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The platelet-rich fibrin (PRF) is known as a rich source of autologous cytokines and growth factors and uni-
versally used for tissue regeneration in current clinical medicine. However, the microstructure of PRF has not
been fully investigated nor have been studied the key molecules that differ PRF from platelet-rich plasma. We
fabricated PRF under Choukroun’s protocol and produced its extract (PRFe) by freezing at �808C. The con-
ventional histological, immunohistological staining, and scanning electron microscopy images showed the mi-
crostructure of PRF, appearing as two zones, the zone of platelets and the zone of fibrin, which resembled a
mesh containing blood cells. The PRFe increased proliferation, migration, and promoted differentiation of the
human alveolar bone marrow stem cells (hABMSCs) at 0.5% concentration in vitro. From the results of proteome
array, matrix metalloproteinase 9 (MMP9) and Serpin E1 were detected especially in PRFe but not in concen-
trated platelet-rich plasma. Simultaneous elevation of MMP9, CD44, and transforming growth factor b-1 re-
ceptor was shown at 0.5% PRFe treatment to the hABMSC in immunoblot. Mineralization assay showed that
MMP9 directly regulated mineralization differentiation of hABMSC. Transplantation of the fresh PRF into the
mouse calvarias enhanced regeneration of the critical-sized defect. Our results strongly support the new char-
acteristics of PRF as a bioscaffold and reservoir of growth factors for tissue regeneration.

Introduction

The platelet-rich fibrin (PRF) is known as a rich
source of autologous cytokines and growth factors, and

special attention has been paid as a new biomaterial in clinical
application. Fabrication protocol of PRF is relatively simple
and natural, as it is the outcome product of short centrifuga-
tion of autogenous blood without usage of anticoagulant or
bovine platelet activators. Ahead of PRF, platelet-rich plasma
(PRP) was introduced in 1998 and its classic protocol was
provided as blood collection with anticoagulant, two steps of
centrifugation, and artificial polymerization of the platelet
concentrate.1 However, the real efficacy of PRP has been de-
bated, although its release of the growth factors from the
platelets was proven.1 PRF was introduced in the meantime as
a new generation of platelet concentrate by Choukroun et al.
for specific use in oral and maxillofacial surgery.2 Its fabrica-
tion protocol minimized blood manipulation, eliminated an-

ticoagulant usage, simplified centrifugation into single step,
and used natural fibrin clot polymerization.

PRF was known to enhance bone formation and, in par-
ticular, to increase the healing rate of grafted bone. Evidence
for the clinical application was shown in sinus lifting, alve-
olar bone defect for implant installation.3 Application of PRF
for the reconstruction of maxillofacial defects resulted in
quicker maturation and consolidation of autogenous bone
transplant and higher bone density. Further, the combination
of PRF and autogenous bone increased the rate of osteo-
genesis and the quality of the new bone.4,5

Previous studies reported that these clinical effects came
from the cytokines and growth factors released during PRF
production by centrifugation, as platelets were activated and
their massive degranulation implied significant cytokine re-
lease.6 The known cytokines and growth factors in PRF in-
cluded interleukin-1b (IL-1b), IL-4, tumor necrosis factor a,
platelet-derived growth factor a and b (PDGF-a and b),
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transforming growth factor-b1 (TGF-b1), insulin-like growth
factors 1 (IGF-1), and vascular endothelial growth factor
(VEGF).6–9 Among them, TGF-b1, PDGF-AB, VEGF, and
thrombospondin-1 are known as the typical growth factors
released from PRF with highest amounts, promoting the
healing of soft and hard tissues through stimulation of col-
lagen production to improve wound strength and initiation
of callus formation.7,10–13 However, other important factors
may exist in the upstream of PDGF-AB and TGF-b1 in the
wound healing mechanism of PRF, as cytokine and growth
factor arrays have not been carried out for PRF so far.

PRF was suggested to have very different effects from
concentrated PRP (cPRP), which would have a massive,
uncontrollable, and short-term effect.14 The two times
centrifuged PRP was defined as cPRP and it was one of the
most frequently used form of PRP in clinical application.15

However, the real efficacy of cPRP was debated and some
studies concluded that cPRP mediated only the early aspects
of the bone repair process.16–19 On the other hand, PRF re-
leased autologous growth factors gradually and expressed
stronger and more durable effect on the cellular proliferation
and differentiation than cPRP in vitro, shown by the recent
study undergone in rat osteoblasts.20 Several reasons were
suggested for these differences, but the unique characteristics
of PRF have never been investigated.

In this study, we report the new distinct property of PRF
as a bioscaffold through investigating the microstructure by
histological, immunohistological, and scanning electron mi-
croscopy (SEM) observations. To examine the proliferative
and differentiative effect of PRF, the fresh PRF was frozen at
�808C and its extract was obtained. BromodeoxyUridine
(BrdU) incorporation and wound healing assay were per-
formed to test direct or indirect proliferation effect of PRF
extract (PRFe) on the human alveolar bone marrow stem
cells (hABMSCs), whereas mineralization was induced with
or without PRFe to examine mineralization differentiation
effect in vitro. We also show the upstream molecules of tissue
healing mechanisms, which differentiate PRF from cPRP by
proteome profiler arrays. Besides, the fresh PRF was trans-
planted into the mouse calvarias critical-sized defect to
confirm the regeneration capacity of PRF in vivo.

Materials and Methods

Human peripheral blood collection and PRF, PRFe,
and cPRP fabrication

The venous blood of a volunteer, who was healthy and not
taking any medication, was drawn under sufficient informed
consent and protocol approved by institutional review board
at the Seoul National University Dental Hospital, Seoul,
South Korea. The following PRF production was referred to
the protocol by Choukroun et al.2,21 Briefly, the blood sample
was taken in 10 mL tubes without anticoagulant and then
immediately centrifuged at 400 g for 10 min. A fibrin clot was
obtained in the middle height of the tube between the red
corpuscles at the bottom and the acellular plasma at the
top. The obtained fibrin clot was defined as PRF. Then, the
PRF was frozen at �808C for 1 h to separate trapped growth
factors and cytokines from the fibrin meshes. The leaked
juice was harvested without fibrin fibers by centrifugation at
230 g for 10 min and called as the PRF extract (PRFe). The
remained fibrin clot was called frozen PRF.

As for the cPRP, the same venous blood was used as PRF
fabrication following the protocol from the department of
laboratory medicine, Blood Bank, Seoul National University
Hospital. Briefly, 320 mL withdrawn blood was initially
centrifuged at 2000 rpm for 7 min to separate PRP and
plasma-poor plasma (PPP) portions from the red blood cell
fraction. The PRP and PPP portions were again centrifuged
at 2900 rpm for 10 min to separate PRP from PPP. The two-
time centrifuged PRP was defined as cPRP.15 The number of
platelets in PRP was adjusted to 1063�103/mL after PRP was
collected. The PRP samples were stored in conical tubes at
�708C. After three cycles of freezing–thawing to release the
growth factors contained in platelets, PRP was ready to be
applied to each cultures.

Isolation of hABMSCs

Alveolar bone marrow in human mandible was obtained
from the extraction socket of young adults at the Department
of Oral and Maxillofacial Surgery, under sufficient informed
consent and protocol also approved by institutional review
board at the Seoul National University Dental Hospital, Seoul,
South Korea. Separated tissues were digested in a solution of
3 mg/mL collagenase type I (Worthington Biochem) and
4 mg/mL dispase (Boehringer) for 1 h at 378C. Single-cell
suspensions were obtained by passing the cells through a
40mm strainer (Falcon). Single-cell suspensions were cultured
in Minimum Essential Medium-Alpha (a-MEM) (Gibco BRL)
supplemented with 10% fetal bovine serum (Equitech-Bio Inc),
100mM ascorbic acid 2-phosphate (Wako), 2 mM glutamine,
100 U/mL penicillin, and 100mg/mL streptomycin (Biofluids),
and then incubated at 378C in 5% CO2. All primary cells used
in this study were at passages 2 or 3.

Histological examination

To identify microstructure of PRF, the fresh PRF and the
frozen PRF were observed by histological examination. The
specimens were fixed in 3.7% paraforaldehyde for 1 week at
48C. Then, 4-mm-thick serial sections were cut transversely at
the center of the exposed site. The sections were then pro-
cessed for hematoxylin and eosin (H&E) staining. Im-
munohistochemical staining was also performed on the fresh
and the frozen PRF. Briefly, 4-mm-thick paraffin sections were
de-paraffinized and hydrated with alcohol series. After anti-
gen retrieval in citrate buffer, the sections were treated with
hydrogen peroxide. After blocking with 1% bovine serum
albumin in phosphate-buffered saline (PBS) for overnight at
48C, the whole-mounted specimens were incubated for 2 h at
room temperature with anti-platelet activating receptor anti-
body (rabbit clone H963, 1:200; Abcam) for detection of
platelet, and anti-fibronectin fiber antibody for detection of
fibrin (rabbit, 1:200; Abcam). After several PBS washes, the
specimens were incubated for 1 h at room temperature with
the following secondary antibodies: Alexa Fluor 488 anti-
rabbit antibody or Alexa Fluor 555 anti-rabbit antibody
(1:1000; Molecular Probes). Specimens were imaged by an
LSM 510 META confocal laser scanning microscope (ZEISS).

Scanning electron microscopy

For SEM observations, the fresh PRF and the frozen PRF
were cross sectioned and fixed as described above, rinsed in
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PBS, and dehydrated with serial concentrations of ethanol.
Dehydrated specimens were gold sputter-coated and ob-
served under the scanning electron microscope (Hitachi,
S4700).

Cell proliferation and migration assay

For quantitative analysis of cell proliferation, BrdU in-
corporation was used. The hABMSCs were seeded at 2�104

cells per well slips in six-well plates and incubated for 24 h
over 22�22-mm cover slips. BrdU (Roche Applied Science)
was added at final concentration of 20mM with or without
0.5% PRFe and the cells were further incubated for 12 h at
378C. Cells were washed twice with PBS and then fixed in
3.7% paraformaldehyde at 48C for 10 min. Cells were per-
meabilized with 0.1% Triton X-100 at 48C for 5 min and in-
cubated with 2N HCl for 5 min and then gently washed three
times with PBS. After blocking with 1% bovine serum al-
bumin in PBS for overnight at 48C, cells were incubated with
mouse anti-BrdU monoclonal antibody (Dako) at a 1:100
dilution for 2 h at room temperature, incubated with Alexa
Fluor 488 anti-mouse secondary antibody at a 1:1000 dilution
for 30 min at room temperature, and then washed five times
with PBS. For nuclear staining, 40,60-diamidine-20-pheny-
lindole dihydrochloride (Roche Applied Science) was used at
a final concentration of 1mg/mL in PBS for 5 min followed by
extensive washing with PBS. Cover slips were mounted and
cells were viewed with a confocal imaging system as de-
scribed above. Each analysis was repeated at least three
times.

To observe the effect of PRFe on the cellular migration of
hABMSCs, wound-healing assay was performed under an
optimal condition. The control group consisted of the cells
grown in the medium without PRFe and the experimental
group in the medium with 0.5% PRFe. The concentration was
calculated as volume percentage of added PRFe to the total
volume of the cell culture medium. hABMSCs were seeded
into a six-well culture plate and allowed to grow to 90%
confluency in complete medium. Cell monolayers were
wounded by a plastic tip (1 mm). Wounded monolayers
were then washed four times with medium to remove cell
debris and incubated in serum-free medium in the absence or
present PRFe. Cell migration into the wound surface was
monitored by microscopy at 0, 12, 24, and 48 h. Quantifica-
tion was done by measuring the distance of the wound edge
of the migrating cells from the start point to the migrated
point.

Mineralization induction

The hABMSCs (1�105 cells/well) were seeded into six-
well plates with the normal medium. The medium was
changed to the mineralization induction medium (a-MEM,
5 mM b-glycerolphosphate, and 10 nM dexamethason) after 3
days and 0%, 0.5% of PRFe, or 40 mg/mL matrix metallo-
proteinase 9 (MMP9) protein (Abcam) and/or 100 nM
MMP9 inhibitor I (Calbiochem) were added. The medium
was changed every 3 days. On the days 7, 14, 21, 28, and 35,
accumulation of mineral nodules was detected by 2% aliza-
rin red S staining at pH 4.2 (Sigma). For destaining proce-
dure for measurement of calcium content, 3 mL of 10 mM
sodium phosphate–10% acetylpyrimidium (pH 7.0) solution
was added to each stained well and incubated at room

temperature for 15 min. The destained sample was then
transferred to a 96-well plate and the absorbance was mea-
sured at 562 nm.

Sodium dodecyl sulfate polyacrylamide gel
electrophoresis

For sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE), the Laemmli buffer system was used
to cast a 5% stacking gel and 6% to 15% gradient resolving
gel. After denaturation at 1008C for 3 min, proteins were
resolved at a constant 120V in a Bio-Rad mini-Protean II
apparatus until the bromophenol blue reached the bottom of
the gel and visualized with coomassie blue. For the highly
concentrated protein bands at 250–150 and 60–45 kDa, both
samples were 20 times diluted and reloaded on the same
SDS-PAGE.

Focused protein array for PRFe and cPRP

The focused protein array analysis was performed ac-
cording to the manufacturer’s instructions (Proteome Profi-
ler�Array; R&D Systems). The human cytokine array panel
A and the human angiogenesis array panel (Proteome Pro-
filer Array; R&D Systems) were used for both of PRFe and
cPRP. The horseradish peroxidase-conjugated secondary
antibodies incubation was followed (Santa Cruz Bio-
technology) and protein spots were observed using en-
hanced chemiluminescence (Amersham Biosciences). The
positive controls were two spots each and located in three
corners, upper left, upper right, and lower left of each array
kit, whereas the negative controls were also two spots but
located in lower right of each array kit.

Mouse calvarial defect surgery

All animal maintenance and surgical procedures were
reviewed and approved by institutional animal care and use
committee (No. 050512-11, ilar.snu.ac.kr, IACUC), Seoul
national university, Seoul, Korea. Six 8–10-week-old male
specific pathogen-free BALB/c nude mice were used for this
study ( Jackson Laboratory). All mice were anesthetized with
intraperitoneal injection of combination of anesthetics (1g,
2,2,2-tribromoethanol and 0.63 mL, 2-methyl-2-butanol in
100 mL PBS, 30 mL/g body weight) and 4-mm-diameter
round defect was made with a trephine bur in the unilateral
nonsuture-associated parietal under constant irrigation.
Four-millimeter defect was thought to be critical in mouse
calvarias.22 Extreme care was taken to avoid injury to the
underlying dura mater. Each defect was rinsed with saline to
remove bone debris and the fresh PRF cut in 4 mm diameter
was implanted in the defect (PRF group, n¼ 3). Nothing was
implanted in the control group (n¼ 3). After placement of the
PRF or nothing, the skin was sutured closed and the animal
was monitored.

Microcomputed tomography imaging and histological
analysis of mouse calvaria

Samples were harvested 8 weeks after surgical implanta-
tion. Calvaria were fixed in 3.7% paraformaldehyde for 1
week at 48C. Representative skulls were trimmed to the
proper size for the analysis chamber of the mCT device
(SkyScan1172 high-resolution micro-CT), and mounted on a
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turntable that could be shifted automatically in the axial
direction. Six hundred projections were taken over 180 of
object rotation (0.3 degree). The X-ray shadow projections
were digitized as 1024�1024 pixels with 4096 brightness
gradations (12 bit) for cooled camera or 256 gradations (8
bit). The spatial resolution obtained was 15 mm.

The samples were then trimmed for decalcification 10%
EDTA for 3 weeks and embedded in paraffin. Four-
micrometer serial bucco-lingual sections were stained with
H&E and examined under light microscope. (Olympus
U-SPT).

Statistical analysis

Data are expressed as mean� standard deviation. Statis-
tical significance of differences between the groups was an-
alyzed by Student’s t-test. A p-value of <0.05 was considered
statistically significant ( p� 0.05).

Results

PRF acts as a reservoir of cytokines and a possible
scaffold for tissue regeneration

To determine whether the fresh PRF contains phenotypic
blood cells such as leukocyte, monocyte, platelet, and fibrin
fibers, histological analysis was performed. Two distinct
zones were observed in H&E-stained fresh PRF, the zone of
platelets, and the zone of fibrin. In the zone of platelets,
highly concentrated platelets were observed in dark-purple
color, whereas cross-linking mesh-like structure with various
blood cells were observed in pink color in the zone of fibrin
(Fig. 1A, upper panel). In frozen PRF, the distinct two zones
existed same as fresh PRF, but no blood cells were observed
in the zone of fibrin. Strong contraction during freezing
process could remove the blood cells (Fig. 1A, lower panel).

To localize platelets and fibrin fibers, fluorescence immu-
nohistochemical analysis was used. In the fresh PRF, the
existence of platelets was verified with anti-platelet activity
receptor antibody at the zone of platelet (Fig. 1B, upper
panel; the particulate forms are marked by a white arrow).
The platelet aggregates were mostly condensed at the center
with many other blood cells, whose nuclei were stained with
40,60-diamidine-20-phenylindole dihydrochloride. This struc-
ture implied the function of PRF as a reservoir containing
blood cells and cytokines. Various blood cells were capable
of residing in PRF, secreting cytokines long-term, which may
contribute to tissue regeneration. Localization of the fibrin

fibers were confirmed with anti-fibronectin antibody and the
fibrins were reticulated with each other at the mesh-shaped
area. In the frozen PRF, however, platelets and fibrin fibers
existed at each zone but no cells were detected (Fig. 1B, lower
panel).

In the enlarged images by SEM, long and narrow fibrin
fibers were observed covering the platelet aggregates and
interconnecting with each other to the inside. Erythrocytes
and leukocytes were involved in the fiber network. In con-
trast, frozen PRF showed highly condensed fibrin fiber net-
work with platelet aggregates but without other blood cells,
which resembled a honeycomb having many small cells (Fig.
1C). This microstructure of PRF indicated its innate scaffold
characteristics, physically and biologically satisfied several
properties of the ideal scaffold, and supported the clinical
outcomes of tissue regeneration.

PRFe activates cellular proliferation and inhibits
motility of hABMSCs

To determine how PRF influence on cellular physiology
in vitro, the percentage of BrdU incorporation was measured
in control hABMSCs and PRFe-treated hABMSCs for prolif-
eration evaluation. The relative numbers of BrdU-positive
cells were increased about 40% by PRFe treatment, implying
positive effect on cellular proliferation of PRFe (Fig. 2A).
However, PRFe had inhibitory effect on cell migration,
shown by wound-healing assay. Confluent monolayers of
cells were scratched to form wound and cultured in the ab-
sence or presence of 0.5% PRFe at the 0, 12, 24, and 48 h and
then phase-contrast images were photographed. The migra-
tion distances were measured between the leading edge and
the wound line. After 24 h, the cells in control group effi-
ciently spread into the wound area, whereas few cells in
PRFe-treated group spread forward (Fig. 2B). The migration
rate was lower in the PRFe-treated group by 20% at 24 h and
19% at 48 h than in the control group. This implies that the
ABMSCs tend to aggregate and not to migrate under the
PRFe treatment.

PRFe activates mineralization of hABMSCs

The effect of PRFe on mineralization of hABMSCs was
studied by alizarin red staining. The hABMSCs was cultured
under the normal medium or mineralization induction me-
dium, with or without treatment of PRFe. During 5 weeks of
mineralization induction, the PRFe-treated hABMSCs

FIG. 1. Microstructure of fresh PRF and frozen PRF. (A) The left upper and lower panel showed fresh PRF and frozen PRF,
respectively, in 3.7% paraformaldehyde fixatives. The specimens were cut in the red horizontal circle and the cross sections
were stained with hematoxylin and eosin. The fresh PRF showed two distinct zones, the zone of platelets and the zone of
fibrin. In the zone of platelets, highly concentrated platelets were observed in dark purple color in magnified view give link,
whereas cross-linking mesh-like structure with various blood cells was observed in pink color in the zone of fibrin give link.
In the frozen PRF, however, two zones existed same as the fresh PRF, but no blood cells were observed (lower figures). (B)
The immunofluorescence staining showed the existence of platelets with anti-platelet activity receptor antibody at the zone of
platelet (red) and fibrin fibers with anti-fibronectin antibody (green), whereas blood cell nuclei were stained with 40,60-
diamidine-20-phenylindole dihydrochloride. Various blood cells were shown in fresh PRF but no cells were detected in frozen
PRF. Scale bars were 100mm. (C) Scanning electron microscopy images of fixed fresh PRF and frozen PRF showed platelet
aggregates (yellow arrows) and fibrin fibers (green arrows). Long and narrow fibrin fibers covered the platelet aggregates
and interconnected with each other to the inside. Erythrocytes (red arrows) and leukocytes (blue arrows) were involved in the
fiber network only in fresh PRF. Frozen PRF showed highly condensed fibrin fiber network with platelet aggregates but no
blood cells, which resembled a honeycomb having many small cells. PRF, platelet-rich fibrin. Color images available online at
www.liebertonline.com/ten.
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showed far more mineral nodules formation compared to the
cells without PRF treatment at the same week (Fig. 2C). To
analyze the data quantitatively, alizarin red-stained samples
were de-stained and the absorbance was measured at 565 nm
of wavelength. As a result, calcium content was higher in the
PRF-treated group but also the cells were comparatively
more proliferated in the PRF-treated group than the cells in
the control group (data not shown).

Evaluation of the results from proteome profiler arrays

Cytokines and growth factor are extracellular signaling
molecules that mediate cell-to-cell communication. They are
also released from the blood cells and play essential roles in
many biological processes such as cellular growth, differen-
tiation, migration, immunity, and inflammation. In the most
biological processes, multiple cytokines operate in a large
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network, where the action of one cytokine is regulated by
presence or absence of other cytokines.23,24 The PRFe and
cPRP, fabricated in 8 h from isolation of blood collection,
were assayed with the human cytokine array panel A and
human angiogenesis array kit (R&D systems) according to
the manufacturer’s instructions.

To identify the variety of protein profiles of PRFe and
cPRP, both extracts were loaded on the gradient SDS-PAGE
gel and the coomassie blue-stained bands were analyzed.
Different band pattern was noticed between the PRFe and
the cPRP, indicating that some unique proteins may exist
only in PRFe (Fig. 3A, arrow heads).

The protein array kits that consisted of 36 cytokines and 55
angiogenesis related proteins were used for human PRFe and
cPRP (Fig. 3B). The 36 cytokines included C5a, CD40 Ligand,
G-CSF, GM-CSF, GROa, I-309, sICAM-1, IFN-g, IL-1a, IL-1b,
IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12p70, IL-13, IL-
16, IL-17, IL-17E, IL-23, IL-27, IL- 32a, IP-10, I-TAC, MCP-1,
MIF1, MIP-1a, MIP-1b, Serpin E1, RANTES, SDF-1, TNFa,
and sTREM-1. The 55 angiogenesis-related proteins in-
cluded Activin A, ADAMTS-1, Angiogenin, Angiopoietin-1,
Angiopoietin-2, Angiostatin/Plasminogen, Amphiregulin,
Artemin, Coagulation Factor III, CXCL16, DPPIV, EGF, EG-
VEGF, Endoglin, Endostatin/Collagen XVIII, Endothelin-1,
fibroblast growth factor (FGF) acidic, FGF basic, FGF-4, FGF-
7, GDNF, GM-CSF, HB-EGF, HGF, IGFBP-1, IGFBP-2,
IGFBP-3, IL-1b, IL-8, LAP (TGF-b1), Leptin, MCP-1, MIP-1a,
MMP-8, MMP-9, NRG1-b1, Pentraxin 3 (PTX3), PD-ECGF,
PDGF-AA, PDGF-AB/PDGF-BB, Persephin, Platelet Factor 4
(PF4), PlGF, Prolactin, Serpin B5, Serpin E1, Serpin F1, TIMP-
1, TIMP-4, Thrombospondin-1, Thrombospondin-2, uPA,
Vasohibin, VEGF, and VEGF-C.

The cytokine and the angiogenesis-related protein arrays
revealed that nine factors were highly expressed in PRFe: an-
giogenin, IGFBP-2, IGFBP-3, MMP9, Serpin E1, TIMP-1, sI-
CAM-1, MIF1, and RANTES/CCL5 (Fig. 3B, upper panel,
white and red arrowheads). However, in cPRP, MMP9 and
Serpin E1 were not detected, although other seven factors were
expressed (Fig. 3B, lower panel, white arrowheads). These re-
sults suggested that MMP9 and Serpin E1 might play impor-
tant roles in PRF-induced tissue regeneration. MMPs are
known to function when cells migrate through the extracellular
matrix and CD44 to act as a docking molecule for MMP9 on the
cell surface, suggesting a mechanism of CD44-mediated cell

migration.25–28 To identify involvement of MMP9 in CD44’s
regulation mechanism in PRF, we measured the level of MMP9
and CD44 after 0.5% PRFe treatment to the hABMSCs in time
course. Immunoblot showed increased CD44 level, with si-
multaneous increase of MMP9 in 24 h after addition of 0.5%
PRFe (Fig. 3C). In addition, TGF-b1 expression was evaluated
in the hABMSCs in 24 h after addition of 0.5% PRFe, as platelets
were known to contain key growth factors, such as PDGF-AB,
TGF-b1, and VEGF, which were able to stimulate cell prolif-
eration, matrix remodeling, and angiogenesis.29,30 The level of
TGF-b1 receptor was also increased according to the increase of
MMP9 and CD44 (Fig. 3C).

MMP9 in PRF is a key factor in mineralization
of hABMSCs

To assess whether MMP9 contribute to mineralization of
hABMSCs, we treated recombinant MMP9 protein (rMMP9)
on the hABMSCs. The extent of mineralization was con-
firmed by formation of mineral nodules stained by alizarin
red. The effects of rMMP9 were compared, in each case with
rMMP9 alone, rMMP9 with MMP9 inhibitor, PRFe alone, or
PRFe with MMP9 inhibitor under the mineralization induc-
tion condition. The hABMSCs cultured at 40 ng/mL rMMP9
or 0.5% PRFe in 3 weeks showed far higher mineralization
than 0% rMMP9 or 0% PRFe. On the other hand, the
hABMSCs cultured with rMMP9 plus 100 nM MMP9 inhib-
itor showed reduced mineralization. MMP9 inhibitor also
reduced mineralization effect of 0.5% PRFe. These results
suggested that MMP9 in PRFe played a crucial role in min-
eralization differentiation of hABMSCs (Fig. 4, right panels).
The calcium content measured from the destained samples
followed the same trend as the results of alizarin red-stained
samples (Fig. 4, left graph).

PRF activates regeneration of critical-sized mouse
calvarial defects

The results of microcomputed tomography and histolog-
ical analysis showed that the defect size of the control group
(no transplantation group, n¼ 3) remained larger than the
size of the experimental group (fresh PRF transplantation
group, n¼ 3) at 8 weeks after implantation (Fig. 5A). The
experimental groups showed new bone formation in most of
the defect (Fig. 5B).

FIG. 2. Effect of PRFe on the cellular proliferation, migration, and differentiation in vitro. (A) The percentage of BrdU
incorporation was measured in control hABMSCs and PRFe-treated hABMSCs for proliferation evaluation. The relative
numbers of BrdU-positive cells were increased about 40% by PRFe treatment, implying positive effect on cellular proliferation
of PRFe. Cell nuclei were stained with 40,60-diamidine-20-phenylindole dihydrochloride and observed using a confocal mi-
croscope. Cells exhibiting BrdU incorporation in the nucleus were scored as BrdU-positive cells. Error bars indicate the
standard deviations of three independent analysis. Scale bar was 100mm. (B) Wound-healing assay showed inhibitory effect
on the cellular migration. Confluent monolayers of cells were scratched to form wound and cultured in the absence or
presence of 0.5% PRFe at the 0, 12, 24, and 48 h. The migration distances were measured between the leading edge and the
wound line. After 24 h, the cells in control group efficiently spread into the wound area, whereas few cells in PRFe-treated
group spread forward. The migration rate was lower in the PRFe-treated group by 20% at 24 h and 19% at 48 h than in the
control group. Error bars indicate the standard deviations of three independent analysis. Scale bar was 1 mm. (C) The
hABMSCs were grown under mineralization induction condition for 5 weeks with or without PRFe treatment and stained
with Alizalin red. The mineral nodules stained in red (white arrows) were far more intense from the third week in the 0.5%
PRFe-treated cells than in the control cells. Scale bar was 1 mm. PRFe, PRF extract; hABMSCs, human alveolar bone marrow
stem cells; BrdU, BromodeoxyUridine.
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Discussion

The structural analysis of PRF was rarely performed but
only an assumed illustration has been described.29 SEM ob-
servations of PRF combined with grafted cells were pictured
and the microstructure of PRF has been described as fibrin
meshes with enmeshed leukocytes.31 However, analysis of
the fixed fresh PRF and its frozen form was never been
performed. The fresh and the frozen PRF specimens showed
two distinct zones, the zone of platelets and the zone of fi-
brin, which were shown for the first time in this study. (Fig.
1A, C). The unique honeycomb structure of the frozen PRF
contained many small spaces for housing of the future
grafted cells (Fig. 1C). In some studies, clinical usage of PRF
membrane was reported, which had been fabricated by
simple compression of PRF.32 The unique microstructure of

PRF shown in this study well supported these scaffold
characteristics of PRF, and therefore PRF can serve as an
autologous bioscaffold to the surrounding hABMSCs, vari-
ous cytokines, and growth factors in tissue regeneration.

The existence of platelets and fibrin were confirmed with
the anti-platelet activity receptor antibody and the anti-
fibronectin antibody (Fig. 1C). In the zone of fibrin, platelets
and leukocytes were observed impinging inside the fibrin
mesh and this constitution implied that various blood cells
were capable of residing in PRF, secreting cytokines for long-
term and thus contributing to tissue regeneration. Fibrin is
known to play a vital structural role in the three-dimensional
structural integrity of blood clots and by the simultaneous
action of cytokines trapped in the meshes.33,34 Further, main
angiogenesis soluble factors such as FGF, VEGF, angiopoie-
tin, and PDGF were included in fibrin network. Previous

FIG. 3. Investigation of key molecules of PRFe. (A) Proteomic analysis of PRFe and cPRP. PRFe and cPRP were loaded on
the gradient sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel and the coomassie blue-stained bands were
analyzed. Different band pattern was noticed between the PRFe and the cPRP and red arrow heads indicate some unique
proteins in PRFe. For the highly concentrated protein bands at 250–150 and 60–45 kDa, both samples were 20 times diluted,
reloaded, and shown as (a) and (b). (B) The human cytokines and angiogenesis-related proteins array kits revealed 7 factors
that were highly expressed in both of PRFe and cPRP; angiogenin, IGFBP-2, IGFBP-3, TIMP-1, sICAM-1, MIF1, and
RANTES/CCL5 among 36 cytokines and 55 angiogenesis-related proteins (white arrow heads). However, MMP9 and Serpin
E1 were uniquely detected in PRFe, suggesting that MMP9 and Serpin E1 might play important roles in tissue regeneration.
Array data were developed on X-ray films after exposure to chemiluminescent reagents. (C) Western blot showed the effects
of PRFe on the activation of CD44 with simultaneous increase of MMP9 and TGF-b1 receptor in hABMSCs at 24 h of
treatment. PRFe was treated by 0.5% concentration in the indicated time course. a-Tubulin was a loading control. cPRP,
concentrated platelet-rich plasma. MMP9, matrix metalloproteinase 9; TGF-b1, transforming growth factor-b1. Color images
available online at www.liebertonline.com/ten.
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studies indicated that FGF and PDGF can bind to fibrin with
high affinity. Therefore, direct fibrin angiogenesis induction
could be explained by fibrin binding of numerous different
growth factors.23,24

Although the existence of various cytokines and numer-
ous growth factors in PRF was shown in regenerated tis-
sues,6–9 the physiological events between PRF and the
surrounding stem cells remained uncertain.32 In this study,
0.5% PRFe increased proliferation of hABMSCs but de-
creased migration of the cells, which implied increased cel-

lular aggregation. The proliferation and aggregation of the
stem cells have to be preceded before cellular differentiation
and the result of increased mineralization differentiation by
PRFe confirmed this effect of PRF once again.

Analyzing the expression profiles of cytokines, chemo-
kines, and angiogenesis-related proteins were essential and
helpful in understanding the characteristics of PRF. TGF-b1,
PDGF-AB, VEGF, and thrombospondin-1 were the previ-
ously known growth factors released form PRF and proven
to function positively for tissue regeneration.7,10–13 However,

FIG. 5. Microcomputed tomography and histologic analysis of new bone formation in mouse calvarial defects. Hematoxylin
and eosin- stained 4mm sections (asterisk represent defect margins) showed discontinued calvaria in control mouse (A),
whereas the most filled bone defect in the fresh PRF-transplanted mouse (B). Three-dimensionally reconstructed and cor-
onally sectioned microcomputed tomography images of calvarial defects clearly showed new bone formation in the exper-
imental mouse in most of the defect in 8 weeks of healing. Scale bars were 5 mm.

FIG. 4. Direct regulation of hABMSCs mineralization by MMP9. Mineralization of hABMSCs was enhanced by 40 ng/mL
rMMP9 or 0.5% PRFe after 3 weeks of mineralization induction condition. The mineral nodules were stained in red by
alizarin red (right panels). The hABMSCs cultured with rMMP9 plus 100 nM MMP9 inhibitor showed reduced mineralization
effect (the most right and upper panel). The same concentration of MMP9 inhibitor also reduced mineralization effect induced
by 0.5% PRFe (the most right and lower panel). Scale bar was 1 mm. The alizarin red-stained samples were destained as
described in Materials and Methods, and the absorbance was measured at 562 nm (left graph). The trend of optical density
value showed the similar effects MMP9 and its inhibitor on the alizarin red-stained hABMSCs. rMMP, recombinant MMP.
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MMP9 and SerpinE1 were the two distinguished factors
detected only in PRF in this study and may play important
roles in mechanisms of tissue regeneration (Fig. 3B). They
were reported to involve in many biological processes such
as cellular growth, differentiation, gene expression, migra-
tion, immunity, and inflammation.4–9,35–37

Between the two factors, MMP9 was prospected as one of
the key factors in PRF for mineralization differentiation of
hABMSCs. MMP9 has been reported to have close relation
with osteopontin and CD44 in prostate cancer progression
and metastasis.38–40 Osteopontin increases the migration of
PC3 cells, the prostate cancer cells that metastasize to the
bone tissue, and osteoclasts by increasing the surface ex-
pression of surface CD44. During this process, CD44 and
MMP9 were known to form a complex on the cell surface.
Therefore, we investigated a mechanism of MMP9 in PRF
using immune blot, which revealed that PRFe simulta-
neously increased MMP9, CD44, and TGF-b1 receptor at 24 h
after 0.5% PRFe treatment (Fig. 3C). These results suggested
that PRF were able to regulate proliferation and differentia-
tion of hABMSCs by the three molecules. The direct regula-
tion of mineralization by MMP9 shown in mineralization
assay supported these results in the same trend (Fig. 4).

The fresh PRF transplantation group (n¼ 3) in the mouse
calvarial critical-sized defect showed new bone formation in
the most of the defect by 6 weeks of healing (Fig. 5B).

In this study, we investigated microstructure of PRF in the
fresh form and the frozen form and suggested their charac-
teristic of bioscaffold. It was biochemically and physiologi-
cally evident that PRF increased proliferation, aggregation,
and mineralization by decreasing migration of the hABMSCs.
PRF contained Angiogenin, IGFBP-2, IGFBP-3, Serpin E1,
TIMP-1, sICAM-1, MIF1, and RANTES/CCL5, which were
identified by proteome arrays, but MMP9 and SerpinE1 were
the two distinguished factors expressed only in PRFe com-
pared to cPRP. Activation of MMP9 in PRFe-regulated cellular
differentiation via CD44. Our results demonstrate that PRF is
a simple and strong enhancer for tissue regeneration and thus
can be efficiently used in clinical medicine and dentistry.
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