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Abstract
Objectives The present study evaluated the effect of an enamel
matrix derivative (EMD) and platelet-rich fibrin (PRF)-modified
porcine-derived collagen matrix (PDCM) on human umbilical
vein endothelial cells (HUVEC) in vitro.
Materials and methods PDCM (mucoderm®) was prepared to
6mm (±0.1mm) diameter discs. PDCM samples were incubated
with either EMD, PRF, or control solutions for 100 min at 4 °C
before the experiments. Cell-inducing properties of test materials
onHUVEC cells were testedwith cell proliferation assays (MTT,
PrestoBlue®), a cytotoxicity assay (ToxiLight®), a Boyden
chamber migration assay, and a cell attachment assay. Scanning
electron microscopy (SEM) imaging was performed to deter-
mine the surface and the architecture of the modified matrices.
Results Cell proliferation was elevated in the EMD and PRF
groups compared with control (p each ≤0.046). PRF modifi-
cation increased HUVEC migration ability by 8-fold

compared with both control and EMD groups (p each
<0.001). Both treatments significantly promoted the cell at-
tachment of HUVEC to PDCM, as assessed by direct cell
counts on the matrices (p each <0.001).
Conclusions HUVEC cell characteristics were overall im-
proved by EMD- and PRF- modified PDCM. Adsorbed bio-
active molecules to the PDCM surface may have contributed
to a more preferable environment to surrounding cells.
Clinical relevance The results may give evidence that PDCM
modification with EMD or PRF, respectively, might be a use-
ful approach to improve clinical outcomes, to prevent inflam-
matory reactions and wound-healing disturbances, and to ex-
pand the clinical application area of PDCM.

Keywords Collagenmatrix . Periodontology . Dental
implantology . Tissue regeneration . Enamel matrix
derivative . Platelet-rich fibrin

Introduction

A porcine-derived collagen matrix (PDCM; mucoderm®, Botiss
Biomaterials, Berlin, Germany) has been introduced as a poten-
tial substitute for autogenous soft tissue grafts in periodontal
plastic and implant surgery. It is mainly composed of natural
types I and III collagen without any artificial cross-linking. The
material properties of the collagenmatrix, including the chemical
and structural biocompatibility originated from the native tissue,
are supposed to drive surrounding cells to attach easily and in-
teract with the matrix, thereby promoting tissue regeneration [1].

PDCM as an alternative to autogenous connective tissue
grafts (CTG) has long been a subject of interest in the field of
periodontal plastic surgery. Major drawbacks of autogenous soft
tissue grafting, such as limited availability, need for a second
surgical site, and patient morbidity, seemed to be solved by using
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PDCM. Patients suffered less from gingival augmentation pro-
cedures using PDCM compared with CTG in terms of pain and
discomfort level, apart from the time-saving aspect. However,
PDCM demonstrated inferior clinical outcomes in root coverage
procedures compared with CTG in terms of mean and complete
root coverage, recession reduction, and gain of keratinized tissue
[2].

The manufacturing process of PDCM includes the procedure
of excluding cells and interfibril protein or non-protein sub-
stances from original porcine tissue, in order to avoid unwanted
immunogenicity. Therefore, PDCM is devoid of tissue-
regenerating and/or cell-inducing capabilities which, on the other
hand, are well expected in CTG grafting procedures.

Interfibril substances refer to various extracellular matrix
(ECM) components, such as glycosaminoglycans, proteogly-
cans, and glycoproteins. These molecules not only present
cell-binding ligands providing sequence motifs for cell attach-
ment but also trigger intracellular signal pathways and activate
cell growth and differentiation [3]. Therefore, the addition of
cell-inducible proteins may compensate for the absence of
cell-activating molecules in PDCM, leading to better clinical
outcomes.

Enamel matrix derivative (EMD) is a group of proteins
extracted from porcine enamel matrix supplied in the form of
purified acid extract. EMD was basically developed with an
intention to regenerate lost periodontal tissues, since re-
searchers discovered that Hertwig’s root sheath cells secret
enamel proteins during the root formation 20 years ago
[4–6]. A recently published meta-analysis demonstrated the
beneficial effect of EMD in the treatment of intrabony defects
[7]. EMD applied in root coverage procedures is able to in-
crease the odds of complete root coverage nearly 3.5-fold com-
pared with a coronally advanced flap (CAF) alone [7]. When
comparing clinical results between EMD and CTG grafting,
both combined with a CAF, no statistically significant differ-
ences were found after 10 years [8]. Different studies demon-
strated the clinical benefits of EMD application in periodontal
regeneration. The exact molecular mechanisms are not clari-
fied in detail up to date. Further studies reported that EMD
does not exclusively stimulate periodontal cells but also pro-
vides signals to cells responsible for early wound healing, such
as different immune and endothelial cells [9, 10].

Platelet-rich fibrin (PRF) is a form of platelet concentrates
developed more than 15 years ago by Choukroun’s group for
the specific use in oral and maxillofacial surgery [11]. PRF
clots obtained in glass tube after a centrifuge at 400×g contain
platelets and their byproducts released during platelet activa-
tion. By virtue of the slow polymerization process, the fibrin
network of the PRF clot features a homogeneously organized
3D structure with numerous substances within platelet gran-
ules. These include numbers of growth factors (GF), circulat-
ing cytokines, glycoproteins, and fibrin-associated glycanic
chains [12, 13]. PRF clot passively releases these molecules

in a sustained manner, promoting wound-healing process
in vivo [14–17]. Originally, EMD is typically utilized for hard
tissue mineralization (cementum formation) whereas PRF is
primarily used for soft tissue regeneration.

The aim of the present study was to find out and evaluate a
technique to reinforce the function of PDCM as an alternative
to autogenous soft tissue grafts by adding the cell-activating
substances EMD and PRF to PDCM. Since angiogenesis and
revascularization play a major role in wound healing, we an-
alyzed the effects of EMD- and PRF-pretreated PDCM on cell
viability, migration ability, and cell attachment on human um-
bilical vein endothelial cells (HUVEC) in vitro.

Materials and methods

PDCM sample preparation

PDCM (mucoderm®; Botiss Biomaterials, Berlin, Germany;
diameter 30 × 40 mm) was prepared to 6 ± 0.1 mm discs with
a sterile and cylindrical surgical punch under sterile condi-
tions. The diameter of each sample was controlled with a
sterile caliper.

Test solution preparation

Emdogain® (Straumann, Basel, Switzerland) was diluted
with serum-free medium (basal medium eagle (BME);
Lonza, Basel, Switzerland) to a concentration of 100 μg/
ml and stored at 4 °C before use. PRF was prepared from
freshly drawn human peripheral venous blood collected in
10 ml glass-coated plastic tubes (Vacuette®; Greiner
BioOne GmbH, Frickenhausen, Germany), centrifuged at
400×g for 12 min at room temperature (PC-02; Process,
Nice, France) according to Choukroun’s protocol [13].
Blood was collected from one single volunteer of the re-
search group by sterile venipuncture. The PRF clot was
obtained by removing the red blood cell part with an extra
care not to disclude the buffy coat area. The clot was
taken to a 6-well plate, incubated with 4 ml of serum-
free medium at 37 °C. After 24 h, medium that includes
released exudates from PRF clot was collected to a new
plastic tube and stored in a fridge at −20 °C before use.
Serum-free medium served as control group.

Before each experiment, PDCM discs were rehydrated
with three different solutions, either control, EMD or PRF
(dependent of the experimental group they belong to), for
100 min at 4 °C. Four hundred microliters from each solution
was used to rehydrate each PDCM sample. After 100 min of
incubation, samples were washed with PBS (Dulbecco’s
phosphate buffered saline; Sigma-Aldrich, Steinheim,
Germany) rigorously for twice. All procedures were per-
formed under sterile conditions.
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Cell cultures

HUVEC (PromoCell, Heidelberg, Germany) were cultured in
endothelial cell growth medium supplemented with hydrocor-
tisone, 10% fetal calf serum (FCS), epidermal growth factor
(EGF), basic fibroblast growth factor (bFGF), gentamicin sul-
fate, amphotericin-B, and bovine hypothalamic extract
(PromoCell) according to standard cell culture protocols, un-
der standard culture conditions (5% CO2 at 37 °C). Cells at
passages three to sixwere used for all the experiments.

Cell proliferation assay

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT; Sigma-Aldrich, Steinheim, Germany) and
PrestoBlue® assays (Invitrogen, Life Technologies GmbH,
Darmstadt, Germany) were performed to analyze cell viability
and proliferative activity of HUVEC under the influence of
EMD and PRF-preconditioned PDCM.

MTTassay is based on the reduction of MTTcompound to
a water-insoluble formazan. This reaction happens inside the
cells by the enzyme mitochondrial succinic dehydrogenases.
Due to the water-insoluble property of the reduced end prod-
uct, the dissolving process is necessary before colorimetric
change measurement.

PrestoBlue® (PB) is a water-soluble, cell-permeable,
resazurin-based compound. The reducing environment within
viable cells converts PB to red-fluorescent dye. However, cell
permeability of the end product makes it possible to measure
the result without damaging cell integrity. Therefore, PB al-
lows the continuous observation of cell growth.

PDCM samples were incubated with either control, EMD,
or PRF solution for 100 min before the experiment. Cells were
seeded on a new 24-well plate (5 × 104 cells/well) in HUVEC
medium with supplements. Incubated and washed PDCM
samples were then transferred to cell-seeded plates immedi-
ately after the seeding. MTT was measured after 1, 2, 3, and
7 days while PB was measured after 0, 1, 3, 6, 24, 48, 72, and
96 h. Synergy HT Multi-Mode Microplate Reader (Bio-Tek
Instruments; Winooski, VT, USA) was used to measure ab-
sorbance and fluorescence for MTT and PB, respectively.
Four wells were used for each group at each representative
test. Whole experiments were repeated three times.

Cytotoxicity assay

ToxiLight® BioAssay Kit (Lonza Rockland Inc., Rockland,
USA) was used to measure the release of adenylate kinase
(AK) from dead cells. Cell necrosis occurs rapidly within a
day or even within a few hours, losing their membrane integ-
rity as they undergo rapid swelling. AK is one of the protein
molecules released by cell necrosis. The ToxiLight®
BioAssay utilizes the enzyme activity of AK, which

phosphorylates ADP to form ATP. The amount of resultant
ATP is then analyzed by measuring light intensity produced
from bioluminescent firefly luciferase reaction.

Prepared samples were transferred to 24-well plates imme-
diately after cells were seeded at 5 × 104 cells/well. Twenty
microliters of supernatants were collected from each well at 1,
2, and 3 days after seeding and transferred to a luminescence-
compatible 96-well plate. One hundred microliters of AK de-
tection reagent (AKDR) were added to each well, and lumi-
nescence was measured after 5 min using a Synergy HT
Multi-Mode Microplate Reader. Logarithmic signals were
converted to a linear scale and expressed as relative lumines-
cence units. Four wells were used for each group at each
representative test. Experiments were repeated three times.

Cell migration assay

The chemotactic effect of EMD- and PRF-pretreated PDCM
to HUVEC was evaluated by 24-well Boyden chamber assay
system (Thin-Cert™; Greiner BioOne, Essen, Germany). The
transwell inserts used included polyethylene membrane bot-
tom with 8.0 μm pores. Test samples were placed in 24-well
plate with 800 μl serum-free medium for 24 h at 37 °C before
cell seeding. After 24 h, PDCM samples were removed from
the wells to utilize only the conditioned medium as test solu-
tions. Transwell inserts seeded with cells (1.0 × 105 cells/well)
in 400 μl serum-free medium were seated above each well.
After 24 h incubation, medium was removed from well plate
and cells were stained with Calcein-AM fluorescent dye
(Invitrogen). After 45 min incubation at 37 °C, transwell in-
serts were transferred to freshly prepared black 24-well plate
containing 500 μl of trypsin–EDTA (Invitrogen) per well.
After another 10 min of incubation at 37 °C, transwells were
removed from black 24-well plate. Fluorescence was mea-
sured using Synergy HT Multi-Mode Microplate Reader to
quantify Calcein-AM-stained migrated cells. Four wells were
used for each group at each representative test. Experiments
were repeated three times.

Cell attachment assay

To evaluate cell-material surface interaction, amounts of
cells attached to PDCM were counted. Prepared samples
were placed onto 24-well plate before cells were seeded.
HUVEC were then seeded on the PDCM at 1.0 × 105

cells/well. After 24 h incubation, culture mediums were
removed from each well. Cells on PDCM were stained
with SYTO® Green Nucleic Stain-Kit (Invitrogen) to
visualize them under an inverted microscope (Axiovert
40C; Carl Zeiss, Jena, Germany). Pictures were taken
under 25-fold magnification at four different areas from
each sample. Cells were counted automatically using
ImageJ software (National Insti tutes of Health;
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Bethesda, Maryland, USA) (Suppl. 1). Four wells were
used for each group at each representative test.
Experiments were repeated three times.

Scanning electron microscopy

Samples were prepared like previously reported [1]. PDCM
samples were treated with each test (EMD, PRF) and control
solution for 100min. After, theywere washed twice with PBS,
dehydrated in ethanol, and freeze dried. Samples were then
sputtered with gold in an argon atmosphere and then exam-
ined by means of a Philips ESEM XL-30 scanning electron
microscope (Philips, Eindhoven, Netherlands).

Statistical analysis

SPSS Statistics 18.0 software (SPSS Inc., Chicago, USA) was
used to perform statistical analysis. Statistical difference was
analyzed by analyses of variance (ANOVA) followed by
Tukey’s honestly significant difference (HSD) post hoc test.
If the data showed a significance with the normality test,
Kruskal-Wallis H test was performed. p values <0.05 were
considered to be statistically significant. Only the intergroup
differences were taken into account.

Results

HUVEC cell proliferation activity

MTTassay showed significantly increased cell proliferation in
EMD and PRF groups as compared with the control. The
difference between EMD and control groups was observed
only at 7 days (p = 0.018). PRF treatment significantly pro-
moted cell activity at all different time points compared with
both control and EMD groups (p each ≤0.01), except for
7 days measurement, which showed a significant difference
only toward control group (p = 0.001) (Fig. 1a).

PrestoBlue® assay revealed significant increase of cell ac-
tivity in EMD and PRF groups at 72 and 96 h compared with
control group (p each ≤0.046) (Fig. 1b).

HUVEC cytotoxicity

ToxiLight® assay showed elevated level of AK at first 24 h in
PRF group compared with both the control and EMD groups
(p each ≤0.007). No increased cytotoxicity was observed by
EMD treatment (p each >0.05) (Fig. 1c).

HUVEC cell migration

Conditioned mediumwith PRF-pretreated PDCM significant-
ly increased the chemotactic migration ability of HUVEC

approximately by 8-fold compared with both the control and
EMD groups (p each <0.001) (Fig. 2). EMD group showed no
additional effect on HUVEC cell migration ability (p each
>0.05).

HUVEC attachment

EMD and PRF pretreatments increased the cell affinity of
PDCM showing significantly promoted HUVEC attachment
to the PDCM surface compared with the control (p each
<0.001) (Fig. 3a). No significant difference was observed be-
tween EMD and PRF groups (p > 0.05). Box plots reveal
crude distribution of each data series (Fig. 3b). Data in PRF
group showed relatively broad distribution compared with the
other groups with more than 50% of data concentrated below
the mean (168.6, 323.2, and 916.0% for 25 percentiles, medi-
an, and 75 percentile values, respectively). In EMD group,
each percentile value from 25 to 75% indicated 316.9,
517.2, and 962.4, respectively. These numbers along with
the representative microscopic appearances imply the irregu-
larity and variance of data from PRF group (Suppl. 2). Cells
on PRF-pretreated PDCM showed all-or-none appearance.
Samples were often clearly divided to cell-present and non-
present area while the cell-existing zones showed exception-
ally densely packed cells.

Scanning electron microscopy

Scanning electron microscopy (SEM) imaging of the control
and test matrices are shown in Fig. 4. No particular differences
could be observed among the control and the two test groups
concerning the surface layer and the cross-section architec-
ture. Visualization of the surface layers showed hydrated sur-
faces with some macroscopic grooves and holes originated
from original matrix surface topography and suitable for cell
and blood vessel ingrowth (Fig. 4a). Cross-sectional views
revealed internal architecture of each treated PDCM (PRF
and EMD), demonstrating a highly porous structure com-
posed of loosely packed collagen fibers, which was well pre-
served even after 100 min of each protein modification and
overall very suitable for tissue regeneration (Fig. 4b).

Discussion

To achieve surgical outcomes comparable with CTG grafts,
PDCM should be immediately occupied by tissue-
regenerating cells so that the newly formed tissues may inter-
mingle with the scaffolds’ collagen fibers before the degrada-
tion of the scaffold has been completed.

Since the energy demanded to support new cell ingrowth at
the site of tissue regeneration is delivered through blood ves-
sels in the form of oxygen and metabolites [18], accelerated
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revascularization of PDCM forms the basis of solid and high-
quality tissue regeneration.

In this context, angiogenesis starts with migration and pro-
liferation of endothelial cells. Mature endothelial cells from
pre-existing blood vessels migrate and proliferate by chemical
cues like GFs and/or signals from the wound site [19, 20].
Once the cells migrate to the targeted site, they need to estab-
lish proper interaction with the underlying matrix surface to
survive and for further differentiation. This interaction re-
quires proper cell-matrix adherence as a prerequisite, since
the focal adhesions that cells form toward the underlying sur-
face to build a tight attachment, serve not only as a mechanical
linkage but also as a biochemical signaling hub to direct sig-
nals to intracellular signaling pathways associated with vari-
ous cellular behaviors [21, 22]. Therefore, proliferation, mi-
gration, and the affinity of cells to the matrix were tested to

determine the biocompatibility of controls and modified
PDCMs to endothelial cells.

In the present study, we used EMD and PRF as PDCM-
modifying factors in order to provide additional signals to
surrounding cells. As a result, PDCM modification with
EMD increased the HUVEC proliferation compared with
the contro l group when examined by MTT and
PrestoBlue® assays. Cell migration was not enhanced nor
prohibited by EMD-PDCM-conditioned medium. These
results are inconsistent with the ones from previous
in vitro studies where both cell proliferation and migration
were increased by EMD treatment [23, 24]. The methodo-
logical difference may explain the discrepancy of the re-
sults. While diluted EMD solutions were added directly
into the culture medium in other studies, PDCM acted as
a form of EMD delivery device in the present study.

Fig. 1 Effect of EMD- and PRF-pretreated PDCMs on HUVEC cell
proliferation and cytotoxicity. Cells were cultured on PDCMs pretreated
with either control (serum-free medium), EMD, or PRF solution. aMTT
assay. Overall, EMD and PRF groups showed an increased cell activity at
different timepoints. Asterisks represent significant differences of the PRF
group compared with the EMD and the control groups at each timepoint
of measurement. Number and section signs represent significant differ-
ences of the PRF and EMD groups compared with the control group at
each timepoint of measurement. b PrestoBlue® assay. After 72 and 96 h,
EMD and PRF groups revealed an increased cell activity compared with

the control group. Asterisks represent significant differences compared
with the control group. c ToxiLight® assay. Twenty microliters of super-
natants were collected from each well at days 1, 2, and 3 after seeding and
transferred into a 96-well plate. The amount of adenylate kinase (AK) in
each supernatant was measured using a microplate reader. PRF group
showed an increased cytotoxicity after 1 day compared with the EMD
and the control groups. Asterisks represent significant differences of the
PRF and EMD groups compared with the control group. Values
expressed as means from three independent experiments. Error bars rep-
resent standard deviations (SD)
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EMD is chemically soluble in acid pH level and in low
temperature. However, as the pH and temperature rise, EMD
starts to be adsorbed and precipitated to a hydroxyapatite or
collagen surface [25]. Miron et al. coated demineralized
freeze-dried bone allograft (DFDBA) particles at 4 °C with
EMD solutions at a working concentration of 100 μg/ml over-
night. SEM visualization showed a network of EMD protein

fibers covering the surface of DFDBA particles with variable
protein densities [26]. Therefore, it is likely that our pre-
incubating method enabled EMD molecules to be adsorbed
and precipitated into PDCM 3D architecture, thereby altering
topographical and biochemical surface characteristics of the
material.

Adsorbed and precipitated EMDmolecules to PDCM have
to be processed by cellular matrix metalloproteinases (MMPs)
before they become active to surrounding cells [27]. This pro-
cess could be delayed in our experimental conditions, owing
to the affinity of EMD to collagen molecules and the absence
of scaffold degradation activity. This partially may explain the
delayed response in the cell proliferation assays and no re-
sponse in migration assay.

PRF modification of PDCM promoted activity and migra-
tion of HUVECs compared with serum-free medium controls.
Proliferative activity was significantly increased at all time
points of measurement, while PRF-PDCM-conditioned medi-
um enormously upregulated HUVEC migration ability.

PRF is a biological substitute with a high potency and a
multitude of possibilities. It is perfectly biocompatible due to
the origin, i.e., patients’ own blood, easy to produce and to
handle, and carries multiple growth factors (GF) in high con-
centrations [28–30]. However, when it comes to the clinical
application, the question is whether the amount of GF in the
PRF clot is high enough to induce any additional effect in the
targeted site. Recent clinical studies showed that PRF clots
grafted in post-extraction sockets or palatal wound sites sig-
nificantly promoted soft tissue-healing capacity [15, 16]. The
pattern and amount of GF release from PRF clot investigated
in vitro suggest a concrete evidence as to explain the effect of
PRF grafting [14].

Fig. 3 Effect of EMD and PRFmodifications of PDCM on HUVEC cell
attachment. Cells were seeded on control, EMD, and PRF solution-
pretreated PDCM samples. After 24 h, cells were stained with SYTO®
Green and observed with an inverted microscope. Pictures were taken
from each sample, and the attached cells were digitally counted with the
software ImageJ. a PDCM-attached cell density was significantly

increased in the EMD and PRF groups compared with the control group.
Asterisks represent significant differences compared with the control
group. Values expressed as means from three independent experiments.
Error bars represent standard deviations (SD). b Box plots. Asterisks and
circles represent outliers

Fig. 2 Effect of EMD- and PRF-pretreated PDCMs on HUVEC migra-
tion ability. Prepared PDCM samples (control, EMD, and PRF solutions)
were incubated with serum-free medium for 24 h in the bottom of 24-well
plates. PDCMs were then removed, and transwells (Boyden chambers)
were seated upper them. Calcein-AM-stained HUVEC cells in the
Boyden chambers migrated through the Boyden chambers. Cell migra-
tion was measured by using a microplate reader. Migration was signifi-
cantly increased in the PRF group compared with both EMD and control
groups. Asterisks represent significant differences of the PRF group com-
pared with the EMD and the control groups. Values expressed as means
from three independent experiments. Error bars represent standard devi-
ations (SD)
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In this study, a PRF-24 h exudate to hydrate the PDCMwas
used. In order to determine how PDCM is biofunctionalized
with the help of bioactive molecules achieved from PRF clot,
we had to exclude the PRF clot from the cell culture medium.
According to a previous study, PRF releases GF for a maxi-
mum of 28 days in virtue of organized fibrin network [14].
Therefore, the exudate we used in this study may contain
partial amount of the substances that PRF releases in total
but still large enough to stimulate the cells as proven in our
study.

HUVEC attachment to the test material surfaces was re-
markably promoted in EMD and PRF group compared with
the control group. Since HUVECs’ attachment to the bioma-
terial surface is usually completed within several hours [31],
our data present an attachment and cell growth on PDCM
during the initial 24 h. Several factors could be considered
to explain this phenomenon.

EMD molecules on PDCM surfaces may have elevated
intracellular integrin signals, promoting attachment and pro-
liferation of the cells. EMD increases the expression and the
release of TGF-β in cells [7, 32], while TGF-β signaling
enhances the activity of integrin signaling in various cell types
including HUVEC [31, 33, 34]. Altered surface topography of
the matrix due to the precipitation of EMD protein fibers could
be another influencing factor to cell behavior [31, 35].

Beside GF, PRF also contains adhesive proteins, such as
fibrinogen, vitronectin, and fibronectin [36]. These proteins
carry sequences that bind to integrin receptors on the cell
surface, promoting cell-matrix adherence. Especially, fibro-
nectin (FN) is known to carry not exclusively integrin-
binding domain but also GF-binding domain in the close
proximity. This spatial proximity between two domains is
proved to amplify the function of GF signaling by allowing
the signal exchanges between integrin and GF pathways,
which in turn leads to the synergistic co-activation [37, 38].
Therefore, it can be reasonably assumed that collagen-bound
FN primarily assists in HUVEC attachment. Then it triggers
the proliferative activity of cells in collaboration with GF sig-
naling. This explains the odd distribution of cells, i.e., Ball-or-
none^ pattern, on PRF-treated PDCM surface.

Once cells are migrated and attached to the matrix surface,
it is important that cells penetrate the internal structure effi-
ciently to allow microvessel ingrowth and tissue regeneration.
Our SEM analysis demonstrated that the EMD and PRF mod-
ifications of PDCM does not affect the 3D architecture of the
matrices of its own, implying the strong possibility of well-
induced microvessel ingrowth subsequently after endothelial
cell colonization on the matrix surface.

In conclusion, EMD and PRF pretreatments successfully
promoted cell affinity of PDCM and upregulated HUVEC cell

Fig. 4 Scanning electron microscopy (SEM). a Surface layer. Images in
low magnification on the left side (a, c, e) and in high magnification on
the right side (b, d, f) represent uniform surfaces with some macroscopic
grooves and holes suitable for cell and blood vessel ingrowth. b Cross-
sections. Images in low magnification on the left side (a, c, e) and in high

magnification on the right side (b, d, f) represent the highly porous
internal structures of the samples with loosely packed collagen fibers
suitable for tissue regeneration. (a, b control group; c, d PRF group; e, f
EMD group)
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viability as well as proliferation and migration ability in vicin-
ity. Angiogenesis is the most important step in early stage of
tissue regeneration. Our results give evidence that the co-
application of cell-inducing proteins, such as EMD or PRF,
may enhance the formation of new blood vessels around and
through the implanted collagen tissue matrix, which in turn
may contribute to improved surgical results. Well-designed
animal and clinical studies are required to verify the clinical
benefits.

Recently, a liquid EMD carrier system has been developed
(Osteogain®, Straumann AG, Switzerland). This new EMD
liquid system enhanced protein adsorption to bone grafting
materials compared with conventional EMD gel system
(Emdogain®, Straumann AG, Switzerland) [39, 40]. It seems
to work well with collagen matrices as well [41]. Our further
research would be to test PDCM with EMD liquid in order to
optimize clinical application in soft tissue grafting procedures.
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