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Abstract
Objectives: Autologous, allogenic, and alloplastic materials for sinus augmentation
have specific drawbacks, which has stimulated an ongoing search for new materials
and tissue-engineering constructs. We investigated whether mesenchymal stem cells
(MSCs) and platelet-rich plasma (PRP) seeded on a fluorohydroxyapatite (FH) scaffold
can improve bone formation and bone-to-implant contact (BIC) in maxillary sinus
grafting.

Material and Methods: Bilateral sinus augmentation procedures were performed in
eight minipigs. MSCs, PRP, and FH scaffold (test site) or FH alone (control site) were
grafted in each maxillary sinus. Distal to the osteotomy, one dental implant per sinus
was placed in the grafting material through the facial sinus wall. The animals were
killed 3 months after grafting, and block sections of the implant sites were harvested
and prepared for histomorphometric analysis.

Results: After 12 weeks, a significant increase in bone formation occurred in the test
sites compared with the control sites (42.51% versus 18.98%; p 5 0.001). In addition,
BIC was significantly greater in the test sites compared with the control sites in the
regenerated area (23.71% versus 6.63%; p 5 0.028).

Conclusions: These findings show that sinus augmentation with MSCs–PRP,
combined with FH may enhance bone formation and osseointegration of dental
implants compared with FH alone in minipigs.
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Maxillary sinus grafting has become the
most common procedure in implant re-
constructive surgery (Jensen et al. 1998).
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This technique increases the alveolar
bone height in the maxillary sinus before
the placement of endosseous implants.
Presently, autogenous bone grafts are
considered to be the ‘‘gold standard’’,
although their disadvantages (low avail-
ability of intra-oral bone tissue, high
surgery costs, and post-operative morbid-
ity) have stimulated the search for alter-
native sources (van den Bergh et al.
2000, Nkenke et al. 2004). Various
osteoconductive materials have been

used to augment the sinus floor, but these
materials are cell-free (Nasr et al. 1999)
and require more time for bone healing
(Degidi et al. 2006). Therefore, research-
ers are very interested in a tissue-
engineering procedure that uses autolo-
gous mesenchymal stem cells (MSCs)
combined with an osteoconductive scaf-
fold as a live bone substitute (Gronthos
et al. 2006).

The goal of tissue engineering in
the craniofacial region is to develop a
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biological substitute that promotes tis-
sue regeneration (Mao et al. 2006). The
usual biological substitute consists of
stem cells, growth factors, and an appro-
priate scaffold. Stem cells are the most
suitable cell source for developing engi-
neered tissues. MSCs are a population of
multipotent, non-haematopoietic, mar-
row-derived cells, which are easily
expanded in culture and differentiate
into cells with an osteogenic phenotype
(Friedenstein et al. 1970, Bruder et al.
1998).

Recent findings that MSCs can regen-
erate critical-size bone defects when
combined with bone substitutes (De
Kok et al. 2005, Dallari et al. 2006)
and improve bone allograft integration
(Lucarelli et al. 2003) have increased
interest in their clinical application. Pla-
telets are an easily accessible, inexpen-
sive, and safe source of growth factors.
Platelets are collected in a small volume
of plasma called platelet-rich plasma
(PRP), which plays a fundamental role
in haemostasis and is a natural source of
growth factors and adhesive glycopro-
teins (Pryor et al. 2005, Christgau et al.
2006). The use of PRP for sinus aug-
mentation has been proposed as a way
to reduce the time required for graft
consolidation and maturation, and
to improve trabecular bone density
(Kassolis et al. 2000).

Using a minipig model, we evaluated
whether the combination of MSCs, PRP,
and a fluorohydroxyapatite (FH) scaf-
fold improves the pattern of bone for-
mation and bone-to-implant contact
(BIC), compared with FH alone, in a
sinus augmentation procedure with
simultaneous implant placement. We
hypothesized that the osteogenic effects
of the MSCs and PRP would lead to
increased bone regeneration and apposi-
tion to the implant surface.

Material and Methods

Minipig animal model

The study was performed according to
Italian and European laws on animal
experimentation and Animal Welfare
Assurance Regulation #A5424-01 of
the National Institutes of Health (NIH;
Rockville, MD, USA). Eight adult mini-
pigs, aged 18–21 months and weighing
38–43 kg, were used in this study.

Preparation of PRP

Platelets were obtained from the venous
blood of each minipig. Blood was drawn

from the jugular vein into a bag contain-
ing citrate phosphate dextrose (CPD;
100 ml CPD contained 327 mg citric
acid monohydrate, 2.63 g sodium citrate
dihydrate, 2.55 g glucose monohydrate,
and 251 mg sodium dihydrogen phos-
phate dihydrate) as an anticoagulant
(1 ml CPD/7 ml blood). The blood was
centrifuged twice: first at 1000 � g for
15 min. at 201C to remove red blood
cells, and a second time at 3000 � g for
10 min. at 201C to obtain PRP contain-
ing 1 � 106 platelets/ml. The platelet
concentrate was activated by adding
330ml calcium gluconate (100 mg/ml)
and thrombin.

Isolation and expansion of MSCs

From each minipig, a 10 ml bone
marrow sample was aspirated from
the posterior iliac crest. Mono-
nuclear cells were isolated in a density
gradient and re-suspended in a-modified
minimal essential medium (Sigma,
St. Louis, MO, USA) containing 20%
foetal calf serum (Euroclone, Wetherby,
UK), 10 U/ml penicillin (Euroclone),
100 mg/ml streptomycin, and 2 mM
glutamine (Euroclone). Non-adherent
cells were discarded after 1 week, and
adherent cells were cultured for further
expansion.

Osteogenic differentiation

After passage 1, cells morphologically
resembled human MSCs. We decided to
characterize functionally the cells
obtained and test whether the osteogenic
differentiation could be induced. At
passage 3, a subset of cells was plated
to test whether cells could be induced to
differentiate towards the osteogenic
lineage. Cells were seeded in 2% foetal
calf serum (Euroclone) in six-well plates
at a density of 15 000 cells/cm2 to reach
confluence immediately. The cells were
treated for 14 days with osteogenic
induction medium consisting of 10 mM
b-glycerophosphate (Sigma), 50 mg/ml
(284mM) ascorbic acid (Sigma), and
10 nM dexamethasone (Sigma). As a
negative control, an equal number of
wells were maintained in 2% foetal calf
serum for the same duration of time.
The media in both groups were comple-
tely replaced every 3 days and at the end
of the 14th day, the cells were stained as
follows: osteogenesis was evaluated by
a colorimetric semi-quantitative assess-
ment of Alizarin Red (Gregory et al.

2004). The plates were washed once
with PBS, fixed with 70% ethanol for
1 h at room temperature, and incubated
with 40 mM Alizarin Red-S (pH 4.2)
(Sigma) for 10 min., at room tempera-
ture, and in the absence of light and in
continuous agitation. After staining, the
cultures were washed with deionized
water and then with PBS for another
15 min. To quantify matrix mineraliza-
tion, Alizarin Red-S stained cultures
were incubated in 10% cetylpyridinium
chloride (Sigma) for 15 min. to solubi-
lize and release calcium-bound Alizarin
Red-S into solution. The absorbance
of the released Alizarin Red-S was
measured at 562 nm. Cell density was
measured in a parallel culture subse-
quently stained with methylene blue
1% in (4) borate buffer 0.01 M (pH
8.5) by these passages: the cell layer
was fixed with 10% formal saline for
at least 30 min. The fixative was
removed and filtered 1% (w/v) methy-
lene blue in borate buffer was added to
each well. After 30 min., excess dye was
removed and the remaining dye was
washed four times with borate buffer.
The dye was eluted with 1:1 (v/v)
ethanol and 0.1 M HCl. The plates
were then gently shaken and the absor-
bance was measured at 655 nm (Oliver
et al. 1989).

Cell implant

The day before the surgical procedure,
4 � 107 cells were harvested in 1 ml
of saline solution and mixed in a scaf-
fold that consisted of 3 ml of platelet
gel, 3 ml of FH, and 3 ml sterile rat tail-
derived collagen (Roche, Mannheim,
Germany) to give a final volume of
10 ml. The test tube was stored
at 371C and implanted the next morning.

Experimental procedure

Before surgery, the skin was shaved
and cleaned with a mixture of iodine
and 70% ethanol. The floor elevation
procedure and implant placement were
performed identically on both sides of
each animal. The facial maxillary sinus
wall was exposed bilaterally through an
approximately 5-cm-long extra-oral
sagittal skin incision below the lower
lid (Roldan et al. 2004). Access to
the sinus was achieved by thinning the
facial wall with a diamond bur. The
membrane within the sinus was elevated
carefully using blunt elevators (Friatec,
Friedrichsfeld, Germany) to avoid
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perforations. In one sinus of each
minipig, the resultant space between
Schneider’s membrane and the sinus
floor was filled with 3–4 ml of FH alone
(0.5–1 mm particles; Algipore; Dents-
ply-Friadent, Mannheim, Germany)
(control site). In the other sinus, MSCs
and PRP were admixed with 3 ml of FH
in a 20 ml sterile syringe 15–20 min.
before grafting, and the final MSCs–
PRP loaded construct was implanted
(test site). Two dental implants (length,
11 mm; diameter, 3.8 mm) with a
grit-blasted and acid-etched surface
(XiVE; Dentsply-Friadent) were placed
before the cavity was completely
filled with grafting materials bilaterally
through the facial sinus wall. The clin-
ical bone height was measured with a
periodontal probe (Hu-Friedy UNC,
Chicago, IL, USA) (mean 3.5 � 0.73)
to aid the histologists in the evaluation
of the host bone and the regenerated
bone (Fig. 1). Then, the periosteum and
skin flap were re-positioned and sutured
in separate layers using resorbable
sutures. The general condition of the
animals was checked daily for 3 weeks.
One month after surgery, the animals
were housed in an open space until
killing.

Specimen retrieval and histological

processing

After 3 months of healing, the animals
were euthanized pharmacologically.
Immediately after killing, the soft tis-
sues were removed to expose the sinus
areas of the maxilla with one integrated
implant per side. From each animal,
bone blocks containing each implant
were cut with an oscillating saw, fixed
in 4% buffered paraformaldehyde, and
embedded in glycolmethacrylate resin
for histological and histomorphometric
evaluation. Three 30-mm-thick sections
were prepared from each embedded
implant, polished, and surface-stained
according to a published protocol (Piat-
telli et al. 1997).

The percentage of direct contact
between the mineralized bone and tita-
nium surface (BIC) was estimated to

quantify the histomorphometric differ-
ences in bone apposition between the
two experimental conditions. The part
of the implant surrounded by local host
bone was designated as the coronal
segment, while the part surrounded by
newly formed bone matrix only was
designated as the apical segment. The
area of newly formed bone in the aug-
mented sinus was also determined in a
reference rectangular area between the
implant tip and the apical-most bottom
thread at a lateral distance of 2 mm from
the implant surface (McMillan et al.
1999). The evaluations were performed
under a light microscope (Laborlux S;
Leitz, Wetzlar, Germany) connected to
a high-resolution video camera (JVC
KY-F55B, 3CCD; JVC, Tokyo, Japan)
interfaced with a monitor and PC
equipped with a Pentium III 1200
MMX processor (Intel Corp., Santa

Fig. 1. (a, b) Sinus floor elevation procedure
with simultaneous placement of a titanium
screw implant (3.8 mm wide, 11 mm long)
into the zygomatic bone in a laterocranial
direction. The sinus cavity was then packed
with graft material.

Fig. 2. Confluent mesenchymal stem cells cultured in 2% FBS were maintained under culture
condition (a), or treated with osteogenic medium (b). After 14 days, osteogenic differentia-
tion was evaluated by Alizarin Red staining.
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Clara, CA, USA). This optical system
was connected to a digitising pad and a
histometry software package with image-
capturing capability (IMAGE-PRO
PLUS 4.5; Media Cybernetics Inc.,
Immagini & Computer Snc, Milano,
Italy).

Statistical analysis

An experienced pathologist (P. A.) eval-
uated all the parameters in a blinded
fashion. Using a split-mouth design, the
differences in the mean amount of newly
formed bone and the BIC between the
control and test groups were analysed
using a paired t-test using SPSS 11.0 soft-
ware (SPSS Inc., Chicago, IL, USA).
Significance was established at po0.05.

Results

Cell collection, differentiation, and

expansion

No complications were encountered
upon cell collection. Cells were
collected and expanded in all eight
minipigs. We referred to these adherent
cells that had the ability to differentiate
into osteogenic lineage as MSCs
(Fig. 2).

Clinical observations

In one of the eight animals, the mem-
brane in both the control and the
test sites was perforated during sinus
elevation, and wound infection occurred
1 month after the procedure. At the
time of death, both sinuses were
infected and were not processed for
histology. Others showed uneventful
healing patterns after surgical proce-
dures with no signs of macroscopic
infection in the maxillary sinuses.
Post-surgical swelling was detected at
the maxilla in all animals and resolved
by 1 week after surgery.

Histologic and histomorphometric
observations

All histological sections, both from
the test group and the control group,
showed a similar bone structure around
the coronal part of the implants, which
was mainly compact in nature. In
the control sites, most of the implants
showed only a thin layer of newly
formed bone in the immediate proximity
of the host bone. However, the augmen-
ted area was often filled with FH

particles, which were embedded in loose
connective tissue, with no appreciable
bone formation in or around them. In
contrast, the implants in the test sites
appeared to be largely covered by bone
along their entire surface. Also, the apical
portions of the implants were surrounded
predominantly by lamellar structured
bone tissue. Newly formed bone was
always present between the implant
threads, and it connected the implant
surface to the host bone and FH particles
(Fig. 3). In the sites treated with MSCs–
PRP, a statistically significant increase
(p 5 0.001) in the amount of bone
(42.51 � 7.08%, mean � SD) was found
compared with MSCs–PRP-free sites
(18.98 � 0.92%) (Fig. 4).

For both types of graft, direct BIC
was evident in the coronal segment of
the dental implants in the host bone.
Newly formed bone bridged the gap
between the implant and the drill hole,
and most of it was in direct contact with
the implant surface. The bone deposited
around the coronal part of the implants
placed within MSCs–PRP free and
MSCs–PRP containing grafts was
mainly lamellar, and early signs of
bone re-modelling were apparent (Fig.
5). No significant difference (p 5 0.526)
in the percentage of BIC between the
test (33.85 � 5.15%) and the control
(32.66 � 2.49%) sites was observed in
the implant segment placed in the basal
bone (Fig. 6).

Fig. 3. Histology of bone formation. (a) In control sites, a thin layer of newly formed bone
was present in close proximity to the host bone (arrows). However, osseointegration was poor
at the apical part of the titanium implant, where the fluorohydroxyapatite (FH) particles (n)
were almost completely covered by soft tissue (basic fuchsin and toluidine blue; scale bar,
1 mm). (b) In test sites, homogeneous newly formed bone covered the implant surface in the
augmented area (arrows). Osseointegration of the titanium implant was observed along
almost its entire length. A few FH particles (n) embedded in the bone were visible, but were
far from the implant surface (basic fuchsin and toluidine blue; scale bar, 1 mm).
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When MSCs and PRP were present,
homogeneous bone could be seen in
apposition to the apical segment of the
implants in all cases. The test-group
specimens contained trabeculae of
lamellar bone, and small irregular
deposits of new bone and osteoid for-
mation closely apposed to the implant
surface. This did not occur in constructs
lacking MSCs–PRP, in which no
bone apposition was seen on the apical
portions of the implants (Fig. 7).
Quantitative analysis of the samples
revealed a statistically significant
increase (p 5 0.028) in the BIC in the
test sites compared with the control sites
(23.71 � 14.31% versus 6.63 � 3.46%)
(Fig. 8) (Table 1).

Discussion

We investigated whether a tissue-
engineered construct composed of
MSCs, PRP, and FH would improve
bone healing around dental implants,
compared with FH alone, using a well-
established experimental model for
sinus floor augmentation with contem-
porary implant insertion.

The animal model of sinus augmenta-
tion in minipigs has been used fre-
quently in studies because the minipig
sinus has a well-defined ostium, the
Schneider membrane is thin, and the
size of the sinus is comparable with
human sinuses (Terheyden et al. 1999,
Fuerst et al. 2003, Klongnoi et al. 2006).
Furthermore, minipigs have close simi-
larities to humans in terms of platelet
count, clotting parameters, metabolic
rate, bone structure, and MSC charac-
teristics (Aerssens et al. 1998, Thor-
warth et al. 2005). This study also
shows that the surgical procedure
applied is comparable with that per-
formed in humans. All these factors
are relevant to further human clinical
application.

The amount of newly formed bone
following sinus augmentation was sig-
nificantly enhanced in the test sites
(42.51%) compared with the control
sites (18.98%). These results are consis-
tent with previous reports, which
demonstrated that the transplantation
of MSCs and PRP induces significant
bone formation inside osteoconductive
carriers in sinus augmentation proce-
dures (Ohya et al. 2005, Ueda et al.
2005). In contrast, FH alone failed to
promote significant bone formation in
the current model. The small amount of
newly formed bone in the control site

Fig. 5. Histology of the implant–bone interface at the coronal part of the titanium implant
inserted into an augmented sinus. (a) Around the implant surface in the control site, the bone
appears dense and mature, with small marrow spaces. Several zones contained many new
cutting/filling cones building new osteons (n) (basic fuchsin and toluidine blue; scale bar,
150mm). (b) Magnification of a test site from a representative specimen. An osteoblastic rim
(arrows) is close to the bone (B) adjacent to the implant surface (I) (MS, marrow spaces)
(basic fuchsin and toluidine blue; scale bar, 60mm).
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was probably secondary to osteoconduc-
tion or creeping substitution, which
involved the migration of minipig
osteo-progenitor cells from the sinus
cavity margins into the FH scaffold.
Bone formation generated through this
process is generally slow, and as
expected, much less bone is formed in
the FH-only transplant than in the trans-
plant with MSCs and PRP. These obser-
vations compare favourably with the
results reported in other studies (Fuerst
et al. 2004) using the same animal
model, in which sinus grafting with
culture-expanded autogenous bone-
derived cells and bovine hydroxyapatite
resulted in significantly more bone than
with bovine bone mineral alone
(31.63% versus 22.5%). These prior

studies and our findings suggest that
autogenous bone-derived cells possess
osteogenic potential and therefore
increase bone formation in maxillary
sinuses, which provides a low number
of bone-forming cells.

One of the crucial points of this
tissue-engineering approach is to supply
the MSCs embedded within large cell–
ceramic constructs, as required for sinus
augmentation, with sufficient oxygen
and nutrients to sustain their survival
and proliferation (Schimming &
Schmelzeisen 2004). Previous studies
have indicated that without blood vessel
ingrowth, bone formation is generated
only at the surface of the construct
(Abukawa et al. 2004). It is well known
that MSCs are able to influence endothe-
lial cell behaviour and vice versa
(Kaigler et al. 2006). In addition,
MSCs secrete vascular endothelial
growth factor (VEGF), which exhibits
elevated expression during osteogenesis
(Mayer et al. 2005). We selected PRP as
a second angiogenic factor based on

evidence that growth factors such as
platelet-derived growth factor, insulin-
like growth factor-I, and transforming
growth factor-b are released by the
platelet gel and participate in reparative
processes, including angiogenesis and
osteogenesis (Marx 2004). In the present
study, we postulate that the transplanta-
tion of several angiogenic inducers with
MSCs combined with PRP provided an
environment that promoted a greater
initial angiogenic response and better
consequent penetration of the cells into
the depth of the scaffold, which resulted
in a more rapid and sustained osteogenic
response. Nevertheless, further studies
are needed to confirm this hypothesis
and to elucidate whether the supposed
contribution of MSCs to bone formation
is attributable to their angiogenic or
osteogenic properties.

The literature contains no data on the
influence of MSCs and PRP with an
osteoconductive scaffold on the BIC of
implants placed in augmented sinuses.
MSCs and PRP are an effective

Fig. 7. Histology of the implant–bone interface at the apical part of the titanium implant inserted into an augmented sinus. (a) Overview
of an implant specimen in a control site. No apposition of new bone was visible at the apical part of the implant surface. Fluorohydroxyapatite
(FH) particles (n) in the sinus floor were surrounded by connective tissue (basic fuchsin and toluidine blue; scale bar, 1 mm). (b) Overview of
an implant specimen in a test site. Newly formed bone was observed along most of the implant thread, which extended to the base (arrows).
The apical zone of the biopsy was composed of high-density lamellar bone with numerous interspersed FH particles (n) almost completely
covered by layers of newly formed bone (basic fuchsin and toluidine blue; scale bar, 1 mm). (c) Magnification of a test site from
a representative specimen. Between the implant surface (I) and FH particles (n), newly formed bone was always present. Osteoid bands
and a rim of mature, plump osteoblasts (arrows) were seen on bone surfaces exposed to marrow spaces (basic fuchsin and toluidine blue; scale
bar, 60mm).
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Table 1. Histomorphometric data (mean values and standard deviation) 3 months after sinus
augmentation with MSCs–PRP in combination with FH or FH alone and simultaneous placement
of a titanium implant

MSCs/PRP/FH FH p-values
MSCs/PRP/FH

versus FH

Area of newly formed bone (%) 42.51 � 7.08 18.98 � 0.92 0.001n

Coronal bone–implant contact (%) 33.85 � 5.15 32.66 � 2.49 0.526
Apical bone–implant contact (%) 23.71 � 14.31 6.63 � 3.46 0.028n

nStatistically significant difference (t-test).
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approach for enhancing the osseointe-
gration of dental implants when applied
to a mineral or a collagen scaffold in
mandibular bone defects (Ito et al.
2006). In our study, BIC was signifi-
cantly greater in the test sites in areas of
newly formed bone. In addition, we
observed major histological differences
in terms of bone formation between the
implant tip and base in the control group
(6.63–32.66%). Conversely, the BIC in
the MSCs–PRP group was essentially
constant from the apical to the coronal
part of the implant (23.71–33.85%).

Previous studies in minipigs have
reported that PRP alone with bone sub-
stitute materials has little positive effect
on bone regeneration in sinus lift pro-
cedures (Fuerst et al. 2003, Roldan et al.
2004). Moreover, Klongnoi et al.
(2006), using the same experimental
design as in the present study, demon-
strated that the application of PRP com-
bined with an FH scaffold cannot
improve the osseointegration of dental
implants in regenerated sinus bone com-
pared with FH alone after 1–12 months.
It is well known that seeded MSCs can
provide an osteogenic cell source for
new bone formation, and PRP improves
expansion of MSCs and retains their
differentiation and in vivo bone forma-
tion capacity (Lucarelli et al. 2003,
Vogel et al. 2006). Therefore, the posi-
tive effect of MSCs and PRP on
osseointegration observed in the present
study suggests that the required concen-
tration of osteogenic cells and growth
factors contained in MSCs–PRP con-
taining grafts may have been achieved.
To clarify the individual contribution of
MSCs and PRP to bone regeneration, a
further study of sinus augmentations
with PRP and FH without MSCs as
positive controls is ongoing.

In conclusion, this study showed that
the transplantation of MSCs and PRP in
an FH scaffold, compared with FH
alone, can significantly enhance bone
formation in sinus lift procedures, and
can significantly improve the osseointe-
gration of endosseous implants placed in
the augmented sinus. Further, in vivo
studies must address the long-term
behaviour of the implanted MSCs–PRP
constructs under functional loading and
their possible resorption.
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Clinical Relevance

Scientific rationale for the study: A
tissue-engineering approach using
mesenchymal stem cells (MSCs)
and platelet-rich plasma (PRP) has
been introduced as a regenerative
treatment for sinus augmentation.
However, their combination with
osteoconductive scaffolds may influ-
ence the effectiveness of MSCs and

PRP in enhancing bone regeneration.
This study was performed to investi-
gate whether MSCs–PRP–fluorohy-
droxyapatite (FH) constructs
enhance bone apposition to the
implant surface, compared with FH
alone, in sinus augmentation.
Principal findings: The histomorpho-
metric evaluation showed a signifi-
cant increase in bone formation in

the augmented sinus and bone-to-
implant contact after MSCs–PRP–
FH implantation compared with FH
alone.
Practical implications: MSCs and
PRP, combined with FH, may repre-
sent a practical approach for enhan-
cing bone regeneration in sinus
grafting.
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