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with platelet rich fibrin: influence on angiogenesis in vitro and in vivo
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Abstract
Objectives Porcine-derived collagen matrices (CM) can be used for oral tissue regeneration, but sufficient revascularization is
crucial. The aim of this study was to analyze the influence of platelet-rich fibrin (PRF) on angiogenesis of different CM in vitro
and in vivo.
Materials and methods Three different CM (mucoderm®, jason®, collprotect®) were combined with PRF in a plotting process.
Growth factor release (VEGF, TGF-β) was measured in vitro via ELISA quantification after 1,4 and 7 days in comparison to PRF
alone. In ovo yolk sac (YSM) and chorion allantois membrane (CAM) model, angiogenic potential were analyzed in vivo with
light- and intravital fluorescence microscopy after 24 h, then verified with immunohistochemical staining for CD105 andαSMA.
Results Highest growth factor release was seen after 24 h for all three activated membranes in comparison to the native CM
(VEGF 24 h: each p < 0.05; TGF-β: each p < 0.001) and the PRF (no significant difference). All activated membranes revealed a
significantly increased angiogenic potential in vivo after 24 h (vessels per mm2: each p < 0.05; branching points per mm2: each p <
0.01; vessel density: each p < 0.05) andwith immunohistochemical staining for CD105 (each p < 0.01) andαSMA (each p < 0.05).
Conclusions PRF improved the angiogenesis of CM in vitro and in vivo.
Clinical relevance Bio-functionalization of CM with PRF could easily implemented in the clinical pathway and may lead to
advanced soft tissue healing.
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Introduction

Porcine-derived collagen matrices (CM) are widely used in
oral surgery, periodontology and implantology for hard and

soft tissue regeneration [1]. Principally, there are two different
indications in the clinical routine: on the one hand, CM can be
used as soft tissue grafts as a possible alternative to autoge-
nously connective tissue [2]. Derived from porcine pericardi-
um, peritoneum or dorsal skin, some CM can create different
compartments for defect healing. As an occlusive barrier, they
prevent the ingrowth of gingival soft tissue into a periodontal
or bone defect and therefore allow the unimpeded prolifera-
tion and differentiation of osteogenic progenitor cells that lead
to tissue regeneration [3]. All CM are decellularized,
deproteinized and avascular, but differ in regard to their re-
sorption process [4]. Therefore, defect healing relies heavily
on the biomechanics of the used membrane.

Furthermore, angiogenesis and the formation of newly
formed blood vessels is mandatory to provide the required
nutritions, oxygen, immunological cells, mesenchymal stem
cells, and growth factors especially in the initial healing phase
[5]. Problematically, the CMmight primarily exclude the new
blood vessels as well as the ingrowth of osteoprogenitor cells
from the periosteum. In order to overcome this limitation,
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biofunctionalization of the dehydrated, acellular and avascular
CMmight lead to a optimized wound healing for example via
growth factor loading [6].

Autologous platelet concentrates represent a possible way
to extract the patient’s growth factors of the peripheral blood
that could be used for further biofunctionalization. Developed
as an advanced version of the fibrin sealants more than
40 years ago, nowadays different concentrates were defined
that differ in cell content and matrix architecture as well as
centrifugation process, among them Platelet- Rich Fibrin [7].
In this context, Park et al. modified a CM inter alia by adding
PRF and found a significantly enhanced endothelial cell mi-
gration in vitro [8].

Since the introduction of the PRF in 2001 by Choukroun
et al., it is widely used to support oral soft tissue regeneration
[9]. In the literature, there is evidence that PRF can be suc-
cessfully used in the therapy of gingival recession or intrabony
defects in periodontology [10, 11], in reducing pain and swell-
ing after third molar removal [12], implant stability [13] and
other aspects of regenerative medicine [14, 15]. It is chair side
produced via specific centrifugation after venous blood col-
lection and can be processed as a liquid, injectable or stable
PRF respectively. PRF can be used as a biologically active
membrane that facilitates wound healing [16]. Vascular
Endothelial Growth Factor (VEGF) mainly triggers the prolif-
eration and differentiation of endothelial cells. However, dif-
ferent cell-cell interactions trigger a complex interplay with
other important factors such as Transforming Growth Factor-
Beta1 (TGF-β1) and Platelet-derived Growth Factor (PDGF).
Here, mainly paracrine actions lead to the development of a
vascular system [17]. As a result, enhanced microvessel-like
structure formation was shown when endothelial cells were
cultured with PRF in comparison to negative control [18]. In
comparison to other autologous thrombocyte concentrates
such as Platelet Rich Plasma (PRP) the growth factor release
is described gradually and mimics physiological conditions.
As a result, the angiogenesis may initiate and tissue repair can
be optimized [19].

The aim of the present study was to use PRF to biologically
activate different CM.

The hypothesis was that activated membranes show similar
pro-angiogenic potential in comparison to pure PRF in vitro
and in vivo. Since differentially structured CM were used it
was secondly to be analyzed which collagen composition sup-
ports bio-activation via PRF the best.

Material and methods

Sample preparation

Three different commercially available porcine-derived colla-
gen matrices (CM) were used: mucoderm®, jason® and

collprotect®, all: 15 × 20 mm, botiss biomaterials GmbH,
Zossen, Germany). Mucoderm® is a porcine, native, dermal
three-dimensional collagenmatrix without any artificial cross-
linking that contains natural collagen type I and III. Similarly,
collprotect® matrix represents a native, dermal three-
dimensional collagen matrix on naturally collagen and elastin
[20]. The CM of porcine pericardium (jason®) displays inter-
connected surface system of pores [4].

Platelet-rich fibrin

For the PRF protocol, blood was collected from three healthy
volunteers that gave informed consent to this study. After
punction of the cephalic vein or the medial median cubital
vein,10 ml venous blood was collected with the vacutainer
system and specific sterile plain vacuum tubes with additional
silicone within their coating surface (A-PRF+, Mectron,
Carasco, Italy). Next, the collected blood was directly proc-
essed with the slow centrifugation protocol (1200 rpm for
8 min, relative centrifugal force 177 g at a fixed angle rotor
with a radius of 110 mm, Duo centrifuge, Mectron, Carasco,
Italy) as previously described [21]. After centrifugation, the
PRF was pressed with the “PRF Box” (Mectron, Carasco,
Italy) as indicated by the manufacturer. Next, PRF was cutted
in small pieces of 16–25 mm2 and replaced in the “PRF box”.
Subsequent, the respective CM was cutted in the same sizes
and placed above the PRF, then plotted together for 30 s with-
in the box manually.

Following membranes (n = 8 each) were analyzed: JB =
activated jason® membrane, JN = native jason® membrane,
MB = activated mucoderm® membrane, MN = native
mucoderm® membrane, CB = activated collprotect® mem-
brane, CN = native collprotect® membrane, PRF = Platelet
rich fibrin and YSM= native Yolk sac membrane. The acti-
vated membranes were compared with each other, their native
equivalent as well with PRF and a negative control in the
in vivo testing. For every experiment, PRF from all three
donors were obtained, used for the activation process and
analyzed grouped.

ELISA assay for in vitro quantification of growth
factor expression

The respective membranes (n = 9 per respective membrane, in
total: n = 63). were cut into pieces of 0,5 square cm and trans-
ferred into 6-well plates with 2 ml of an eagle medium (Lonza,
Cologne, Germany) without growth factors under sterile con-
ditions and incubated at 37 °C and 5% CO2. After 1, 4 and
7 days the medium was changed. For each time point, 1.4 ml
of the medium was collected for further analysis and stored at
−80 °C.

Next, the samples were analyzed by a VEGF (R&D
Systems, Minneapolis, USA) and a TGF-β (R&D Systems,
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Minneapolis, USA) enzyme linked immuno-sorbent assay
(ELISA) using the protocol according to the manufacturer.
The plates were measured at 450 nm with an ELISA plate
reader (Molecular Devices, San Jose, USA) using the
‘SoftMax Pro 5.4’ (Molecular Devices, San Jose, USA)
software.

In ovo yolk sac membrane (YSM) assay for in vivo
quantification of angiogenesis

Fertilized white Leghorn chicken eggs (LSL Rhein-Main,
Dieburg, Germany) were incubated at 38 °C at constant
humidity in a special incubator (Janeschitz, Hammelburg,
Germany). On day four of embryological development,
the egg was prepared by removing 8–10 ml egg white
and cutting a 3 × 3 cm window into the upwards pointing
part of the egg under sterile conditions. On day 5, a 16–
25 mm2 membrane (n = 28 per respective membrane, in
total: n = 224), produced as described above, was applied
with a forceps and incubated for further use under the
same conditions. After 24 h pictures were taken at 30-
fold and 50-fold magnification before and after removing
the membrane by centering the middle of the membrane
with a digital microscope (KEYENCE, Neu-Isenburg,
Germany) and analyzed with the respective software
(KEYENCE, Neu-Isenburg, Germany). Here, the pictures
were pseudonymized and a grid of 500 μm side length
was laid over. Afterwards all vessels and branching points
of the vessels were counted in the region of interest per
mm2. Afterwards, the embryos were euthanized by cutting
the main vessels.

In ovo chicken chorionallantoic membrane (CAM)
assay for in vivo quantification of angiogenesis

For CAM assay, fertilized white Leghorn chicken eggs
were incubated at the same conditions and prepared on
development day 4 of the embryo as mentioned above.
Next, the eggs were further incubated until development
day 11, before the respective membrane of 0.5 cm2 was
applied with a forceps and incubated for another 24 h
under same conditions (n = 9 per respective membrane,
in total: n = 63). Then, 0.1 ml of a 5% FITC-dextran
solution in 0.9% NaCl (Merck, Darmstadt, Germany)
was applied intravenously. Pictures were taken of the
CAM at the upper border of the membrane (magnifica-
tion: 5-fold) with an intravital fluorescence microscope
(Olympus, Hamburg, Germany) and analyzed by the
cellSens Dimension software (Olympus, Hamburg,
Germany). Here, the pictures were pseudonymized and a
grid of 500 μm side length was used to count vessels and
respective branching points in the region of interest.
Furthermore the pictures were processed with software

Fiji (Image J) to enhance the contrast of vessels and the
background. After inverting the pictures, the plug-in
“Vessel Analyzer” was used to quantify the vessel density.
Therefore, 3 squares per picture of 0.5 mm side length at
the edge of the membrane were chosen and vessel number
and branching points counted. This way, vessel density
was defined. Afterwards the embryos were euthanized as
described previously.

Histological preparation

The area of the Yolk underneath the respective membrane was
cut out and further analyzed immunohistochemistry.
Therefore, samples (n = 9 per respective membrane, in total
n = 72) were immediately fixed in formaldehyde for 24 h. The
tissues were embedded in paraffin and histological sections of
5 μm were made. They were stained with hematoxylin-eosin
(Merck, Darmstadt, Germany) and analyzed via light micros-
copy (KEYENCE, Neu-Isenburg, Germany). The selected
samples were furthermore stained with α-SMA (Sigma-
Aldrich, St. Louis, USA) and CD105 (Biorbyt, Cambridge,
England) antibodies following the producer’s instructions.
Briefly, for the α-SMA staining specimen were dewaxed
and afterwards the proteins were unmasked in a steam cooker
for 30 min. They were treated with a peroxidase (Dako, Jena,
Germany) and a protein block (Dako, Jena, Germany) before
adding the α-SMA antibody (diluted 1:1000). After one hour,
incubation marked polymer-HRP anti mouse (Dako, Jena,
Germany) was added for another 30 min. Before rehydration
the specimen were treated with DAB (Dako, Jena, Germany).
In order to perform the CD 105 staining, specimen were
dewaxed and treated with 0.1% Triton-X-100 (Sigma-
Aldrich, St. Louis, USA) for 5 min. Blocking was performed
by using PBS/BSA (Sigma-Aldrich, St. Louis, USA) and
PBS/Goat normal serum (Dako, Jena, Germany). Afterwards
the specimen were incubated with the CD 105 antibody (di-
luted 1:750) for one hour, followed by incubation with the
secondary antibody alpha rabbit 488 (diluted 1:100,
Invitogen, Carlsbad, USA) for an additional hour. Finally cell
nucleus staining was performed, using DAPI (ThermoFischer,
Waltham, USA). The incubation of the last two steps was
made in a dark environment due to the fluorescent character-
istics of the staining. After taking pictures (magnification: ×2)
of the whole specimen, they were pseudonymized for further
data evaluation and analyzed by using the BZ-II Analyzer
(KEYENCE, Neu-Isenburg, Germany) software. The pictures
were overlaid with a grid of 0,25 mm side length. In 3 stan-
dardized squares defined as the region of interest, vessels were
counted. Furthermore the sections, which were stained with
CD105 and α-SMA, were analyzed with the Hybrid Cell
Count (KEYENCE, Neu-Isenburg, Germany) software and
the percentage of histological stained tissue was measured.
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Statistical analysis

For data analysis, SPSS (Version 23, IBM, Ehningen,
Germany) was used. Due to their reference to different sub-
sets, the main questions were not adjusted to multiple testing.
Before testing, all variables were evaluated for normal distri-
bution with the Shapiro-Wilk test. The subsets of the YSM
assay were tested by the Poisson-Regression. The subsets of
ELISA testing were analyzed by an ANOVA-Regression. In
case of normal distribution, student’s T test was applied for
further analysis. For non-normal distributed variables, the
Mann-Whitney test was used and differences between all four
groups detected via a student’s T test. A p value ≤0.05 was
defined as statistical significant. For data illustration, box plots
were chosen.

Results

ELISA testing

At first, the growth factor release of the activated CM was
examined in vitro with an ELISA assay. The activation led
to a statistical significant increase of VEGF vs. their native
control group for all tested membranes (ANOVA testing p <
0.05) and showed growth factor levels comparable to PRF
alone (for details please see Supplementary data and
Fig. 1a, b). The release was significantly the highest after
24 h for all respective membranes in comparison to the other
tested time points (post hoc test, p < 0.05), but no significant
difference among the tested CM could be found (ANOVA
testing p > 0.05). Similar results were found for the release

of TGF-β of the respective membrane vs. native control group
(ANOVA testing p < 0.05) with the highest after 24 h (post
hoc test, p < 0.001). Analogous, there was no statistical sig-
nificant difference among the activated groups and in compar-
ison to the PRF group (ANOVA testing p > 0.05).

YSM assay

Due to the results of the in vitro analysis, that showed maxi-
mum growth factor release after 24 h, the membranes were
incubated 24 h in the YSM assay in order to measure angio-
genic potential at the highest value of growth factor expres-
sion. Microscopic analysis (Fig. 2i) of vessels per mm2

showed that the YSM treated with biologized membranes in-
duced statistically significant more vessels in comparison to
the native membranes and in comparison to the YSM group as
negative control (each p < 0.001). Between the native mem-
branes, there was no significant difference of vessel formation
after 24 h (p > 0.05). In addition, no statistical significant
difference could be found between the native membranes,
PRF alone and the activated membranes (each p > 0.05) and
between the different activated membranes (each p > 0.05).

Microscopic analysis of branching points per mm2 showed
comparable results (Fig. 2j) with a significant increase of
branching points per mm2 in the YSM treated with the
biologized groups and the PRF (each p < 0.001). Again, no
statistical significant difference between the native mem-
branes, PRF vs. the activated membranes and among the
biologized membranes could be found (each p > 0.05). In
addition, there was a statistical significant increase of
branching points per mm2 in the YSM group in comparison
to the native membranes (p < 0.01).

Fig. 1 Growth factor release analyzed by ELISA for (a) the VEGF and
(b) the TGF expression for three different time points (24,96,168 h).
Highest levels were reached after 24 h, all activated membranes

demonstrated a significant higher expression than their native pendant.
For group description see manuscript. * p < 0.05, **p < 0.01, *** p <
0.001, NS = no statistical significant difference
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Immunohistochemical analysis

To verify the results, a subgroup of the YSM assay was further
examined immunohistochemically with HE, α-SMA, and
CD105 staining.

The number of vessels per mm2 in the YSM treated with
bioactivated membranes and PRF respectively was increased
significantly (Fig. 3g, p < 0.05) in comparison with their con-
trol groups. A statistical significant difference between PRF
and activated membrane was found for MB (p < 0.05) but
none for the other membranes. There was no difference be-
tween the native membranes.

For α-SMA, the number of vessels per mm2 was signifi-
cant increased in the YSM treated with the bioactivated
groups (Fig. 3h, p < 0.05) compared to their control groups.

In contradiction to the HE staining results, there was an in-
crease in α-SMA+ vessels in the CB group in comparison to
the JB (each p < 0.05) and in comparison to the PRF (each p <
0.01).

The immunohistochemical evaluation of the CD105+
vessels per mm2 showed an increase of vessels in all
bioactivated groups, and PRF respectively, in comparison
to their control groups (Fig. 3I, p < 0.05). Furthermore
there were significant differences between the groups:
CD105+ vessels were increased in the MB group in com-
parison with the JB (p < 0.01), vs. the CB group (p <
0.001) and the PRF group (p < 0.001) and an increase in
the JB group in comparison with the PRF (p < 0.05), as
well as an increase in the CB group compared with the PRF
(p < 0.01).

Fig. 2 Microscopic analysis of the YSM assay with (a) JB, (b) MB, (c)
CB, (d) PRF, (e) JN, (f) MN, (g) CN and (h) of a native YSM. Note the
morphologic difference of the vessel network of the YSM treated with the
biologized membranes (a-d) in comparison with their native pendants (e-

h). n = 28 per group were evaluated. (i) Vessels per mm2. (j) Branching
points per mm2. For group description see manuscript. Bars, 500 μm.
*p < 0.001
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Intravital fluorescence microscopy

Additionally, pro-angiogenic potential was examined using
intravital fluorescence microscopy. After FITC dextran in-
jection, the vessels per mm2 were increased when treated
with the JB membrane (p < 0.001) and the MB membrane
respectively (p < 0.005) in comparison to their native con-
trols (Fig. 4h). There was no statistical significant differ-
ence for the CAM treated with the native CB membrane
(p < 0.2) and between the activated groups and the PRF
group (p > 0.05).

There was a statistical significant increase of branching
points in the JB group (p < 0.001) and in the MB group
(p < 0.01) (Fig. 4i). Again, there was no statistical significant
difference between the CAM treated with CB in comparison
to CN (p = 0.1). As well there was no difference between the

activated membrane groups in comparison to the PRF group
(p > 0.05).

There was an increase of vascular density in the CAM
treated with the MB (p < 0.05) and CB (p < 0.05) in compar-
ison to their native controls (Fig. 4j). There was no statistical
significant difference between the JB and the JN group (p <
0.2) and between the bioactivated membrane groups and the
PRF (p > 0.05).

Discussion

In this study, it was demonstrated that PRF can be used to
activate CM and enhance angiogenesis and vascularization
in vivo and in vitro. Growth factor releases of the activated
membranes were close approximately at the same level of

Fig. 3 Microscopic analysis of the YSM showing the HE (a,b), the α-SMA (c,d) and the CD105 (e,f) staining. (g) Vessels per mm2 with HE, with α-
SMA (h) and CD105 (i) respectively, n = 9 per group. For group description see manuscript. * p < 0.05, ** p < 0.01, ***p < 0.001
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pure PRF. In vivo, activation of CMwith PRF led to increased
vessel numbers, −branching points and -density.

Overall, vasculature is indispensable for appropriate tissue
regeneration, repair and remodeling [22]. There are twomech-
anisms of blood vessel formation: de novo formation from a
progenitor cells (neo-vasculogenesis) and the development
from preexisting blood vessels (angiogenesis). Angiogenesis
in turn comprises two different ways: endothelial sprouting,
based on endothelial cell migration, and intussusceptive mi-
crovascular growth where existing vessel lumens divides by
formation and insertion of tissue folds and columns of inter-
stitial tissue into the vessel lumen [23]. Within this study, new
blood vessel formation in vivo was analyzed as the primary
endpoint and no differentiation between the underlying mech-
anisms could be performed with the used model. However,
since new blood vessels seemed to develop from pre-existing
ones, angiogenesis was hypothesized to be the main
mechanism.

These processes are mediated by different of growth factors
and chemokines where VEGF plays a distinctive role [24].
Today it is known that platelets, besides their importance at
early stages in wound healing (clot formation, direct release of
growth factors), can influence the whole process of tissue
regeneration by modulating synthesis and release of VEGF
[25]. In detail, platelets contain large amounts of pro- and
anti-angiogenic proteins in α-granule populations. When ac-
tivated, their release as well as platelet-derived phospholipids
and microparticles show synergistic regulatory effects on an-
giogenesis [26]. However, recent studies found platelet con-
centrates superior to plasma or platelets alone in terms of
stimulating fibroblast proliferation and migration, chemotaxis
and angiogenesis as relevant processes for wound healing
[27]. This provides insights into the clinical relevance of
platelet-derived products such as PRF for regenerative proce-
dures [25]. In this study, the CAM and YSM assay was used to
evaluate and quantify angiogenesis. Both consist of an extra-

Fig. 4 In vivo fluorescent microscopic analysis of the CAM after
injecting FICS-dextran with (a) JB, (b) MB, (c) CB, (d) PRF, (e) JN, (f)
MN and (g) CN. Note the increased number of vessels in the CAMs
treated with the activated membranes (a-d) as well as the denser vessel

network formed in those CAMs. (h) Vessels per mm2. (i) Braching points
per mm2. (j) Vascular density. Bars, 500 μm. * p < 0.05, **p < 0.01, ***
p < 0.001, NS = no statistical significant difference
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embryonic membrane, comprised of a high density of blood
and lymphatic vessels. In this context, the YSMwas described
as a suitable model for characterization of angiogenic agents
with comparable properties to the CAM assay [28]. Therefore,
their dense capillary network is commonly used to study
in vivo angiogenesis [29]. In recent a study by Ratajczak et al.,
the CAM assay was used to evaluate the effect of PRF on
angiogenesis. The authors could demonstrate an increased
number of blood vessels when treated with PRF which is in
accordance with the results obtained in this study.
Furthermore, a human-derived fibrin gel was able to induce
blood vessels in vivo as well. This strengthens the hypothesis
that the fibrin framework within the PRF may strongly con-
tribute to angiogenesis [30].

A plentitude of studies suggest that PRF may be used for
optimized soft tissue healing in regenerative medicine and
periodontology [10, 11] and, in addition, may even show an-
timicrobial capacity namely against periopathogens such as
Porphyrymona gingivalis [31]. However, a recent cochrane
review defines the evidence for the use of PRF for treating
intrabony defects insufficient [32]. Therefore, in vitro studies
that define biological characteristics of the PRF are much in
need that may lead the path for future clinical implantation.

Consequently, biological characteristics and release mech-
anism of growth factors of the PRF are of great interest. In this
context, accumulated growth factor release of PRF was found
up to 10 days after first incubation with the significantly
highest levels at 1, 3, and 5 days for TGF1β and VEGF con-
centrations. The results further indicate the highest levels of
TGF1β and for VEGF between 8 h and 24 h when analyzed
for each time point [33]. In concordance, a maximum of
growth factor release was likewise seen after 24 h in the pre-
sented study, but dropped relatively fast after 96 h and 168 h.
This demonstrates the stated gradual release mechanism of
growth factors in PRF [19]. Mimicking, compacting and over-
lapping the physiological phases of wound healing, PRF may
seen a possible tool to optimize early initiation of angiogene-
sis. The presented results could demonstrate an enhanced an-
giogenesis and vascularization of activated CM with PRF.
In vitro, expression patterns did not change significantly when
PRF was used to activate CM in comparison to the PRF clot
alone.

On the one hand, growth factor release and cell content
may differ inter-individually for PRF production. On the other
hand, production of PRF may rely heavily on technical as-
pects. Today, a variety of table-top centrifuges are commer-
cially available for the production of different PRF protocols.
However, a recent study by Dohan Ehrenfest et al. found
different profiles of vibrations for each centrifuge that, de-
pending on the rotational speed, and the centrifuge character-
istics are directly impacting the architecture and cell content of
PRF. As a conclusion, the authors displayed the system used
in this study inferior in terms of cell content, growth factor

release and fibrin architecture [34]. In contradiction, Miron
et al. recently demonstrated that the used centrifugation tubes
had a much greater impact on the final size outcome of PRF
clots in comparison to the centrifugation devices.
Interestingly, the system used in this study showed, in general,
significantly greater-sized clots when compared to other com-
mercially available tubes [35]. In this context, new evidence
questions the use of silica-coated plastic tubes. In a study by
Tsujino et al., levels of silica microparticles were found to be
incorporated into the PRF-like matrix. Therefore such PRF-
like matrices negatively influence tissue regeneration through
induction of inflammation and may even promote cytotoxic
effects. As a conclusion the authors strongly recommend to
only use the conventional types of plain glass tubes for PRF as
used in this study [36]. In summary, different PRF protocols
are extensively discussed in the literature with special remark
to the centrifugation process. However, which tubes should be
used for centrifugation process is still a controversial debate
due to the weak evidence so far. After platelets and leukocytes
within the fibrin scaffold were histologically proven to accu-
mulate mainly in the proximal portion of the PRF clot, the
reduction of the applied relative centrifugation force influ-
enced the cellular distribution within the solid PRF matrix
and resulted in further developed PRF concept that showed
enhanced platelets and leukocytes, and there is emerging ev-
idence that cell distribution may involve the entire clot com-
pared to earlier PRF protocols [37]. However, their distribu-
tion seem to follow a three-dimensional pattern that may
strongly relay on the centrifugation process [38].

In the present study, a stable PRF membrane was used to
biologically functionalize CM. This was out of two main
reasons. First, in mechanical and degradation analyses, the
stable PRF membrane showed sufficient stability for the
indication as a bioactive barrier membrane for alveolar
bone tissue regeneration [39, 40]. Secondly, it was shown
that it resulted in a better distribution of platelets through-
out the PRF matrix in the upper 4–5 mL and is therefore
clinically recommended for membrane fabrication. In con-
tradiction, liquid PRF was proven to be ineffective at sep-
arating cell types or producing high yields of platelets/
leukocytes [16].

Up to date, no elusive conclusion can be drawn which PRF
protocol or centrifugation process is considered to have the
highest quality and quantity of cell content, growth factor
release or fibrin architecture. Future studies should, beside
the commercially heavily triggered discussion, focus on accu-
rate methods to validate the different protocols.

Guided tissue and guided bone regeneration (GTR/
GBR) is widely used in regenerative procedures [41].
Beside autologous transplants like connective tissue grafts
or free mucosal grafts, commercial available xenograft col-
lagen matrices represent a valide alternative to enhance
soft tissue. Advantages are seen in the prevention of donor
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site morbidity and limitless availability [42]. However,
there are some restrictions in the clinical workflow. A re-
cent review found soft tissue complications after GBR such
as membrane exposure, soft tissue dehiscence, and acute
infection/abscess rate up to 16% [43]. As a major limita-
tion for sufficient soft tissue healing, the restricted vascu-
larization is discussed to play a major role [44–46]. A bi-
ological active membrane, e.g. by the transfer of the bio-
logical characteristics of autologous platelet concentrates
to the membrane could overcome this limitation [41].

Today, CM represents a clinical tool for GTR procedures
where a positive effect on probing depth reduction, clinical
attachment gain, and percent of bone fill could be achieved.
As a barrier, CM prevents epithelial down-growth along the
root surfaces during the early phase of wound healing [47].
This effect may explain the results of this study obtained in the
YSM model where native collagen matrices showed lower
numbers of vessels and branching points in comparison to
the untreated YSM. All three CM analyzed in this study are
frequently used in clinical routine for soft and hard tissue
regeneration and thickening procedures around teeth and
dental implants with a significant benefit on keratinized
mucosa width augmentation 4 weeks after implant insertion
demonstrated [48]. Furthermore, a long-lasting barrier
function with slow biodegradation for the porcine pericardium
membrane could be shown in vitro [4]. Furthermore, they
exhibit different mechanical behaviors. Ortolani et al.
demonstrated differences between pericard (jason®) and
dermis (collprotect ®) dervied membranes that proved
the pericard derived membran the stiffest one with an
impaired elastic module but with highest strength. Instead,
Collprotect specimens displayed minimal differences in terms
of elastic modulus, maximum tensile stress and stress
relaxation in the middle ranges [49]. From a mechanical site
of view, the thin pericard derived membrane may retain
platelets [50] and other component of the PRF in the activa-
tion process, but it could be hypothesized that the thicker
matrix of the other two tested membrane may be further
loaded and therefore facilate biofunctionalization. However,
the in vitro results obtained in this study demonstrated
no significant differences in growth factor release kinetics of
the native membranes nor in in vivo angiogenic properties
except for CD105+ staining and for vessel numbers and
density after FITC cextran injection for mucoderm. This
underlines the assumption that a thicker matrix facilitates
biofunctionalization-process via PRF.

For the non cross-linked collagen scaffolds, animal studies
revealed only a slightly differentiated biodegradation pattern
in terms of presence of inflammatory cells and cell invasion in
comparison to cross linked collagen membranes [51]. In ad-
dition, it could be shown that in vivo acellular dermal matrices
are capable of significant revascularization of its collagen
structure in the early healing period [52].

Kasaj et al. evaluated the impact of rehydration protocols
on biomechanical and structural properties of different acellu-
lar collagen matrices and concluded that rehydration protocol
affects the biomechanical properties of ACMs, such as
mucoderm ® membrane significantly [53]. It will be interest-
ing to analyze in future studies, if stable or liquid PRF, despite
their biological properties, may be useful for rehydration of
the CM to preserve tissue matrix integrity.

A recent review that evaluated adsorption and release ki-
netics of growth factors on barrier membranes for guided
tissue/bone regeneration showed similar results to the present-
ed study with an early burst of growth factors [54]. Ex vivo
analysis revealed that PRF is able to penetrate CM in approx-
imately 15 min [55]. A recent study demonstrated the effect of
a 24 h-PRF exudate modification of a porcine-derived colla-
gen matrix. It promoted significantly activity and migration of
human endothelial cells in vitro compared with serum-free
medium controls [8].

In this study, overall, no difference between the respec-
tive matrices could be found. However, the in vivo experi-
ments displayed better results in terms of vessel numbers
and density in favor for mucoderm and collprotect matrices.
A possible explanation may be seen in the fact that via the
3D architecture host cell migration and penetration could be
enhanced by its interconnected structure that may lead to an
increasedmicrovessel formation and therefore angiogenesis
[20, 48]. However, future in vivo studies are needed to re-
veal a possible superiority from one bio-functionalized CM
that can be recommended for clinical use.

In the literature, there are a plentitude of studies comparing
PRF with different membranes for clinical application [56].
Contrary, there is little literature dealing with relevant infor-
mation about the combination and biofunctionalization of CM
and PRF-membranes. Some case reports stated PRF activated
collagen matrices as a promising solution for sinus floor aug-
mentation [57] or closure of oro-antral fistulas [58].
Ansarizadeh et al. recently described the mechanistic proper-
ties of collagen-chitosan membrane activated with lyophilized
PRF. They found a decreased degradation rate of the mem-
branes from 90 to 20% after 4 weeks and furthermore an effect
of the membrane on osseous differentiation in vitro [59].
Consequently, the approach described in this manuscript
should be further evaluated on mechanical characters such as
degradation rate and a possible effect on osteoblast differenti-
ation and proliferation (and therefore hard tissue regeneration)
in future studies.

In summary, the presented study introduces and evaluates a
possible methodology to use PRF to active CM biologically
that can accelerate angiogenesis especially in the early wound-
healing phase. It therefore represents a promising approach to
enhance soft tissue regeneration. This leads the way to further
clinical trials that evaluate this approach and the possible im-
plementation in the clinical workflow.
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