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Abstract
Objectives The present research has been performed to
evaluate whether a commercial magnesium-enriched hy-
droxyapatite (MgHA)/collagen-based scaffold engineered
with ovine amniotic fluid mesenchymal cells (oAFMC)
could improve bone regeneration process in vivo.
Materials and methods Bilateral sinus augmentation was
performed on eight adult sheep in order to compare the
tissue regeneration process at 45 and 90 days after im-
plantation of the oAFMC-engineered scaffold (Test
Group) or of the scaffold alone (Ctr Group). The process

of tissue remodeling was analyzed through histological,
immunohistochemical, and morphometric analyses by cal-
culating the proliferation index (PI) of oAFMC loaded on
the scaffold, the total vascular area (VA), and vascular
endothelial growth factor (VEGF) expression levels with-
in the grafted area.
Results MgHA/collagen-based scaffold showed high bio-
compatibility preserving the survival of oAFMC for
90 days in grafted sinuses. The use of oAFMC increased
bone deposition and stimulated a more rapid angiogenic
reaction, thus probably supporting the higher cell PI
recorded in cell-treated sinuses. A significantly higher
VEGF expression (Test vs. Ctr Group; p00.0004) and a
larger total VA (p00.0006) were detected in the Test
Group at 45 days after surgery. The PI was significantly
higher (p00.027) at 45 days and became significantly lower at
90 days (p00.0007) in the Test Group sinuses, while the PI
recorded in the Ctr Group continued to increase resulting to a
significantly higher PI at day 90 (CTR day 45 vs. CTR
day 90; p00.022).
Conclusions The osteoinductive effect of a biomimetic
commercial scaffold may be significantly improved by the
presence of oAFMC.
Clinical relevance The amniotic fluid mesenchymal cell
(AFMC) may represent a novel, largely and easily accessi-
ble source of mesenchymal stem cells to develop cell-based
therapy for maxillofacial surgery.
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Introduction

Maxillary sinus grafting has become a common procedure
in preprosthetic reconstructive surgery [1–4]. Autogenous
bone grafting has long been considered the gold standard for
sinus augmentations [4–7]. Because of its main disadvan-
tages, such as limited availability and donor site morbidity,
various allografts, xenografts, and alloplastic biomaterials
have been successfully used to substitute autogenous bone
[3, 8, 9]. The different bone substitutes developed are char-
acterized by an osteoconductive potential that is exerted
through their ability to induce native bone growth [10–13].
Various osteoconductive biomaterials have been used for
maxillary sinus grafting but due to the absence or scarcity
of local osteoprogenitor cells in order to have complete bone
regeneration at the site of sinus floor elevation, several
months are required [14]. For this reason, new regenerative
strategies are being continuously developed, mimicking as
closely as possible nature, as demonstrated by the new
generation biomaterials [15]. Wettability, texture, chemical
composition, and surface topography are all biomaterial
properties that have been improved to increase their inter-
action with native cells/tissue, and therefore, osteoinductiv-
ity [16–22]. However, the relatively long time required for
bone healing treated with synthetic biomaterials represents a
surgical limit in maxillofacial surgery, thus explaining the
efforts of several research groups towards an innovative
approach that combines the use of osteoinductive scaffolds
and stem cell-based therapy. Tissue engineering applied to
bone regeneration, however, opens two new integrated prob-
lems: firstly, it increases the requirement of biocompatible
scaffolds that must guarantee stem cell adhesion, migration,
proliferation, and differentiation and secondly, it requires a
suitable stem cell source able to guarantee a safe, efficient, and
extended process of new bone deposition [23]. Promising
results have been achieved so far from the use of stem cells
showing how these cells contribute significantly to the rees-
tablishment of structure and functionality of a variety of
injured tissues or organs. Although a lot of research has been
focused on the ability of stem cells to differentiate within the
injured areas, more recent research suggests that other relevant
mechanisms are involved in supporting their regenerative
effect, such as secretion of paracrine factors that stimulate
endogenous cell differentiation and proliferation, modulation
of injured tissue inflammation, and control of neovasculariza-
tion. Among the many cell types proposed for regenerative
medicine, mounting evidences suggested that amniotic fluid
mesenchymal cells (AFMC) may represent an emerging
source of stem and progenitor cells immensely valuable, eas-
ily accessible, and with biological properties particularly use-
ful for the development of new protocols of stem cell-based
therapy [24–28]. In primis, AFMC conjugate the absence of
risk of tumor formation [25] with the capacity to differentiate

into multiple cell lineages (endo-, meso-, and ectodermal
lineages) [30–34]. All the categories of amniotic-derived cells,
in fact, arise early in gestation, during the pregastrulation
stages of embryonic development, thus harboring stem–pro-
genitor cells that display a plasticity and some degree of
stemness that is typical of embryonic cells [25, 30–34]. In
addition, from their fetomaternal tolerance role, amniotic cells
seem to derive their immune-modulatory and antiinflamma-
tory properties, which represent another valuable characteris-
tic during the reparative processes of different tissues and a
unique biological prerequisite to undertake clinical trials of
allotransplantation in the absence of any immunosuppressive
treatment [25]. Even if preclinical studies indicating the
osteoregenerative properties of AFMC grafted into the com-
mon procedure of maxillary sinus lift are not available yet,
several evidences indicate high osteogenic plasticity [35–41].
Starting from these premise, the present researchwas designed
to assess whether a commercial magnesium-enriched hy-
droxyapatite (MgHA)/collagen-based scaffold that reproduces
faithfully the architecture and biochemical properties of extra-
cellular matrix of bone tissue [19, 20] could improve its
therapeutic outcome when used in maxillary sinus augmenta-
tion procedures in combination with ovine amniotic fluid
mesenchymal cell (oAFMC) and whether it could be able to
support a consistent new bone tissue deposition in a reason-
able time interval, comparable to that of current procedures
[1–4]. Firstly, the experiments were designed to verify wheth-
er the scaffold was biocompatible with oAFMC under in vitro
conditions, thus generating stable engineered biocomplexes to
use for preclinical grafts. Then, using sheep as a validated
experimental model for sinus lift procedures [42], the deposi-
tion of new bone tissue was assessed 45 and 90 days after the
implantation of the MgHA/collagen-based scaffold alone
(CTR) or engineered with 10 million oAFMC into the maxil-
lary sinuses. The contribution of oAMFC to the process of
osteogenesis was investigated by assessing the process of new
bone formation, cell proliferation, vascular endothelial growth
factor (VEGF) secretion, and total vascular area (VA)
extension.

Material and methods

Biomaterial

For the present research, a commercial MgHA/collagen-based
scaffold, the RegenOss®, was used. The biomaterials is a
nanostructured biomimetic scaffold (Fin-Ceramica Faenza
S.p.A., Faenza, Italy) with a porous three-dimensional (3D)
composite architecture, mimicking the complex hierarchically
organized bone structure, obtained through a proprietary tech-
nique in which a specific hybrid organic–inorganic composite
is spontaneously built, driven by biological mechanism (so-
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called biomineralization). In particular, the biomaterial con-
sists of a combination of type I collagen (30 %) and MgHA
(70 %) (Fig. 1); it is synthesized using a standardized process
starting from an atelocollagen aqueous solution (1 %, w/w) in
acetic acid, isolated from equine tendon (Opocrin S.p.A.,
Modena, Italy). The mineralized structure is manufactured
by nucleating bonelike nanostructured nonstoichiometric hy-
droxyapatite into self-assembling collagen fibers, as it occurs
in the biological process of neoossification [12].

Chemical agents

All chemical reagents and media used were purchased from
Sigma-Aldrich Co. (St. Louis, MO, USA), unless otherwise
specified.

oAFMC isolation and treatment

oAFMC isolation

oAFMC were collected from sheep fetuses at a local abattoir
by removing the whole pregnant uterus and bringing it at
30 °C to the laboratory for further evaluation and process-
ing. Only fetuses of 25–30 cm of length, at approximately
3 months of development were used [43]. Once opened, the
uterus wall, ~100 ml of amniotic fluid was collected with a
sterile 20-ml syringe through 18-gauge needle. oAFMC
were centrifuged at 800g for 20 min and pelleted cells were
seeded in a flask containing growth medium (Minimum
Essential Medium Eagle Alpha Modification (αMEM) sup-
plemented with 20 % fetal calf serum (FCS), 1 % ultraglut-
amine, 1 % penicillin/streptomycin plus 10 ng/ml FGF) at a
concentration of 3×103cells/cm2. At 70–80 % confluence,
dead cells and debris were removed with medium and the cells
were dissociated by 0.05 % trypsin–ethylenediaminetetraacetic

acid (EDTA) and plated again at 3×103cells/cm2 for three
consecutive expansion passages. Then, AFMC of each fetus
were stored in vials of 2.5×106 in liquid nitrogen.
Cryopreserved oAFMC were randomly thawed in order to test
the effect of expansion in vitro on the: (1) hemopoietic, adhe-
sion, stemness, and MHC marker expressions by cytofluorim-
etry and (2) the in vitro ability to differentiate into bone cell
lineage.

Flow cytometer analysis of hemopoietic, adhesion,
pluripotent, and MHC markers

Ovine AFMC derived from each fetus before and after thawing
(third passage) were screened by flow cytometry in order to
evaluate hemopoietic markers (CD14, CD31, and CD45), ad-
hesion molecules (CD49f, CD29, and CD166), stemness intra-
cellular markers (OCT4, SOX2, Nanog, and TERT), and MHC
class I and II antigen expressions. The primary antibodies used
for the analysis (Table 1) are commercially available. To opti-
mize the antibody concentration by flow cytometry, sheep
peripheral blood mononuclear cells (PBMCs) (positive control)
were stained by hematopoietic markers (data not shown).
Finally, cells were analyzed on a FACSCalibur flow cytometer
(BD), using CellQuest™ software (BD). Flow cytometry mea-
surement was carried out by using as quality control Rainbow
Calibration Particles (six peaks) and CaliBRITE beads (both
from BD Biosciences). Debris was excluded from the analysis
by gating on morphological parameters (lymphocyte gate);
20,000 nondebris events in the morphological gate were
recorded for each sample. All antibodies were titrated under
assay conditions and optimal photomultiplier (PMT) gains were
established for each channel. Data were analyzed using
FlowJo™ software (Tree Star Inc., Ashland, OR, USA). Mean
fluorescence intensity ratio (MFI ratio) was calculated by divid-
ing the MFI of positive events by the MFI of negative events.

Fig. 1 Surgical steps of sinus lift experimental procedure: a surgical access through themaxillary bone performed by piezoelectric unit; b the hole across
the maxillary bone identified by a circle; c insertion of RegenOss® scaffolds into the maxillary sinus under the lift Schneiderian membrane
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Osteogenic in vitro differentiation

Plasticity of oAFMC to differentiate into bone cell lineage was
assessed on samples of thawed oAFMC by using validated
cultural conditions [43, 44]. Thawed cells were seeded at the
concentration of 2×104cells/cm2 in 25-mm petri dish fitted
with a round glass coverslip and cultured in 2 ml of growth
medium until they approached confluence. Then, half of the
cells were maintained in growth medium while the remaining
were incubated in osteoinductive medium (αMEM supple-
mented with 50 μM ascorbic acid, 10 mM β-glycerol phos-
phate, 0.2 μM dexamethasone, and FCS reduced to 10 %).
Both cultures were incubated for 21 days before detecting the
osteogenic differentiation with the Alizarin red staining and
the alkaline phosphatase (ALP) assay. In detail, Alizarin red
staining was performed on fixed cells (4 % paraformaldehyde
for 15 min). Following a rinse with distilled water, the cells
were incubated in 40 mM Alizarin red S for 30 min at room
temperature and then quickly washed with 80 % acetone.
Glass coverslips were finally rinsed in phosphate buffered saline
(PBS) mounted on glass slides and analyzed on a phase-
contrast microscope (Nikon Eclipse 600). Histochemical
detection of ALP was revealed by cytochemical staining
with 5-bromo-4-chloro-3-indolyl phosphate/nitro blue
tetrazolium (BCIP/NTB, Liquid System, Sigma-Aldrich
Co. St. Louis, MO, USA). Plated cells were fixed in
precooled 4 % paraformaldehyde for 10 min, rinsed
with deionized water and then incubated with BCIP/

NTB liquid system for 2 h at 37 °C temperature in
the dark. The reaction was stopped by removing the
substrate solution, the coverslips were washed in dis-
tilled water mounted on a glass slide, and the cells were
analyzed with a phase-contrast microscope (Nikon
Eclipse 600).

oAFMC loading on scaffolds

Thawed oAFMC, showing a stable phenotype and a con-
served in vitro ability to undergo osteogenic differentiation,
were labeled for 30 min with the fluorescent lipophilic dye,
PKH26, according to manufacturer's instructions. PKH26 is
stably incorporated in lipid regions of the cell membrane
allowing in vivo cell tracking and monitoring studies
[44–46]. The PKH26-labeled oAFMC (10×106) were
seeded on single RegenOss®. Single engineered scaf-
folds were then incubated over a roller apparatus
(Wheaton, Millville, NJ, USA) at 38 °C in 5 % CO2

and air, and in order to achieve a widespread scaffold
loading, culture was prolonged under agitation for 3 days
at a speed of 6 rpm. At the end of the incubation, some
scaffolds were analyzed to assess the loading efficiency
while the remaining ones were used for the sinus augmenta-
tions procedures. Cell viability was assessed by incubating the
loaded scaffolds with the vital cytoplasmic fluorescent dye
calcein-AM. The incidence of proliferating cells was, in addi-
tion, detected by using Ki67. The cells were counterstained
with 4',6-diamidino-2-phenylindole (DAPI) and visualized
under an epifluorescent microscope.

Preclinical settings

Animal

The Ethical Committee of the Universities of Teramo and
Chieti-Pescara approved the present research (Prot. n. 05/
CEISA/PROG/32) performed on eight adult sheep, 2 years
old, and 40–50 kg of weight. The sheep were bred according
to the European community guidelines (E.D. 2010/63/UE).
After 2 weeks of animal quarantine, surgical procedures
were carried out in an authorized veterinary hospital. The
animals were daily followed in the postsurgical period and
the evolution of sinus transplantation was documented week-
ly by ultrasound analysis. The animals were then randomly
divided into two different groups and euthanized to explant
grafted sinuses at 45 and 90 days, respectively.

Sinus augmentation surgical procedure

The sheep were operated in lateral recumbency, under gen-
eral anesthesia. Sedation was obtained with xylazine
(0.2 mg/kg i.m; Rompun®; Bayer), diazepam (0.2 mg/kg

Table 1 Primary antibodies of flow cytometry analysis

Antigen Conjugated-
fluorescent
probe

Company details

Hemopoietic markers

CD14 FITC LifeSpan
BioSciences

Seattle, WA, USA

CD31 FITC AbD Serotec Oxford, UK

CD45 FITC AbD Serotec Oxford, UK

Adhesion molecules

CD29 VMRD Pullman, WA, USA

CD49f Beckman Coulter Fullerton, CA, USA

CD166 FITC Ancell MN, USA

MHC antigens

Class I Novus Biologicals Cambridge, UK

Class II HLA-DR Abcam Cambridge, UK

Stemness markers

CD117 Abcam Cambridge, UK

SOX2 Abcam Cambridge, UK

OCT4 PE Becton
Dickinson

BD, San Jose,
CA, USA

TERT Calbiochem Gibbstown, NJ, USA

NANOG Chemicon Int'l. Billerica, MA, USA
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i.v.; Diazepam® 0.5: Intervet), and atropine sulfate (6 mg
i.m.; atropine sulfate; Fort Dodge). Anesthesia was induced
with ketamine (10 mg/kg i.m.; Ketavet® 100; Intervet)
followed, after endotracheal intubation, by inhalation of
2.5 % halothane (Halotane®; Merial) in oxygen for mainte-
nance. A bilateral sinus augmentation procedure with an
extraoral approach was performed, as showed in Fig. 1.
After careful preparation for sterile surgery, maxillary sinus
was exposed ventrally to the lower orbital rim by a sagittal
skin incision (1 cm dorsal and 1 cm caudal to tuber facial
tuberosity). The masseter muscle and the adherent perioste-
um were separated by blunt dissection before preparation of
an oval antrostomy. The ostectomy was carried out using a
piezoelectric unit surgery (BioSAFin Easy Surgery, Ancona,
Italy). A rectangular bony window (1.5 cm×1.0 cm) was
created in the maxillary sinus wall under constant saline
cooling and the resultant bone plate was gently removed
from the Schneiderian membrane. The membrane was
then gently elevated, by detaching it from the buccal,
caudal, and medial bones and moving it cranially with
bent blunt dissectors. The cavity obtained between the
mucosa and the inferior osseous septum of the sinuses
was augmented with two RegenOss® scaffolds each.
Placement of scaffolds formerly seeded with 10×106

PHK26-stained oAFMC or of unseeded scaffolds was
performed in the two sinuses in each animal (Fig. 1).
The side of seeded and unseeded scaffold placement
was randomly assigned. At the end of surgery, muscle
planes, subcutaneous, and skin were layered and su-
tured. Postoperatively, the animals were given 20 mg/kg
of ampicillin i.v. (Vetamplius®, Fatro) every 12 h for 3 days.
The wounds were inspected daily for clinical sign of
complications. Ultrasound examination was carried ev-
ery 7 days on each surgical site. The study was per-
formed with a Toshiba Nemio 20 (Toshiba Medical
Systems Corporation, Otawara, Japan) equipped with a
linear probe at 7.5 MHz (multifrequency 6/12 MHz). Due to
the docile nature of the animals, a manual restraint was
sufficient for the noninvasive examination. Animals
were randomly divided into two groups to be euthana-
tized 45 or 90 days after surgery by an overdose of
thiopental (Pentothal Sodium, Intervet) and embutramide
(Tanax®, Intervet).

X-ray

After sacrifice, a specimen comprising of the grafted
area was cut by a bone saw in each animal, with
sawing direction parallel to transversal plane of the
skull. Then, each specimen underwent radiographic ex-
amination through portable X-ray equipment with a high
frequency generator (20 mA/90 kV) (Franceschini Angelo,
Bologna, Italy).

Morphological analysis of sinus explants

Sinus explants (woven blocks of ~4.5 cm3 in size; Fig. 1b)
were fixed in 4 % paraformaldehyde solution (PBS, pH 7.4)
before processing for histological and immunohistological
analyses.

Histological analysis

The explants were decalcified for at least 20 days in 14 %
EDTA before freezing in 30 % sucrose–PBS. The explants
were completely cryosectioned at 10-μm thickness. The
morphological and morphometric analyses were performed
on eight serial sections collected every ~300-μm distance.
Two sections were stained with hematoxylin–eosin (HE) to
describe the architecture of new formed tissues.

Immunohistological analysis

Six serial cryosections were immunostained against: (1) Ki67,
in order to describe the proliferation index (PI) of oAFMC
loaded on the scaffold, as well as that of the cells within the
host tissues; (2) von Willebrand factor (vWF), to quantify the
total VA; and (3) VEGF, in order to detect the synthesis of the
major angiogenic growth factor. Immunohistochemical anal-
yses were performed as previously described [47, 48]. Briefly,
mouse anti-Ki67 (diluted 1:10 in PBS/1 % bovine serum
albumin (BSA); Oncogene), rabbit anti-vWF (diluted 1:400
in PBS/1 % BSA, Dako, Glostrup, Denmark), and rabbit anti-
VEGF were applied at room temperature overnight after hot-
box oven at 95 °C for 5 min twice. The tissue sections were
then incubated with biotinylated secondary antibody: for the
Ki67, a biotinylated-conjugated goat anti-mouse antibody
(diluted 1:100 in PBS and applied for 1 h; Sigma-Aldrich
Co.) was used while the vWF and VEGF immunocomplexes
were visualized by using a biotinylated-conjugated goat anti-
mouse antibody (1:100 in PBS; Sigma-Aldrich Co.). The
immunoreaction was detected using fluorescein isothiocya-
nate (FITC)-labeled avidin complex. According to the data
sheet instructions, bovine aorta tissue collected at the slaugh-
terhouse and human breast carcinoma tissue samples were
used as positive control. Normal goat serum was used as
negative control in place of primary antibodies. Tissue sec-
tions were counterstained with DAPI (Vectastain,
Burlingame, CA, USA) in order to visualize cell nuclei.

Morphometric analyses

Immunofluorescence analyses were performed to calculate
the PI, total VA, and VEGF expression levels within the
grafted area. The analyses were carried out by using an
Axioskop 2 plus (Zeiss, Oberkochen, Germany), equipped
with a digital camera (Axiovision Cam, Zeiss, Oberkochen,
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Germany), and the data were processed by a KS300-
computed image analysis system (Zeiss), as previously de-
scribed [49]. The analyses were performed on at least five
different sections/sinuses, and at least eight different fields/
sections were blinded evaluated. The PI, total VA, and
VEGF expression were quantified at ×200 magnification
and the digitized fluorescent vessel signals (fluorescent-
positive area) were accomplished using a semiautomated al-
gorithm. The total VA was calculated as square microm-
eter of vWF-positive area/field (15,000 μm2). The PI
was expressed as the percentage of Ki67-positive cells/
total cells and the expression of VEGF was calculated
as square micrometer of the VEGF-positive area/field as
previously described [49].

oAFMC retrieval in sinus explants

The presence of PKH26 labeled oAFMC was ascer-
tained by analyzing the cryosections, preliminary stained
with DAPI to counterstain cell nuclei, under the
Axioskop 2 plus microscope (Zeiss, excitation: 551 nm,
emission: 567 nm).

Statistical analysis

To compare the effect exerted by different treatments, the
data were checked for normal distribution by D'Agostino
and Pearson's test and were compared by a two-way

ANOVA test. Finally, the post hoc Tukey test (GraphPad
Prism 5) was carried out in order to evaluate the “individual”
effect on each examined variable.

Results

oAFMC isolation and molecular characterization

After three passages in vitro, cells isolated from amni-
otic fluid appeared as a uniform population of fusiform
cells. The oAFMC expanded in vitro, after cryopreser-
vation, and did not modify their molecular profile as
summarized in Fig. 2a. In detail, oAFMC did not ex-
press the hemopoietic markers CD14, CD31, and CD45,
analogously at the stemness marker CD117 and the
MHC class II. Independently from cryopreservation,
the adhesion molecules CD29, CD49f, and CD166 were
lowly expressed such as the MHC class I molecules and
the stemness marker Oct3/4. By contrast, the three
stemness markers TERT, Nanog, and Sox-2 were largely
expressed and their profiles were not affected by cryo-
preservation. Thawed oAFMC maintained a prompt abil-
ity to undergo osteoblast cell lineage differentiation as
indicated by the intense extracellular matrix mineraliza-
tion visualized by Alizarin red staining and by the large
ALP activity recorded in cells cultured for 21 days in
osteoinductive media (Fig. 2b).

Fig. 2 a Histograms show the average of MFI ratio levels detected for
surface, MHC, and stemness markers analyzed on three replicates of
thawing oAFMC after three passages of in vitro expansion by flow
cytometry. Standard deviation never exceeded 5 %. b In vitro

osteogenic plasticity of thawed oAFMC assessed after 21 days of
culture in growth of osteoinductive media (2–4 and 1–2, respectively)
by using Alizarin red (top images) and ALP assay (bottom images).
Scale bars050 μm
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oAFMC-engineered scaffold

The MgHA/collagen-based scaffold showed high ability to
support oAFMC adhesion and proliferation. In fact, after
3 days of incubation, the scaffolds were completely covered
by live oAFMC (Fig. 3), as demonstrated by the intracellu-
lar retention of calcein-AM dye. Only a low percentage of
cells did not attach to the scaffold and were recovered in the
culture medium (~1–3 % of 10×106cells/scaffold/petri
dish). Several oAFMC found on the scaffold showed, in
addition, Ki67-positive nuclei, thus indicating the per-
sistence of a favorable environment for cell division
(Fig. 3).

Sinus augmentation clinical procedure

For their texture and flexibility, the scaffolds were easily
inserted within the maxillary sinus, where they could be
adapted to the irregular sinus cavity without problems. The
recovery from anesthesia and the convalescence period were
uneventful and none of the animals showed signs of
discomfort.

Ultrasound examination

Weekly, ultrasound scans allowed us to follow the process
of tissue regeneration within the grafted sinuses. After

1 week, both treated sinuses, one grafted scaffold seeded
with 10×106 PHK26-stained oAFMC and the other grafted
with the scaffolds alone, appeared similar, as a round area
(Fig. 4) of uniform echogenicity. The process of tissue
regeneration was characterized, up to the seventh week, by
the same (or increased) echogenicity that almost completely
filled sinuses in a group transplanted with engineered scaf-
folds. On the contrary, starting from the fourth week, the
sinuses treated with the scaffold alone displayed decrease of
echogenicity in the grafted area, which showed irregular
scattered echoes (Fig. 4). It was impossible to perform an
effective examination from the seventh week due to the
presence of organized reparative tissue covering the acoustic
windows.

X-ray analysis

From the initial eight animals, one sheep was discarded for
infection from the 45-day group, so another animal from the
90-day group was randomly excluded from the experimental
study. In all animals euthanized after 45 days, the scaffolds
were visible within the not oAFMC-seeded site (Fig. 5). By
contrast, the biomaterial was completely embedded within a
fibrous matrix in sites treated with the oAFMC-engineered
scaffold (Fig. 5). However, no traces of scaffold were ob-
served after 90 days, independently of the treatment consid-
ered (data not shown). Radiological analyses performed on

Fig. 3 a Macroscopic (top) and ultrastructural images (bottom) of
RegenOss® of MgHA/collagen composite microstructure. Black scale
bar01 μm. b An example of the RegenOss® scaffold after 3 days of
coincubation with 10×106 oAFMC. The cells have completely covered
the surface of the scaffold as indicated by the calcein-AM dye that

resulted in entrapment within the cytoplasm of live cells. White scale
bar020 μm. c Immunohistochemistry was performed in order to iden-
tify, among the AFC (2 bleu nuclei counterstained with DAPI) attached
to the surface of RegenOss®, the Ki67-positive cells (3 green fluores-
cence: 1 merge). White scale bar050 μm
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sheep following euthanasia allowed us to compare the con-
tent of the maxillary sinuses as showed in Fig. 5. In the three
sheep from each group, those sacrificed after 45 and the
other after 90 days from graft insertion, the X-ray analysis

revealed a dense area localized on the floor of the maxillary
sinus in the oAFMC-engineered scaffold group (Fig. 5).
These radiographic shadows had irregular margins and a
density similar to that of the surrounding bone tissue, while
in the group treated through the scaffold alone, no radio-
graphic difference from a normal sinus floor was apprecia-
ble. To date, there is no published data regarding an
objective score to evaluate the bone deposition in similar
situations; however, differences between the two grafted
sites are clearly detectable in the same radiographic image
(Fig. 5).

Morphological analysis and oAFMC retrieval

In all the sectioned sinuses, the foci of newly deposited
lamellar bone were mainly distributed at the periphery of the
area grafted with the MgHA/collagen-based scaffold. In par-
ticular, new bone deposition was concentrated near the surgi-
cal incision and close to the native floor of maxillary sinus
(data not shown). Osteogenesis was analogously activated in
the oAFMC-engineered scaffold group (Fig. 6). However, in
these samples, osteogenic foci were widespread within the
grafted area even if they remained more active at the scaffold
periphery (Fig. 6). In particular, several lamellar of newly
deposited bone tissue filled the surgical access, while single
and irregular foci matrix surrounded by active osteoblasts was
found in the center of the grafted area (Fig. 6). A large
proportion of PKH26 oAFMC was observed within the
sinuses grafted with the engineered scaffolds (Fig. 6). The
oAFMC were easily recognized by the red lipophilic dye

Fig. 5 An example of X ray analysis (central image) performed after
45 days on the explanted sheep head (lateral windows). The Rege-
nOss® was clearly evident within the maxillary sinus grafted with the
scaffold alone (black arrow in the right box) while appearing enclosed

within a fibrous matrix in the controlateral ones (oAFMC-implanted
sinus: arrow in the left box). In this portion, an area of higher radio-
density localized on the floor of maxillary sinus was observed

Fig. 4 An example of ultrasound analysis performed on RegenOss®
(Ctr) and engineered RegenOss® (oAFMC) grafted sinuses performed
14 days after sinus augmentation surgical procedures
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localized at the periphery of bleu-counterstained nuclei
(Fig. 6). They were largely integrated with the host tissue
distributed among the fibrous matrix (Fig. 6), surrounding
the foci of newly deposited matrix (Fig. 6) and close to the
blood vessel network running in the grafted area. After
90 days, the amount of newly deposited bone further increased
after 90 days (Fig. 7). In detail, mature bone was observed in
the floor of both maxillary sinuses while lamellar bony tissue
completely filled the surgical incision (Fig. 7b and c). The
skeletal base of the maxillary sinuses treated with the engi-
neered scaffold appeared more thickened than those recorded
in untreated sheep (Fig. 7a). Several PHK26 oAFMC were
still recorded 90 days after surgery, widespread within the
grafted area (data not shown).

Morphometric analysis

A more intense angiogenic response was recorded within
the sinuses grafted with oAFMC-engineered scaffolds as
indicated by immunohistochemical analysis. In fact, a sig-
nificantly higher secretion of VEGF (p00.0004 oAFMC vs.

Ctr Group) and a larger, parallel total VA (p00.0006; Fig. 8)
were detected in sinuses treated with oAFMC-engineered scaf-
fold 45 days after surgery. Then, the angiogenic response
decreased in both treatment groups although it was more
marked in the oAFMC-engineered scaffolded ones where the
extension of the total VAwas significantly lower. Analogously,
the PI recorded within the grafted area was influenced by the
presence of oAFMC: the PI was, in fact, significantly higher in
sinuses treated with oAFMC-engineered scaffolds at day 45
(p00.027 oAFMC vs. Ctr Group) and became significantly
lower at 90 days (p00.0007 oAFMC vs. Ctr Group). By
contrast, the PI recorded within the sinuses grafted with the
scaffold alone continued to increase (Fig. 8), becoming signif-
icantly higher at day 90 (p00.022 Ctr day 45 vs. Ctr day 90).

Discussion

The standard surgical procedure for maxillary sinus lifting
consists of filling the cavity under the raised Schneiderian
membrane with either autologous bone or biomaterials, or

Fig. 6 A An example of a HE-stained section performed 45 days after
the transplantation of oAFMC-engineered RegenOss® scaffold. The
red arrow identifies the dental portion of maxillary sinus floor and the
blue arrow, the surgical incision area. A1 A higher magnification of the
HE image showing the new deposition of trabecular bone. B, B1, B2

Images of increasing magnification showing the PHK26-positive cells
distributed in different zones of the implanted area. The white dashed
line indicates an area of newly deposited bone matrix surrounded by
PKH26-positive cells, some displaying a fusiform osteoblastlike shape
(white arrows). White scale bars050 μm
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the combination of the two. Clinicians are constantly searching
for a heterologous bone substitute that combines the osteor-
egenerative features of autologous bone overcoming limits
connected to its use, such as the scarce availability of autolo-
gous bone and the high donor site morbidity [3–5, 8].
Therefore, innovative methods including the use of alternative
biomaterials in combination or not with stem/progenitor cells
have been recently investigated [10, 11, 20]. At present, tissue
engineering is the most promising strategy to repair large bone
defects [5, 50–53]. First of all, tissue engineering requires
porous scaffolds that allow progenitor and differentiated cells
to adhere, proliferate, and differentiate. This biocompatibility
is a prerequisite for engineering the scaffold with live cells and,
at the same time, it represents the condition by which it
expresses osteoinductive activity once grafted in host tissues.
Previous investigations demonstrated that for its structural and
chemical compositions, RegenOss® is a suitable biomimetic
nanostructured matrix for bone regeneration [20–22]. The
present research extends its potential clinical applications,
showing that the scaffold manifests osteoinductive properties

also when placed in the maxillary sinus. In vitro cell seeding
showed that RegeneOss® could completely support oAFMC
adhesion and proliferation. The surface of the commercial
MgHA/collagen-based scaffold was, in fact, able to entrap a
very high concentration of cells (10×106cells/cm2) when
maintained under dynamic cultural conditions for 3 days.
The adhesion of oAFMC did not appear to be a passive event,
since attached cells elongated on the scaffold structure and a
percentage underwent active mitosis. For this reason, we
decided not to use more complex methods to establish the
efficiency of loadings as frequently adopted when bioavail-
ability of different biomaterials is compared. The biocompat-
ibility of the scaffold was then confirmed in vivo by the high
degree of tissue integration and the prompt osteogenic effect
recorded in grafted sinuses. In this context, it was interesting
to notice the clear osteoconductive potential that created a
framework upon which osteoprogenitor cells could spread
from the margins of the defect and generate new bone. In
addition, our data show that all host tissue responses were
clearly improved by the presence of grafted cells. In fact,

Fig. 7 a An example of a HE-stained section of an untreated ovine
maxillary sinus. b and c are two examples of transplanted sinuses after
90 days from sinus lift procedures. b Sinus implanted with RegenOss®
showing the surgical incision area filled with trabecular bone (blue
arrows) and a thickened maxillary floor (red arrow). The implanted
area localized under the elevated Schneiderian membrane is filled with

abundant fibrous tissue. c Sinus transplanted with engineered Rege-
nOss® displaying the entire basis of the skeletal maxillary sinus greatly
thickened. Abundant trabecular bone is accumulated within the surgi-
cal incision (blue arrow), while a more mature bony tissue is organized
on the maxillary floor (red arrow). The asterisks indicate the infraor-
bital nervus
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oAFMC accelerated bone deposition as well as other mecha-
nisms of tissue regeneration, thus demonstrating their poten-
tial in regenerative medicine. For the first time, oAFMC has
been used with success in a preclinical setting of sinus aug-
mentation. Different sources of MSC have been previously
considered as attractive for the maxillofacial surgery, such as

adipose tissue, dental pulp, or bone marrow [5], and the cells
expressed a prompt osteogenic phenotype when incubated
under adequate in vitro conditions [5, 50–54]. However,
amniotic-derived cells may offer some additional biological
properties that could be particularly useful to develop new
protocol in regenerative medicine [14]. Amniotic fluid, rich in

Fig. 8 a The histograms show the evolution of total VA, VEGF
expression, and PI within the implanted districts. The data are
expressed as mean±S.D. Asterisk data of Ctr- and oAFMC-treated
sinuses that resulted in a significant difference for p<0.01 when
compared within the same interval time (i.e., Ctr day 45 vs. oAFMC
day 45). a Data of Ctr- or oAFMC-treated sinuses that resulted in a
significant difference for p<0.05 when compared between the two

different interval points (i.e., Ctr day 45 vs. Ctr day 90). b Three
examples of immunohistochemistry analysis performed to quantify
the endothelial-positive area marked with the von Willebrand Factor
(vWF), the VEGF expression, and the PI detected by the mitotic
marker Ki67. The white arrows indicate PHK26-positive oAFMC that
coexpress VEGF (middle image) and Ki67 (bottom image) molecules.
White scale bars050 μm
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mesenchymal-like cells [27–30], can be easily collected dur-
ing prenatal diagnosis amniocenteses without raising any
ethical problem [24–30]. In addition, oAFMC, like other
amnion-derived cells, display a high differentiation capacity
toward all three germ layers demonstrated both under in vitro
and in vivo conditions [31–33, 43–46] either as native cell
population or better as CD117-sorted cells [31]. Due to this
pluripotency and to the early embryonic origin, the amniotic-
derived cells are considered as fetal cells showing a degree of
stemness that is typical of embryonic stem cells, even if they
lack either tumorogenicity or immunogenicity [24]. The pres-
ent research demonstrated that oAFMC could differentiate in
vitro into osteoblastlike cells, as previously reported for human
AFMC [35–41]. In fact, osteogenesis occurrence was clearly
demonstrated after 3 weeks of culture in an osteogenic medium
by the extensive mineralization of the extracellular matrix and
by the large expression of ALP. Although several experimental
evidences showed that a variety of stem cells can consistently
differentiate in vitro into different cell lineages, their fate after
transplantation and particularly their contribution to tissue
regeneration in the host animal remains still largely unknown.
Transplanted stem cells could, in fact, contribute directly to
tissue regeneration by differentiating into the cell lineage of the
damaged tissue or, indirectly, by creating favorable conditions
for the repair process such as an adequate local angiogenic
reaction. In the vast majority of successful preclinical trials so
far carried out [24–31], the nature of the regenerative effects
exerted by amniotic-derived stem cells has not been identified.
Two major prerequisites for any therapeutic effect to be
manifested are the presence of the cells in the lesion zone
and the time interval of their survival in the host tissue. The
present investigation offers an interesting feedback in this
regard. A large number of transplanted cells could, in fact, be
detected to be spread in the lesion. Moreover, the distribution
of red-stained membrane surrounding the nuclei indicate that
oAFMC survive for up to 90 days. It is probably thanks to this
extended presence in the sinuses that oAFMC could exert their
beneficial regenerative influence. This influence appears to
result from the combination of at least threemajor components:
(1) a direct contribution to osteogensis, (2) a finely tuned local
angiogenic response, and (3) a high cell proliferation in
regenerative-grafted sinuses. The osteoinductive properties of
RegenOss® were, in fact, improved by oAFMC that markedly
accelerated the process of new bone deposition. The micro-
scopic evaluation of the explants demonstrated that while the
foci of bone deposition at day 45 were exclusively localized at
the periphery of the area grafted with the MgHA/collagen-
based scaffold alone, the presence of cells guaranteed a more
widespread presence of bony foci that were observed also in
the central portion of the sinus cavity. After 90 days, the
beneficial effect of oAFMC in terms of osteogenic stimulation
was less evident and ascribable to the slight increase in the
thickness of the newly deposited bony tissue. However, while

after 90 days the scaffold was probably completely resorbed,
thus stopping its osteoinductive role, by contrast, oAFMC
persisted within the grafted sinuses. Several live oAFMCwere,
in fact, recorded within the implanted area 90 days after sinus
lift, thus probably continuing to contribute to the process of
host tissue remodeling. In addition, the presence of oAFMC
modulated the inflammatory reaction induced by sinus lift
procedures and by the insertion of scaffold within themaxillary
cavity. This positive effect is in agreement with the peculiar
biological properties showed by the different categories of
placental-derived cells [24]. The placenta, thanks to its immu-
nomodulatory activity and to low immunogenicity, forms a
perfect interface between two immunologically distinct organ-
isms, thus contributing to guarantee the maintenance of fetal–
maternal tolerance during the pregnancy. These favorable im-
munological properties were conserved by all the categories of
amniotic-derived cells, thus allowing two beneficial effects
during their use in regenerative medicine. First of all, as
indicated by an extensive literature [24], the low immunoge-
nicity of amniotic-derived cells allowed their use into alloxe-
nogeneic settings into immunocompetent animals and without
any immunosuppressive treatment [31]. In fact, the use of
amniotic membrane as a therapeutic agent has been studied
for decades in medicine for allogeneic treatment of skin
wound, burn injuries, chronic leg ulcers, and for ocular surface
reconstruction, thus extensively demonstrating its efficacy and
safety [24]. More recently, the amnion has been investigated as
a possible source of stem cells and the results of first clinical
trials in human have proven that also the allogeneic transplan-
tation of amniotic-derived cells in the absence of immunopres-
sive treatment does not induce immunoreaction [55]. To
reinforce these clinical evidences, various groups have experi-
mented and demonstrated a prolonged survival of human
amniotic membrane or amniotic-derived cells after xenogeneic
transplantation into various immunocompetent animals and
long-term engraftment after intravenous injection of heteroge-
neous human amniotic and chorionic cells into newborn swine
or rats, with humanmicrochimerism detected in several organs
suggesting active migration and integration into specific
organs and indicating active tolerance of the xenogeneic cells
without any risk of teratoma [24]. Altogether, these evidences,
combined with the in vitro studies providing the intimate
mechanistic insight into the processes of tolerance vs. rejection
of amniotic-derived cells [24], suggested this as ideal cell
sources for the development of novel cell therapy procedures
with reduced rates of rejection [24–31, 55]. This aspect is not
surprising since the immunological phenotype of oAFMC is
exactly similar to that described for human AFMC [31]. In
particular, they displayed a weak expression of MHC I and the
absence of MHC II antigens. The in vitro studies aimed to
understand the mechanisms underlying the immunomodulato-
ry effects observed after alloxenogeneic transplantation of
placenta-derived cells, showing that these cells actively
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suppress T cell proliferation through the secretion of soluble
immune-modulatory factors [56–58]. In addition, human
AFMC are able to produce in vitro IL-6 and IL-8 [59, 60].
The presence of oAFMC with the engineered scaffold, in
addition, modulated the major mechanism involved in the
process of tissue healing. The presence of oAFMC, in fact,
positively influenced the angiogenic response of the grafted
district during the first interval of healing (45 days), thus
driving the generation of a widespread blood vessel network
and supporting a significantly higher PI. Then, both vascular
remodeling and PI drastically dropped in the presence of cells
becoming significantly lower than those recorded in sinus
grafted with RegenOss® alone. This latter result may be indic-
ative of a more rapid evolution in the process of tissue regen-
eration and representative of a major degree of maturation of
sinus treated with oAFMC; however, this clearly demonstrated
the persistence of the cell modulatory role for 90 days.

Conclusions

The results obtained in the present research, designed to follow
a hierarchical approach where in vitro tests were combined
with in vivo animal studies [56], clearly showed that a com-
mercial MgHA/collagen-based scaffold (RegenOss®) used in
preprosthetic reconstructive surgery improve its clinical thera-
peutic outcome in the presence of AFMC. For this reason,
AFMC could be proposed as a valid alternative source of MSC
suitable to potentiate the process of bone regeneration induced
by the technique of sinus augmentation also demonstrated by
radiographic and ultrasound examinations performed in the
present study. In particular, AFMC may become an ideal cell
candidate for tissue engineering strategies applied to maxilla
facial surgery on the basis of their potential to reduce the bone
integration period, support a robust mineralization for an ex-
tended period of time [6], and immunotolerate when allotrans-
planted into an immunocompetent patient [56–59].
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