B) Slightly higher vascular density average
in test group (with SD). SD: Standard deviation.

Immunohistochemistry study

Figure 8 – Test group skin: myofibroblasts in deep
dermis (Immunomarking with anti-α-SMA antibody,
×200). α-SMA: Alpha-smooth muscle actin.

Blood vessel count and vascular density
The blood vessels were identified under low-power
microscopy. The prominent vascular areas were then
scanned in higher-power fields; individual vessels were
marked and counted by hand on each slide. Vascular
density was calculated using ImageJ’s Fiji Vascular
Density Plugin.

The increased number of fibroblasts in the test group
also rendered a higher number of myofibroblasts. Intense
myofibroblast activity was confirmed in the test grafts by
immunomarking with anti-α-SMA antibody (Figure 8).
Amplified macrophage activity during the remodeling
phase of wound healing was observed in the test group,
in the slides immunomarked with anti-CD68 antibody
(Figure 10).
Immunomarking with anti-FVIII (vWF) antibody
facilitated the identification of endothelial cells from
the blood vessels which aided the marking and counting
process (Figure 11).
Anti-tryptase antibody immunomarking identified mast
cells. Although many mast cell conglomerates were
seen near the blood vessels in control group skin grafts,
no clear conclusions could be drawn, as no significant
differences were found between the two groups (Figure 12).

Histological aspects of full-thickness skin grafts augmented with platelet-rich fibrin in rat model

Figure 10 – Test group skin: intense macrophage activity
during the remodeling of healing phase (Immunomarking with anti-CD68 antibody, ×200). CD68: Cluster
of differentiation 68.

Figure 12 – Control group skin: high number of mast
cells located around blood vessels suggests persistent
inflammation (Immunomarking with anti-tryptase
antibody, ×200).

 Discussions
First described thousands of years ago in ancient Egypt
and India, skin grafting remains today one of the most
indispensable techniques in the plastic and reconstructive
surgeon’s armamentarium [16].
Its’ ease of harvest and application, relatively infrequent
failures, and capability to cover skin defects and irregular
wounds in difficult anatomical areas or zones of limited
vascular supply, frequently make skin transplantation the
elective treatment for covering various types of wounds,
making the procedure usable in a variety of situations
which make non-surgical wound care and skin flaps not
applicable or unnecessary [17].
While skin graft failures are uncommon, complications
often appear, but given enough time, they are usually
overcome by the resilience of the tissue. However, the
prolonged healing process and length of stay of the patient,
negatively impacts the quality of life of the patients and
unnecessarily leads to increased spending.
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Figure 11 – Test group skin: high number of blood
vessels indicative of the quality of graft take and viability
(Immunomarking with anti-FVIII antibody, ×200). FVIII:
Factor VIII (von Willebrand factor).

The four most common causes of skin graft failure and
complications are shearing forces, hematoma or seroma
formation, poor vascularization on the wound bed and
infection.
Being the key component in initiating the woundhealing cascade, platelets are rapidly deployed and activated
at the site of the injury, aggregating and activating the
conversion of fibrinogen to fibrin and degranulate, releasing
platelet chemotactic agents, which, in turn, attract more
platelets at the site of the injury. To this end, we find PRF
a useful adjuvant because the fibrin clot mesh forms a
stable architecture of high tensile strength, which improves
skin graft adherence to the underlying wound bed. The
platelets once activated, release a plethora of growth
factors, so an increase of platelet numbers provided by
the biomaterial, also contributes to improving the healing
process. In clinical practice, the number of platelets in
platelet-rich biomaterials [platelet-rich plasma (PRP) or
PRF] may even be 4–14 times greater than in the whole
blood [18–21]. The natural blood clot contains 5%
platelets, 95% erythrocytes, <1% leukocytes, and fibrin,
while the PRF matrix contains 97% platelets and, in
addition, incorporates many leukocytes and circulating
stem cells in the clot which promotes healing and cell
migration [22–24].
Numerous proteins are released from the alphagranules of the platelets. The most eminent and well
studied of these are platelet-derived growth factor (PDGF),
transforming growth factor-β (TGF-β), platelet factor
interleukin (IL), platelet-derived angiogenesis factor
(PDAF), vascular endothelial growth factor (VEGF),
epidermal growth factor (EGF), insulin-like growth factor
(IGF) and fibronectin [21].
PDGF, considered to be the critical switch in initiation
and direction of the tissue repair process, plays a significant role in blood vessel formation and growth, proliferation of fibroblasts and other mesenchymal cells and
acts as a chemotactic agent, promoting the migration of
mesenchymal cells. It also exaggerates the inflammatory
stage of wound healing, leading to earlier matrix deposition,
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providing a scaffold for cell adhesion, migration, growth
and differentiation during wound repair [20, 25–28].
TGF-β activates a signaling cascade, which promotes
the differentiation, chemotaxis, proliferation, and activation
of many immune cells [5, 14, 21, 29, 30].
VEGF plays a critical role in vasculogenesis and
angiogenesis, stimulating the formation of blood vessels,
enhancing microvascular permeability [2, 5, 10, 30].
EGF assists angiogenesis, cellular proliferation, differentiation, and survival through inhibition of apoptosis [31].
PRF is a biomaterial that stimulates the local environment for differentiation and proliferation of stem and
progenitor cells. It acts as an immune regulation node,
with inflammation control abilities, including a slow
continuous release of growth factors over a period of
7–14 days. PRF is a cheap, easily and readily available
biomaterial, obtained by harvesting a physiologically
insignificant amount of blood in a plain vacuum tube
and centrifuging the vacutainer according to protocol,
to separate the red blood cells from the fibrin clot and
platelets [14, 20, 32, 33].
Numerous studies evaluated the role of platelet-rich
biomaterial applications in wound healing, and have shown
a significant increase in therapeutic success and an
acceleration of the healing process [3–6, 20, 21, 34–40].
The epidermal layer in the PRF test group was thicker
and more uniform, compared to control group skin, with no
epidermal blisters and full cohesion with the underlying
dermis. This could be explained by the improved adherence
of the FTSG provided by the fibrin, which could limit
necrosis in the superficial dermal layers during the
plasmatic imbibition stage. The provision of a scaffolding
which promotes capillary ingrowth and cell migration in
the fibrin matrix, could also contribute to the observed
results.
Recent studies have confirmed that an increase in
the number of fibroblasts have been associated with
accelerated wound healing [41, 42]. The source of the
fibroblasts in skin grafts remains ambiguous. It has been
hypothesized by some that these cells migrate from the
blood, while others theorized that they may originate from
local perivascular mesenchymal cells [43–45]. Whatever
the case, most of the authors suggest that the fibroblasts
in a skin graft are not indigenous and migrate from the
surrounding healthy tissue. Some authors discovered that
the fibroblast population steadily increases in skin grafts
exceeding the population of the normal skin tissue by the
eighth day and slowly recovering to normal levels in the
following weeks [43]. The potent chemotactic effect of
PDGF on fibroblasts, determining them to migrate to the
wound site and induce proliferation, has been formerly
established [46], so the afflux of growth factors could
explain the higher number of fibroblasts and myofibroblasts in the test group, which, in turn, would sustain
the accelerated healing process remarked clinically
and observed in histological and IHC assessments. We
speculate that the 41% difference noted between the two
groups can be explained thusly.
While the microvascular density analysis showed an
increase in the number of blood vessels and their caliber

in the dermis of FTSGs augmented with PRF, it provides
insufficient evidence to confidently discard the null
hypothesis. However, it has been previously suggested
by other authors, that the well-known angiogenic and
vasculogenic properties of the VEGF might not have a
large effect on the actual number of vessels. Moreover,
VEGF also influences vascular permeability, which could
further explain the lower dermal necrosis rate and faster
epithelization on PRF treated FTSGs. The results could
also be attributed to the increased blood vessel caliber and
an increase of newly formed blood vessels in the wound
bed besides the transplanted tissue [8, 11, 47–50].
Although mast cell involvement in the wound healing
process remains to be fully elucidated, abnormal wound
repair has been associated with an increased number of
mast cells during the proliferation period. While their
beneficial or deleterious nature remains uncertain, the
abundance of mast cells during the late stages of wound
healing are translated in a persistence of inflammation
during the proliferative phase, which seems to be linked
to increased scar tissue formation, leading to hypertrophic
scars and keloids [51–53]. It is uncertain how PRF impacts
mast cell numbers.
 Conclusions
Although we could not demonstrate the angiogenic
capabilities of PRF, reduced dermal necrosis was found
in PRF treated rats.
The biological activity of the fibrin, produced through
the slow polymerization of fibrinogen is, in itself, established
to be an extremely important stimulating factor for the
healing process, by providing the scaffolding necessary
for cell adhesion and migration. With its rich cellular
component and release of growth factors, the biomaterial
features all the necessary attributes to account for the
significant cicatricial capability demonstrated in previous
studies and sustained by this one.
Overall, our limited data supports the theory that the
addition of PRF to the FTSG recipient wound beds,
has the potential to augment wound healing, through its
capacity to improve graft take and regulate the proliferation of a thicker and more uniform epidermis, while
decreasing healing time and dermal necrosis rates.
Further studies are needed to reveal its fully undisclosed
potential.
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