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Abstract: Objectives: This study aims to assess the angiogenic and osteogenic capacity in rabbit sinus model grafted
with Deproteinized bovine bone mineral (DBBM) particles soaked in injectable Platelet rich fibrin (iPRF), both of
which interacted to form an integrated block. Materials and methods: Among sixteen rabbits, bilateral maxillary
sinuses were randomly grafted with either DBBM containing iPRF (iPRF+DBBM group), or DBBM alone (DBBM
group). After a 4 and 8-week healing period, animals were sacrificed for micro-CT, histological and immunofluores-
cence analyses, respectively. Results: New bone formation in the iPRF+DBBM group was largely observed around
the basal bone wall and Schneiderian membrane (SM), which further substitute the bone grafting material in a
bidirectional remodeling pattern. Although the ultimate amount of bone volume was of no significant difference be-
tween two groups in radiographical image, the expression of ALP and TRAP staining were significantly higher in the
experimental group with numerous vascular formations at 4" week. Moreover, the substitution rate of DBBM by new
bone formation after 8 weeks was significantly higher in the experimental group. As a result, mature collagen fibers
were detected in the larger amount of area in iPRF+DBBM group even at an early stage. Conclusion: iPRF+DBBM
accelerated vascular formation, bone remodeling and substitution of bone graft materials at the early healing pe-
riod, even though it failed to increase the bone volume in a long-term period. This integrated grafting biomaterial
will have great potential in the application of sinus augmentation, which provides a favorable environment for early
implant placement.

Keywords: Sinus floor augmentation, platelet, dental implant, bone substitutes, animal study

Introduction

The posterior maxillary region is faced with
multiple challenges during implant placement
due to poor bone quality and bone resorption
caused by sinus pneumatization after tooth
loss and inflammatory disease [1, 2]. Among
a multiple of therapeutic approaches, sinus
floor augmentation (SFA) procedure is the most
commonly used approach to provide sufficient
bone volume for further implant placement [3].
Although assorted bone grafting materials,
including autogenous bone, allogeneic bone
and xenografts, are currently applied for SFA,
these grafting materials have drawbacks, in-
cluding limited donor availability, donor site

morbidity, disease transmission and immuno-
genic response [4]. As a result, many biocom-
patible materials have been fabricated as a
substitute to traditional graft materials.

Deproteinized bovine bone mineral (DBBM)
appeared as one of the most popular employed
xenografts, which are biocompatible materials
commonly chose for SFA [5]. Most of the stud-
ies have reported successful outcomes both
in histological and clinical perspectives [3, 6].
However, DBBM, possessing only the ability of
osteoconduction but no osteoinduction and
osteogenesis due to the absence of the biologi-
cal factors, cannot activate new bone regenera-
tion by itself [6]. Moreover, with a rather pro-
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longed degradation rate, DBBM usually retards
the replacement of new bone formation and
prolongs the graft-healing time, and fails to syn-
chronize with the osteogenic rate. Hence, com-
bining the graft material with a biologic promot-
er that contains crucial growth factors may
reduce the graft-healing time and enhance the
osteoinductive process of bone remodeling.

To make up for the lack of osteoinductive and
angiogenic capacity and further promote bone
regeneration, the utilization of exogenous
growth factor is developed, such like vascular
endothelial growth factor (VEGF) and recombi-
nant human platelet derived growth factor-BB
(PDGF-BB) [7]. However, the use of exogenous
growth factors costs high and has some inevi-
table side effects, including excessive inflam-
mation response, heterotopic ossification and
carcinogenic effect [8, 9]. Therefore, the
attempt to fabricate autologous blood deriva-
tives, with a proven biological safety and simple
procedure, has grabbed a mass of attention for
SFA recently.

Autologous blood derivatives were obtained
after processing a whole blood sample through
centrifugation [10]. Notably, the development
of the low speed centrifugation concept pro-
moted the creation of a new formulation of
platelet-rich fibrin (PRF), namely iPRF [11]. This
is a liquid formulation obtained for injectable
purpose. iPRF does not consist of any anti-
coagulants and can maintain in liquid state for
about 15 minutes after centrifugation. iPRF
bears an extra benefit of aggregating into a
fibrin clot shortly after injection [11, 12]. This
bio-active material contains PDGF, VEGF, trans-
forming growth factor- (TGF-B) and so on [12].
These growth factors play a vital role in cell
migration, proliferation, and vascularization for
tissue regeneration.

However, the therapeutic effect of autologous
blood derivatives in bone regeneration is
remained obscure. According to the 5" consen-
sus statement of European Association for
Ossointegration (EAQ), the application of PRF
and PRP in SFA together with grafting materials
is not advisable due to a lack of effect [13].
However, some studies proposed short-term
improvement on outcome evaluation related to
osteogenesis and densitometric values [6].
Moreover, numerous previous experimental
studies in vitro and in vivo have also supported
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that combination application of autologous
blood derivatives with bone grafting material
can promote bone regeneration especially in
early healing period [14-16].

To this end, DBBM with iPRF were mixed
attempting to accelerate bone remodeling with
properties greater than what they can accom-
plish respectively. Therefore, this study was
carried out to assess the angiogenesis and
osteogenesis using Bio-Oss particles (A com-
mon commercial DBBM) incorporated with iPRF
in a rabbit sinus model. Different from previous
research, multiple approaches including radio-
graphic and histological analyses were applied
to illustrate the efficacy and dynamic pattern of
bone regeneration during the early healing
stage. We hypothesized that, as a desirable
carrier for bioactive factor delivery, grafting the
maxillary sinus with iPRF+DBBM may be con-
sidered as a candidate treatment for future SFA
due to its rapid angiogenesis, faster bone
remodeling, cost-efficiency and tissue regener-
ation capacity, thus allowing earlier implant
treatment.

Materials and methods
Materials preparation

For iPRF preparation, the centrifugation pro-
cess was performed according to the previous
method [12]. 1 ml upper layer of transparent
pale-yellow sticky liquid in the test tube was col-
lected as iPRF. 0.5 g DBBM (Bio-0ss, Geistlich
Pharma AG, Wolhusen, Switzerland) and 1 ml
iPRF were mixed together as iPRF+DBBM.

Stereomicroscope and scanning electron mi-
croscope (SEM)

The morphology of DBBM and iPRF+DBBM was
observed by stereomicroscope (SteREODisco-
very V20, Carl Zeiss, Germany). Afterwards,
iPRF, DBBM and iPRF+DBBM were frozen at
-80°C, followed by freeze-drying to remove
water. The cross-section of the materials was
sprayed with gold for 120 s and the microstruc-
ture of them was observed by SEM (FEI, Quanta
450, USA).

Enzyme-linked immunosorbent assay (ELISA)

In order to detect the amount of released
growth factors from iPRF group (200 ul iPRF)
and iPRF+DBBM group (200 ul iPRF + 0.1 g
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DBBM), the above samples were soaked in 1 ml
PBS and then placed on the shaker (30 r/min-
ute) under 37°C. 1 ml of PBS supernatant was
extractedat1d,3d,6d,10d,and 14 d respec-
tively, and equivalent amount of fresh PBS was
added afterwards. According to the previous
protocol, the amount of PDGF-BB, VEGF and
TGF-B were detected at each time point using
ELISA kit. All experiments were carried out in
triplicate, with three samples in each group.

Cell culture

Pre-osteoblasts MC3T3-E1 (3111C0001CCC-
000012, Chinese Academy of Medical Sci-
ences, China) were incubated in a-MEM supple-
mented with 1% penicillin-streptomycin and
10% FBS. The human umbilical vein endothelial
cells line (HUVECs, 3111C0001CCC000437,
Chinese Academy of Medical Sciences, China)
were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 1% peni-
cillin-streptomycin and 20% FBS. Incubation of
the first 10 passages of HUVECs was utilized
for the following experiments.

Migration assay

The migration assay was implemented follow-
ing the previous protocol [17]. 0.5 g DBBM
(DBBM Group) and 1 ml iPRF + 0.5 g DBBM
(iPRF+DBBM Group) were cultured in 5 ml
a-MEM, respectively. The supernatant was col-
lected after 1-day culture, which was used to
prepare 20% conditioned medium.

The assay was implemented with polyethyle-
ne terephthalate cell culture insert (Costar,
Corning Inc., Corning, NY, USA) and its pore size
is 8 um. The conditioned medium was added
into the lower chamber. After starving for 12 h,
1x10* cells were resuspended and seeded into
the upper chamber and began to migrate. 24 h
later, all the samples were treated with 4%
formaldehyde (PFA) and then stained with 0.1%
crystal violet solution (GoodBio Technology Co.,
Wuhan, China) for 10 min. The upper chamber
of the membrane was rinsed and the cell debris
on the top of the membranes was removed by a
cotton swab. Optical microscope (Carl Zeiss,
Germany) was used to capture images on the
bottom of the inserts. All the experiments were
performed in triplicates with three specimens
in each group.
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Tube formation assay

0.5 g DBBM (DBBM Group) and 1 ml iPRF + 0.5
g DBBM (iPRF+DBBM Group) were cultured in 5
ml DMEM, respectively. The supernatant was
collected after 1-day culture, which was used to
prepare 20% conditioned medium. Tube forma-
tion assay was conducted to investigate the
angiogenic impact of the above two conditioned
media on HUVECs. 2x10° HUVECs were seeded
into 24-well plates pre-coated with Matrigel
and incubated for 4 hours under conditioned
media. Image) 8.0 software (NIH, Bethesda,
MD, USA) was used to count the number of
nodes, branches and total branches length.

Quantitative reverse transcription-polymerase
chain reaction (QRT-PCR)

Total RNA was harvested at 1 day to investigate
the mRNA levels of VEGF, Col-1 and Ang-1.
Briefly, 2x10° cells were seeded into 12-well
plates. After 12 hours incubation, DBBM and
iPRF+DBBM were added into the medium,
respectively. Primer and probe sequences for
genes were fabricated with primer sequences
according to Table 1. The relative mRNA expres-
sion level was detected via qRT-PCR according
to the previous method [18]. The experiments
were performed in triplicate with three samples
in each group.

Animals and study design

Sixteen male New Zealand rabbits (3.0 + 0.5
kg, Animal Center of Chongging Medical Uni-
versity) were divided into two groups: (1) DBBM
group and (2) iPRF+DBBM group (assigned ran-
domly). All experimental procedures, in accor-
dance with the ARRIVE guidelines, were app-
roved by Animal Ethics Committee of Chongging
Medical University (CQHS-IRB-2018-07). The
animals were fed separately in cages without
limitation of food and water, and temperature
was kept at 20-25°C with air humidity reaching
60%-70%.

Surgical procedure

New Zealand rabbits were established as
the SFA model as previously reported [18].
Briefly, a sagittal incision was performed along
the midline on the dorsal area of the nasal
bone, and a full-thickness flap was laterally ele-
vated. Trephine bur was gently utilized to create
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Table 1. Characteristics of primers

Cell Symbol Forward Reverse

HUVECs VEGF 5’-ACCACACCATCACCATCGAC-3’ 5-TTCCGGGCTCGGTGATTTAG-3’
Ang-1 5-GAGCAAGTTTTGCGAGAGGC-3’ 5’-TGAGTCAGAATGGCAGCGAG-3’
Col-1 5-AGTGGTTTGGATGGTGCCAA-3’ 5’-GCACCATCATTTCCACGAGC-3’
GADPH 5’-ACTAGGCGCTCACTGTTCTC-3’ 5’-ATCCGTTGACTCCGACCTTC-3’

standard-sized 5-mm-diameter circular windo-
ws bilaterally. Subsequently, the Schneiderian
membrane (SM) elevated carefully from the
basal bone. After the elevation of SM, the lifted
cavity was implanted with DBBM (DBBM group)
and DBBM combined with iPRF (iPRF+DBBM
group), respectively. The implants were then
inserted properly. The periosteum and skin
were sutured carefully layer by layer with the
4-0 monofilament. The animals were sacrificed
with overdose anesthetic. Both maxillary sinus-
es were removed and immediately immersed in
4% PFA.

Micro-CT

The fixed maxillary sinus samples were imaged
by micro-CT (vivaCT80, SCANCO Medical AG,
Switzerland). The scanning condition was
acquired at 70 kV and 112 pA using a
15.4-pm-thick aluminum filter per slice. Three-
dimensional (3D) reconstruction of the interest
areas was performed. Bone volume density
(BV/TV) and trabecular thickness (Tb.Th) were
measured using the built-in software pCT80
(SCANCO Medical AG, Switzerland).

Fluorescence assay and VG staining

For the eight-week group, intramuscular injec-
tion of tetracycline (TE, 25 mg/kg), calcein (CA,
25 mg/kg) and alizarin red (AL, 30 mg/kg) were
implemented at 2, 4 and 7 weeks postopera-
tively [4, 11]. These above agents are calcium
chelating agents with fluorescence. We inject-
ed different fluorescent agents to observe the
calcium precipitation in bone tissue [11].

Graded dehydration was then conducted for
specimens of the eight-week group. Afterwards,
specimens were embedded in methyl methac-
rylate (M55909) and sliced with Hard Tissue
Sawing System (E200CP, EXAKT Verteriebs,
Germany) to 50 um. Then, the fluorescently
labeled sections were captured by laser scan-
ning confocal microscope (LSCM) (TCS.SPS,
Leica, Germany) to evaluate the bone regenera-
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tion at different times. Subsequently, the above
samples were stained with VG staining. New
bone formation observed beneath the SM was
defined as ROI-I and the upper part of the basal
bone was defined as ROI-II.

Histological analysis

In addition, the other half of the samples were
put in buffered 10% EDTA for the demineraliza-
tion and embedded in paraffin. The center of
these samples was sectioned consecutively
into 6 mm thick sections. Slices were then
stained with H&E, tartrate-resistant acid phos-
phatase (TRAP) alkaline phosphatase (ALP)
and Masson trichrome (MT). MT staining was
conducted to analyze areas of new immature
collagen formation (blue color) and areas with
matured collagen (red color), distinguishing
new bone formation area from mature bone for-
mation area [19].

Immunofluorescence analysis

Immunostaining was carried out according to
previous procedures [20]. In short, tissue sec-
tions were de-paraffinized following standard
procedures and incubated with the primary
SDF-1 monoclonal antibody (MAB350, RD)
overnight at 4°C. Nuclei were stained with 4,
6-diamidino-2-phenylindole (DAPI). Images we-
re captured by LSCM and the number of immu-
no-positive cells was counted in the entire area
of each photograph.

Histomorphometric analyses

Semi-quantitative analysis was carried out by
imageJ v1.8.0 (NIH, MD, USA). At least 4 slides
of each sample were used for quantification.
Two blinded examiners performed the histo-
morphometric analysis.

Statistical analysis

All the results obtained from multiple indepen-
dent experiments are presented as means *
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Figure 1. (A) Preparation of injectable platelet rich fibrin (iPRF). White arrow indicates iPRF after centrifugation of
blood. (B) The state of iPRF transforms from liquid to fibrin clot only after 15 min. (C, D) Stereomicroscope images of
Bio-Oss particles and Bio-Oss particles soaked in iPRF. SEM images of DBBM (E), iPRF (F) and iPRF+DBBM (G) Red

arrow indicates leukocytes within iPRF.

standard deviations. The Shapiro-Wilk test was
conducted by SPSS Statistics version 20.0
(IBM Corp., Armonk, NY.) to detect the norma-
lity of the variables, and all the variables
showed normal distribution. Student t tests
was used for comparison among different
groups. Asterisks represent the gradation of
significant differences: *P < 0.05; **P < 0.01.

Results
Characterization of DBBM and iPRF+DBBM

After the centrifugation step, it was possible
to observe subdivisions of the material inside
the tube and an obvious iPRF portion (1 ml)
at the top of the tube (Figure 1A). iPRF main-
tains a liquid state for around 15 minutes
before finally turn into a fibrin clot (Figure 1B).
Stereomicroscope images showed that DBBM
particles are scattered and irregular with poros-
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ity (Figure 1C). However, after loaded with iPRF,
DBBM particles were aggregated and the pores
were filled with iPRF (Figure 1D). SEM indicated
that DBBM combined with iPRF became a fibrin
clot as a whole (Figure 1G). Leukocytes can be
observed on the fibrin network of iPRF (Figure
1F).

DBBM degradation and new bone formation

Bone volume around the implant region was
imaged by micro-CT in sagittal plane (Figure
2A). In addition, bone volume over total volume
(BV/TV) and thickness of trabecular bone (Tb.
Th) in iPRF+DBBM group increased slightly with
no statistical difference to DBBM group (Figure
2B, 2C). As shown in Figure 2D, the dynamic
pattern of osteogenesis in two groups was
analyzed by sequential fluorochrome labels.
Compared to DBBM group, iPRF+DBBM group
showed faster bone formation during the early
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Figure 2. (A) Micro-CT analysis showing 3D reconstruction image of DBBM and iPRF+DBBM group at 8 weeks after
sacrifice. (B, C) Bone-related parameters (BV/TV and Tb.Th) in DBBM and iPRF+DBBM groups analyzed by Micro-
CT (n = 3). (D) Laser confocal microscope photographs showing the dynamic pattern of osteogenesis in DBBM and
iPRF+DBBM groups, together with VG staining of both groups after sacrifice. (E) Semiquantitative analysis of bone
formation at 2", 4", 7" week. Semiquantitative analysis of DBBM area (F) and new bone formation rate (G) of DBBM

and iPRF+DBBM groups (n = 4). *P < 0.05.

healing period (at 2" week), while there is no
significant difference between two groups in
the late period (at 7" week) (Figure 2E). Acc-
ording to VG staining at 8" week postoperative-
ly, the degradation of DBBM is accelerated in
experimental group and the remaining space
was substituted by larger amount of new bone
(Figure 2F, 2G).
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Cell migration and recruitment

VG staining indicated that in both groups, new
bone formation was detected beneath the SM
and in the upper part of the basal bone, with
immature matrix components connecting the
two regions (Figure 3A). Compared to the
DBBM group, iPRF+DBBM group showed that
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Figure 3. A. VG staining of hard tissue sections showing new bone formation in DBBM and iPRF+DBBM groups at 4
weeks post-operatively. B. Semiquantitative analysis of bone formation in different regions of interest (n = 4). C. A
Transwell system and crystal violet staining were used to test migration capacity of MC3T3-E1. D. Semiquantitative
analysis of migrating cells in DBBM and iPRF+DBBM groups after 24 h culture (n = 3). E, F. Immunofluorescence

staining images and semiquantitative analysis of SDF-1 (n =

new bone formation was mostly detected in the
lower part of the SM (ROI-I) and the upper part
of the basal bone (ROI-Il) (Figure 3B). This may
be due to the elevated migration of osteopro-
genitor cells. Therefore, Transwell assays were
performed to analyze their ability to promote
cell migration. The results showed that the
combination of iPRF and DBBM significantly
promoted cell migration, and the number of
migrating cells was about twice higher than
that of DBBM group (Figure 3C, 3D). This migra-

7318

4). (DBG: DBBM grafting) *P < 0.05, **P < 0.01.

tion can be mediated by chemokines. Stromal
cell-derived factor-1 (SDF-1) has been recog-
nized as the most important chemokine for cell
recruitment and homing [21]. Therefore, the
expression level of SDF-1 protein was analyzed
to investigate the effects of two groups on cell
migration. Immunofluorescent outcome indi-
cated that expression of SDF-1 protein was
observed in both groups, but higher expression
areas were observed in iPRF+DBBM group
(Figure 3E, 3F).
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Figure 4. A, C, E, G. H&E staining, TRAP staining, ALP staining and Masson staining images in DBBM region of
DBBM and iPRF+DBBM groups after 4 weeks. B, D, F, H. Semiquantitative analysis of vascular formation (white ar-
row), TRAP positive cells (black arrow), ALP positive cells (blue arrow) and new bone formation in both groups after
4 weeks. In the image of Masson staining, the red color represents host bone or newly formed calcified bone and
osteoid tissues while the blue color indicates fibrous tissue or freshly formed bone (n = 4). *P < 0.05.

Bone remodeling activity

H&E staining indicated that more vessels
were found in the iPRF+DBBM group (Figure
4A, 4B). TRAP staining and ALP staining show-
ed the consistent trend that osteogenic and
osteoclastic activity in experimental group is
much higher than that of DBBM group. The
positive region of ALP and TRAP indicated
that large amounts of osteoblasts and os-
teoclasts occurred surrounding the neovas-
cularization region (Figure 4C-F). MT-stained
bone specimens showed that immature colla-
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gen was dominating in DBBM group with limi-
ted areas of mature collagen at 4 weeks post-
operatively. However, detectable red stained
areas were observed in iPRF+DBBM groups
with apparently reduced blue stained areas
of immature collagen (Figure 4G). Newly form-
ed immature bone in DBBM and iPRF+DBBM
groups analyzed by new formed bone area
percentage (%) is presented in Figure 4H.
The ratio of new bone formation in iPRF+
DBBM group was 1.3 times higher than that
of the DBBM group at 4 weeks postopera-
tively.
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Figure 5. A-C. ELISA results showed the release pattern of three important growth factors (VEGF, PDGF-BB, TGF-f3)
within iPRF and iPRF+DBBM, respectively (n = 3). D, E. Laser confocal microscope photographs and semiquantita-
tive analysis of tube formation assay showed the promotion of angiogenesis in iPRF+DBBM group (n = 3). F. The
RT-PCR results indicated the mRNA expression of vascular-related genes (n = 3).

Neovascularization

According to result of ELISA, during the setting
time-point, the three major growth factors in
both groups maintained a prolonged release
pattern for nearly 2 weeks (Figure 5A-C). This
shows that DBBM did not stop the release of
factors from iPRF. These growth factors are
closely related to angiogenesis and vascular
maturation [14]. qRT-PCR and vascular tube
formation assay were conducted to verify the
angiogenic property of iPRF+DBBM. The results
of tube formation revealed that the number of
tubes and tube nodes as well as the total tube
lengths in the iPRF+DBBM group were totally
greater than those in the DBBM group, which
further indicated strong angiogenic capacity
within iPRF+DBBM group (Figure 5D, 5E). The
gRT-PCR results showed that the mRNA levels
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of VEGF, Col-1 and Ang-1 were significantly high-
er in the iPRF+DBBM group compared with the
DBBM group (Figure 5F).

Discussion

According to the 5" EAO Consensus Conference,
the application of PRP and PRF combined with
grafting materials in SFA seems not to be
recommendable because of a lack of effect
[13]. However, the dynamic bone formation pat-
tern has not been observed carefully in previ-
ous studies during the early healing process
of sinus augmentation. Indeed, for long-term
effect on bone regeneration, it seemed that the
additional benefit of osteogenic property to
increase bone volume is not obvious (Figure
2A, 2B). In the study of kilic et al., they com-
pared the histologic and histomorphometric
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outcomes of maxillary sinus-floor augmenta-
tion among beta-tricalcium phosphate (3-TCP)
alone, P-PRP-mixed B-TCP, and PRF-mixed B-
TCP in 26 patients. Their findings suggested
that adding P-PRP or PRF to B-TCP graft substi-
tute was not beneficial on new bone formation
and regeneration, and P-PRP plus B-TCP or PRF
plus B-TCP is not superior to B-TCP alone [22].
Our results seemed not consistent with this
study, but we have to take into account of dif-
ferent research models, observation periods
and biomaterials between both studies. In our
study, iPRF+DBBM could facilitate the early
establishment of neovascularization in the
maxillary sinus (Figure 4A, 4B) and accelerate
bone remodeling process (Figure 4). Compared
to DBBM, B-TCP is featured by faster degrada-
tion and higher substitution rate and it facili-
tates the bone remodeling process in the ex-
periment of ridge preservation [23, 24], which
may also occurred in maxillary sinus elevation.
Nevertheless, the slower degradation property
of DBBM applied in our study may retard the
replacement of new bone formation and the
actual bone-regeneration capacity of iPRF.
Another study published recently was to inves-
tigate the effectiveness of adding leukocyte
and platelet-rich fibrin (L-PRF) to DBBM for early
implant placement after maxillary sinus aug-
mentation of 12 patients. The results showed
that the addition of L-PRF to the DBBM into the
maxillary sinus allowed early implant place-
ment (4 months) with increased new bone for-
mation than DBBM alone after 8 months of
healing [6]. Our study also suggested that the
accelerated process of bone remodeling may
allow the early implant placement after sinus
augmentation. The alternation of bone remod-
eling pattern and bone maturation shown in
histological results inspired us that there might
be some differences after the application of
iPRF.

It is widely acknowledged that in the process
of bone regeneration, relative biological events
include coagulation, inflammatory response,
angiogenesis, and accompanying target actions
of cell differentiation and mineralization [25].
After a perfect performance of SFA, the grafted
biomaterial can be well restrained between
bone walls and SM. Blood clots are crucial for
postoperative healing since the blood clots will
be replaced by organized connective tissues
and contributed to the dynamics of later bone
remodeling [26]. During the first two weeks,
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blood clots are evident on the graft bed, which
is the focus of the inflammatory response char-
acterized by vascular buds infiltrating the graft-
ed bed. Afterwards, fibrous granulation tissue
becomes increasingly dominant on the graft
bed, the number of inflammatory cells decreas-
es, and osteoclastic activity increases [26].
Subsequently, grafting material may be cov-
ered with vascular network. As the revascular-
ization process proceeds, primitive mesenchy-
mal cells differentiate into osteogenic cells.
These osteogenic cells first differentiate into
osteoblasts, which line the edges of grafts and
deposit one layer of osteoid surrounding the
bone grafts. Meanwhile, bone grafts are gradu-
ally resorbed by osteoclasts [27]. Using a rabbit
sinus model, our study found that loading iPRF
onto DBBM particles with soaking method
enhanced the osteogenic potential of the SM.
The dual direction of bone formation in SFA is
believed to accelerate the substitution of bone
grafting material and promote bone maturation
in early bone healing period (Figure 3A, 3B).

Chemotactic process is the first important step
for bone healing [21, 28]. Growth factors within
iPRF such as PDGF and TGF- cause chemo-
taxis of pre-osteoblasts to sites where bone
remodeling is needed, and the chemotactic
process is followed by osteogenic proliferation
and differentiation. Such growth factors may
further orchestrate SDF-1, which has been
considered as the most important chemokine
[29, 30]. The binding of SDF-1 to CXCR4 results
in cytoskeleton rearrangements and integrin
activation. This SDF-1/CXCR4-orientated che-
motaxis modulates the recruiting of stem cells
and progenitor cells [31]. As is shown in Figure
3E, crucial chemokines SDF-1 for cell recruit-
ment were apparently observed beneath the
SM, which further promote new bone formation
in these areas. Moreover, the Transwell assay
in vitro also indicated that the migration of pre-
osteoblast in iPRF+DBBM group was enhanced
due to effect of growth factors (Figure 3C, 3D).

Subsequently, vascular formation surrounding
DBBM region was enhanced by molecular fac-
tors within iPRF as well [15]. The adequate
blood supply that transport nutrients, oxygen
and minerals would lay a foundation for bone
healing [32]. Consistent with previous study,
iPRF+DBBM presented higher potential of vas-
cular formation at 4 weeks according to histo-
morphometric result of tube forming experi-
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ment (Figure 5D, 5E). iPRF contains a variety of
autologous factors which affect both intravas-
cular cells and bone-related lineage, emphasiz-
ing that the processes of angiogenesis and
osteogenesis are interacted [32]. Among th-
ese factors, representative growth factors that
have been tested are VEGF, PDGF-BB and
TGF-B (Figure 5A-C), which help stimulate the
proliferation of new blood vessels. VEGF mainly
promotes vascular formation through recruiting
endothelial cells and forming tubules [26].
Moreover, PDGF-BB within iPRF was verified its
promotion for the angiogenesis of endothelia
progenitor cells and mesenchymal stem cells
through PI3K/Akt signaling pathway [33]. Addi-
tionally, TGF-B signaling contributes to develop-
ment of vascular formation by enhancing vas-
cular smooth muscle cell (VSMC) proliferation
[34]. Our results showed that iPRF+DBBM
could release multiple growth factors in a sus-
tainable pattern for nearly 2 weeks, which facil-
itated the temporal-spatial vascular formation
for new bone formation (Figure 5A). Ang-1 is
another indicator of angiogenesis. Ang-1 plays
a critical role in the acceleration of vascular
maturation, which also promote the stabiliza-
tion and growth of endothelial cells [35].
iPRF+DBBM potentiating neovascularization
were verified by detection of early (VEGF, Col-1)
and late indicators (Ang-1) (Figure 5F). Also of
note, by antigen presentation and innate im-
munity, the presence of DBBM would create a
slight inflammatory environment [36]. After
inflammation altered into the repair stage
where mature monocyte/macrophage differen-
tiated into osteoclast, osteoclast would per-
form normal physiological functions and initiat-
ed bone remodeling process. Neovasculari-
zation can enhance recruitment of mononucle-
ated preosteoclasts deriving from bone mar-
row. These preosteoclasts will finally mature
into multinucleated osteoclasts for bone re-
sorption [37]. In addition, a variety of growth
factors contained in iPRF can directly induce
the formation of osteoclasts. For instance,
PDGF-BB plays an extremely complex role in
bone remodeling and bone regeneration [38].
Previous studies mainly focused on the effect
of PDGF-BB on homing of osteogenic and angio-
genic progenitor cells, and osteoblast prolifera-
tion and differentiation [39, 40]. However,
recently some researchers found that PDGF-BB
enhances osteoclast formation and osteoclas-
tic bone resorption in vitro and vivo [38, 41].
The newly formed pre-osteoclasts secrete
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PDGF-BB to further amplify this effect [42]. In
addition, TGF-B and IGF-1 can be used as
RANKL substitutes to induce osteoclast differ-
entiation through non-canonical Pathways [43-
45]. Therefore, higher osteoclast activity was
shown in iPRF+DBBM group while less observed
in DBBM group (Figure 4C, 4D).

Angiogenesis is considered to be one of the
most important driven forces in tissue-healing
process [46]. Vascularization can promote bo-
ne regeneration by enhancing the differentia-
tion of infiltrating precursor cells of osteoblasts
and osteoclasts during new bone formation
[46]. Consistent with the result of our study,
iPRF+DBBM group showed that abundant for-
mation and active function of osteoblasts and
osteoclasts occurred along with the emergence
of large number of vascular vessels (Figure 4A,
4B). Specifically, there were more positive
signals representing osteogenesis and bone
resorption at early healing stage (4™ week) in
iPRF+DBBM group with more vascular forma-
tion (Figure 4). Ultimately, the accelerated bone
remodeling process will lead to a relative
mature bone formation even in a short-term
period. With neovascularization and increased
number of osteoblasts and osteoclasts under
the assistance of iPRF, the active process of
bone remodeling will finally contribute to the
maturation of bone in early period [6, 15]. As
shown in Figure 4G, DBBM areas with increased
matured collagen appeared red in iPRF+DBBM
group indicated that iPRF can promote mature
bone formation after 4 weeks.

Overall, this study indicated that iPRF com-
bined with DBBM particles are recommended
to use in SFA while iPRF+DBBM stimulates the
early angiogenesis and osteogenesis, hence
reaching to the subsequent rapid substitution
of bone grafting material and faster bone
remodeling process, which provides a favor-
able environment for the ultimate purpose of
implantation. Even though the addition of iPRF
failed to increase the bone volume among
groups, more mature bone structure was ob-
served in the iPRF+DBBM group at early heal-
ing period, providing the potential of reducing
the interval between bone grafting and implant
placement.
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