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INTRODUCTION

Bone presents continuous remodeling and a generous regenerative capacity compared to other tissues. Life-
long bone remodeling is responsible for skeletal development, responses to mechanical stimuli, and maintain-
ing mineral homeostasis. Intrinsic regeneration capacity guarantees bone integrity as an injury repair process.
Moderate-sized bone defects repair without the need for a graft. However, complex clinical conditions are
requiring a considerable amount of bone, in which natural bone regeneration capacity is not sufficient to
establish functional tissue recovery. In the case of significant bone defects created by trauma, infection,
skeletal disorders, or in the treatment of tumor excision, the regeneration process becomes compromised [1].

Strategies may be necessary to guide or accelerate the process, increasing bone quantity or quality [2]. There
is intense research in bone bioengineering, seeking to overcome the limitations observed in non-healing
defects and alternative methods to autologous bone grafts, in order to produce bone substitutes with the
same properties of this gold standard [3]. Osteoconduction is the process of perivascular tissue, precursor,
and osteoprogenitor cell ingrowth, from the bony bed into implanted frameworks. Osteoinduction is the
induction of undifferentiated mesenchymal stem cells into osteoprogenitor cells, also at ectopic sites [4]. The
combination of three-dimensional biocompatible frameworks with cells and growth factors may stimulate
osteogenesis and osteoinduction, enhance the osteogenic capacity of transplanted and endogenous cells and
thus, ensure better healing [5].

Calvarial “non-healing” defects are useful in the preclinical study of bone repair to analyze strategies of
tissue engineering in intramembranous bone formation. Some advantages of this defect are the orthotopic
non-load bearing site, its reproducibility, mechanical stability, and the limited baseline healing plateau, above
which the effect of cell/scaffold implant on osteogenesis is noticeable [6-9]. The application of membranes
is indicated for Guided Bone Regeneration (GBR), to isolate the bone defect from other tissues, and for
bone reconstruction [10]. Commercially available collagen membranes are widely used in in vivo studies,
associated with ceramic implant material [11], demineralized bone matrix [3], growth factors [12], and cells
[13]. The membranes covering bone defects in calvaria provided stability for ceramic tricalcium phosphate
(TCP) inserted into the defect, resulting in higher bone amount and better mechanical properties [11]. The
association of ceramic and membrane with bone marrow mesenchymal stem cells have been demonstrated
to favor earlier bone deposition [13]. Calvarial “non-healing” defects are effective in the preclinical study of
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bone repair to analyze strategies of tissue engineering in intramembranous bone formation. Some advantages
of this defect is the orthotopic non-load bearing site, its reproducibility, mechanical stability, and the limited
baseline healing plateau, above which the effect of cell/scaffold implant on osteogenesis is noticeable [6-10].

Commercially available collagen membranes are widely used in in vivo studies, associated with ceramic
implant material [11], demineralized bone matrix [3], growth factors [12] and cells [13]. The membranes
covering bone defects in calvaria provided stability for TCP inserted into the defect, resulting in higher bone
amount and better mechanical properties [11]. The association of ceramic and membrane with bone marrow
mesenchymal stem cells has been demonstrated to favor earlier bone deposition [13].

Tissues that are mainly available in maternity hospitals, and often discarded, can be a reliable source of
allogenous cells and collagenous matrix for bone tissue engineering applications. Importantly, umbilical cord
mesenchymal stem cells have been shown to stimulate vascularization and bone formation in vivo [14, 15].
In addition, amniotic membranes are known to be a source of stem cells and collagenous scaffold [16, 17].
Mesenchymal stem cells from amniotic membranes can stimulate osteogenic and angiogenic differentiation
of various cell sources, including, adipose-derived stem cells [18]. Moreover, amniotic membranes present
great potential in clinical application [19], tissue engineering [17], and the removal of the epithelial cell layer
minimizes the risks of adverse immunological responses [20, 21].

Amniotic membrane association with stem cells from bone marrow [22] and adipose tissue [23, 24] demon-
strated that Decellularized Human Amniotic Membrane (DAM) is an excellent cell-carrier in tissue regenera-
tion applications. Bone and periodontal tissue engineering studies have demonstrated that DAM can provide
a preferential environment for osteogenic differentiation of dental apical papilla cells, increase the expression
of osteogenic marker genes, and deposition of mineralized matrix in vitro [25]. Periodontal ligament stem
cells transfer onto DAM [26], and ASCs cultured on DAM [27] have been shown to stimulate periodontal
regeneration in vivo . Interestingly, double-layered cell transfer technique on DAM allowed transplantation
of periodontal ligaments stem cells and osteoblasts, and enhanced bone formation in calvaria when compared
to single-cell type transplantation [28]. The application of amniotic membrane in calvarial defects has been
found to promote more significant bone regeneration compared to defect without graft, but less than the
association with ceramic material (HA) and osteoinductive factor Bone morphogenetic protein (BMP) [29].
Interestingly, DAM associated with ASCs were also used successfully in a calvarial defect in rabbits [24].

Studies using multipotent ASCs, since their first reports [30, 31] have demonstrated their potential as a
significant source of adult stem cells in regenerative medicine. Some significant advantages of ASCs in bone
engineering compared to Bone Marrow Stem Cells are the facility in harvesting, higher cellular yield, and
proliferation capacity [32]. The application of the patient autologous cells from fat, transferred in order to
enrich and accelerate the bone regeneration process was reported, in cranioplasties associated with TCP [33],
in maxillary defect associated with titanium, TCP, BMP [34], and graft [35].

Earlier studies investigating calvarial defects without cell expansion from the adipose tissue have used various
materials, including fragmented adipose tissue [36, 37], Stromal Vascular Fraction (SVF) associated with
polylactide (PLA), demineralized bone matrix (DBM) [38], and hypertrophic cartilage [39]. After isolation,
ASCs were investigated as perivascular cells associated with poly(lactic-co-glycolic acid) (PLGA)/ hydroxya-
patite (HA) composites [9, 40], stem cells associated with PLGA [41], stem cells associated with PLGA/HA
composites [40, 42-48], stem cells associated with Whitlockite [49], with acellular collagen dermal matrix
[50], with HA/TCP bioceramics and hydrogel [51], silicate bioceramic [52], and duck-beak bioceramic [53].

Investigations on ASCs participation in calvarial bone defect repair have reported the occurrence of significant
cell migration to the lesion site after intravenous cell administration [42], and paracrine effect of ASCs on
in vitro and in vivo osteoblastic cell differentiation [47]. There was a significantly higher stimulation in cell
association of immediately prepared defects, compared to cell graft with established bone defects [46]. There
is considerable evidence indicating that ASCs cells may contribute to periodontal regeneration [54]. Our
results demonstrated enhanced in vivobone regeneration by undifferentiated adipose-derived stromal cells
loaded onto a decellularized human amniotic membrane.
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MATERIALS and METHODS

The experimental design consisted primarily of the decellularization of a human amniotic membrane, ex-
pansion of adipose tissue-derived stromal cells from rats, and preparation of scaffolds for the treatment
of non-healing calvarial defects of rats. The human placenta was collected in accordance with The Code
of Ethics of the World Medical Association [55], only after approval of the Research Ethics Committee of
Complexo Hospitalar Pequeno Pŕıncipe and co-participating institution (Curitiba, Brazil; Number 659.204,
09/03/2015). The informed consent form obtained from a mother undergoing natural childbirth at the Hos-
pital Maternidade Victor Ferreira do Amaral (Curitiba, Brazil), after clinical screening for diseases. All
experiments with animals complied with the ARRIVE guidelines [56], the national guidelines for the care
and use of laboratory animals, and followed the protocols approved by the Animal Care Ethics Committee
of Faculdades Pequeno Pŕıncipe (Curitiba, Brazil; Number 039-2018, 22/11/2018).

The amniotic membrane was collected immediately after placental expulsion in the surgical environment.
With blunt dissection, the amniotic membrane was separated from the chorion and kept in Phosphate buffer
saline (PBS 2% streptomycin/penicillin). The fresh membrane, handled within a laminar flow Class II Biosafe,
was washed with PBS and trimmed into approximately 15x15cm2 portions. Membrane portions were kept in
a decellularization solution (0.1% sodium dodecyl sulfate, SDS, Affymetrix USB, Cleveland, USA) for at least
24 hours on a horizontal mechanical shaker at room temperature (RT) at approximately 120rpm, followed
by gentle scraping with cell scraper over sterile silicone mat. The decellularization process was confirmed
with histochemical staining with 0.4% Trypan Blue, which stains dead cells. Membrane decellularization and
cell cultivation onto DAM discs were also observed after histological preparation of cross-section: fixation
with 10% natural buffered formalin, dehydration through increasing series of graduated ethanol, embedding
in paraffin wax, sectioning at 4 μm thickness, and staining with by Haematoxylin and Eosin (H&E). The
decellularized membranes were washed five times with PBS at RT and stocked in PBS at 4°C. Membranes
were rewashed, cut into circles with an 8mm diameter surgical punch (Golgran, São Caetano do Sul, Brazil),
stretched on culture dishes, kept with PBS exposed to UV light for 1 hour inside the laminar flow, and
incubated in complete culture medium in standard culture conditions of 5% CO2 in air at 37°C without cells
for 72h. Adipose-derived stromal cells were collected from the inguinal fat of two eight-week-old male Wistar
rats after the animals were anesthetized by intraperitoneal administration 50 mg/Kg ketamine (Dopalen,
Vetbrands; Pauĺınia, Brazil) and 6,6 mg/Kg xylazine (Anasedan, Vetbrands; Pauĺınia, Brazil).

Intracardiac administration of Thiopental 75 mg/kg (Tiopentax, Cristália; Itapira, Brazil) was used for ani-
mal euthanasia. The SVF was obtained by collagenase digestion, according to previously published methods
[30]. Adipose tissue was washed with PBS, macerated with two n.22 surgical blades, digested for 30 minutes
at 37°C in PBS containing 0.075% collagenase type I (GIBCO Life Technologies; Rockville, USA). Digested
tissue was centrifuged at 1.200rpm for 10 minutes after adding complete culture medium: Dulbecco’s modi-
fied Eagle’s medium-F12 (Sigma-Aldrich; St Louis, USA), supplemented with 10% fetal bovine serum (FBS,
GIBCO Life Technologies; Rockville, USA) and 1% streptomycin/penicillin. Cells were suspended in PBS,
passed in a 100μm strainer (Becton Dickinson; Franklin Lakes, USA), and centrifuged before suspension in
the supplemented medium. Nucleated cell yield was verified in a hemocytometer after Trypan Blue staining,
and the initial plating density was 1×105 cells/cm2 in T25 culture flasks. Cell culture flasks were incubated
at 37°C in a humidified atmosphere with 5% CO2 atmosphere. Nonadherent cells were removed after 72
hours, and adherent cells were maintained, with a medium change every three days. Upon reaching 80%
confluency, ASCs were transferred to another flask/dish after incubation with 0.25% trypsin/0.1% EDTA
(Cellgro; Manassas, USA), expanded from a plating density of 1×103 cells/cm2 in T75 culture flask in the se-
cond passage, and cryopreserved in 80% FBS, 10% medium, 10% dimethyl sulfoxide (DMSO, Sigma-Aldrich;
Saint Louis, USA). Cryopreserved ASCs were extracted from liquid nitrogen, rapidly thawed in a culture
medium, centrifuged at 1.200rpm for 10 min, the supernatant was discarded, and the pellet was resuspended
in a complete culture medium. Cells (at the third passage) were cultivated onto polystyrene dishes and on
DAM at a density of 1.5×104 cells/cm-2 for proliferation. Trilineage differentiation test [57] of the ASCs into
Osteoblasts, Chondroblasts, and Adipocytes was examined, after observing their high self-renewal capacity.
Cells were maintained on regular medium, and osteoinduction media was used for osteogenic differentiation.
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Two different osteoinduction media were used separately after cell confluence. Osteogenic induction medi-
um was prepared with reagents known to favor the expression of the osteoblastic phenotype: 50mcg/mL
Ascorbic acid (Sigma-Aldrich, Tokyo, Japan), 10mM β-Glycerophosphate (Sigma-Aldrich, St. Louis, USA),
and 100nM dexamethasone (Sigma-Aldrich, St. Louis, USA) diluted in regular supplemented medium. The
commercially available Rat Osteoblast Differentiation Medium (Cell Applications, Inc; San Diego, USA) was
also used. Either medium was added after cell confluence and changed every 3 days, up to 4 weeks of culture.
Mineralization was observed by histochemical staining with Alizarin red staining (affinity for calcium) after
fixation in 2.5% glutaraldehyde for 1h RT, washing 3 times with 70% ethanol, staining with 1% Alizarin
red solution pH 5.5 for 5 min at RT, washing 3 times with 50% ethanol, and air-drying. The cultures were
examined under a phase contrast microscope (Zeiss Axio Vert.A1, Zeiss; Jena, Germany), also equipped with
an AxioCam MRC camera (Zeiss, Germany).

Chondrogenic Differentiation Medium (Gibco; Carlsbad, USA) was used to differentiate ASCs into chon-
drocytes after the culture of cell micromass in quadruplicate in a 12-well plate. Cells were centrifuged at
1.200rpm for 10min, resuspended in a regular medium at a cell density of 1.6x107 cells/ml, cultured in a sin-
gle drop of cell pellet at the center of each well, and incubated for 2 hours; before adding the chondrogenic
differentiation medium or regular complete medium, as control. Culture media were exchanged every 72
hours for three weeks of culture. Histochemical coloration with 0.4% Alcian Blue 8GX (Sigma-Aldrich, Saint
Louis, USA) was used to demonstrate chondrogenic differentiation, by its affinity with sulfated proteoglycans
under acidic conditions. After washing with PBS 37°C, fixation with 2.5% glutaraldehyde for 1 hour, and
washing for fixative removal, staining was performed with Alcian Blue solution for 30 minutes, followed by
two washes with 0.1N HCl, and wells were kept in distilled water.

The adipogenic differentiation of the ASCs was performed after cell culture in quadruplicate in a 12-well plate
reached 80% confluence. Adipogenic differentiation medium was prepared at the time of medium exchange
with the addition of 0.5μM dexamethasone, 0.5mM of isobutylmethylxanthine, and 50μM of indomethacin
(all from Sigma-Aldrich, Saint Louis, USA) to complete medium, and filtered on 0.22μm membrane. Culture
media, differentiation, and control were exchanged every 72 hours for two weeks. Histochemical coloration
with Oil Red (Sigma-Aldrich, Saint Louis, USA) was used to demonstrate adipogenic differentiation, by
its lipid affinity. After washing with PBS 37°C, fixation with 2.5% glutaraldehyde for 1 hour at room
temperature, removal of the fixative, washing with distilled water, and washing with 60% isopropanol for 5
minutes, staining was performed with Oil Red solution by 5 minutes. The dye solution was removed, and
wells were washed and kept with distilled water. DAM discs used for animal treatment were cut with an
8mm punch onto a silicon surface.

Cells were cultivated over the DAM discs (2.5x104cells/cm2) stretched onto 12-well plates. After cell con-
fluence was observed on the polystyrene area around the membrane discs, in approximately five days, more
cells were associated with the discs (2.5x104 cells/cm2), 48 hours before the surgical procedure. Fifteen Male
Wistar rats (8 weeks old, medium weight 370g) were randomly divided into three treatment groups: no DAM
scaffold (T0= control), DAM scaffold only (T1), and DAM scaffold associated with ASCs (T2). The animals
were anesthetized as described before. The hair over the cranial bones was shaved, and the skin was asep-
tically prepared using 70% alcohol scrub. The animal head was stabilized in a stereotaxic frame (Stoelting
Co.; Wood Dale, USA) to maintain immovable during surgery.

A sagittal incision was made with a surgical blade through the skin over the calvaria, subcutaneous tissues
were divulged, and the area was maintained exposed using an Alm tissue retractor. The anatomic landmarks,
sagittal, coronal and lambdoid sutures, were identified, and the periosteum was incised and elevated with a
blunt spatula. Non-healing “critical-sized” calvarial defects involved the bones parietal, frontal and occipital,
as previously described [58]. A single bicortical full-thickness defect was prepared on the midline using a
low-speed dental surgical drilling unit (NSK 20:1 SMax SG20, Tochigi, Japan; Beltec LB 100, Araraquara,
Brazil), with an 8 mm diameter trephine (Neodent; Curitiba, Brazil). Care was taken to avoid injury to the
dura mater, with intermittent movement, and constant irrigation with saline solution. After the calvarial
bone disc removal, the area was cleaned with abundant irrigation before the treatment. Four layers of DAM
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(T1) or four layers of DAM with ASCs (T2) were placed stretched one over one another on the dura, which
was maintained intact at the defect base, without extending beyond the defect margins. The implants were
maintained in place with the overlying periosteum. The subcutaneous tissue was approximated, and the
surgical site was closed primarily using a 7.0 polypropylene suture (Ethicon/Johnson & Johnson; São Paulo,
Brazil). Analgesic was administered for three days following the surgery. Euthanasia of the animals with
the same procedure described, after 12 weeks of bone repair, was followed by specimen excision with a
diamond disc, and one week of fixation with 10% natural buffered formalin. The excised specimens were
scanned with a SkyScan1174v2 Micro-computed tomography (micro-CT) scanner (50Kv, 800μA, pixel size
16.82μm; Bruker micro-CT, Kontich, Belgium). Micro-CT images were reconstructed, aligned, visualized,
and measured (Softwares NRecon, DataViewer, CTVox, and CTAn; Bruker micro-CT, Kontich, Belgium).
For the measurement of various parameters with CTAn, a cylindrical ROI (9.3mm in diameter) was placed
on the center of the defect on a 2D image, enclosing all the new bone within the defect, and the defect
margin. Measurement was done on 30 layers comprising the tridimensional defect volume after demarcating
a threshold value from the gray level histogram. The following basic parameters were measured: Bone
volume, Percentage of new bone volume in the total tissue volume (BV/TV), and Trabecular number.

The specimens were decalcified with 10% EDTA (Ethylenediaminetetraacetic acid solution, pH 7.4) for three
weeks, embedded in paraffin, and 4μm histological sections were prepared, perpendicular to the sagittal
suture. Deparaffinized sections were stained using H&E (Alcoholic solution, Biotec; Pinhais, Brazil) for
baseline observation, and Picrosirius red stain (PRS, Direct Red 80, Sigma-Aldrich; Milwaukee, USA),
observed under linearly polarized light (POL). The PSR-POL method was used for morphometric image
analysis of fifteen consecutive fields from a histological section of the central area of three specimens of
each group. The collagenous content on the defect thickness was measured, including the periosteal and
the meningeal sides. Images were captured with an AxioCam MRc digital camera attached to a microscope
(Zeiss, Göttingen, Germany; Software AxioVision SE). Image analysis was performed with the software
Image-Pro Plus 7.0 (Media Cybernetics, Inc., Rockville, USA), quantifying the total polarized fiber content
against the dark background.

Statistical analysis was performed after the Shapiro-Wilk test for normality, using ANOVA along with post
hoc Tukey’s test, or with nonparametric test Kruskal-Wallis (STATISTICA software, Version 10, StatSoft
Inc., USA). Results were presented as the Mean ± Standard Deviation (SD), where *p < 0.05 was considered
significant.

RESULTS

The decellularization process with 0.1% SDS, after separation from the chorion, was effective in removing
the innermost epithelial layer of cells, which lies adjacent to the fetus (Figure 1A). The structure of the
subjacent collagenous layer was preserved after decellularization (Figure 1B), as a translucent acellular
framework. The DAM preserved its structural integrity during the decellularization, and throughout the cell
culture with regular medium, and both osteoinduction media evaluated.

Figure 1. Cross-sections of the human amniotic membrane. The fresh and intact amniotic membrane before
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decellularization presented the epithelial layer (arrow, A). The decellularization process was effective in
removing the epithelial cell layer and preserved the membrane matrix (B). H&E stain, Objective 20X, Scale
bars 100 μm.

ASCs with a density of 1.5×104 cells/cm-2 adhered and proliferated in culture on all tested substrates and
reached confluence in about four days. Cell distribution on the DAM was not easy to distinguish during
culture than on polystyrene dishes (Figure 2A). Cells on the DAM cultivated with regular proliferation
medium remained most on the surface of the membrane and kept a more elongated, fibroblastic-like shape
(Figure 2B). The osteoinduction of ASCs on polystyrene and DAM promoted cell shape alteration to a
more polygonal shape, associated with the deposition of the extracellular matrix, also observed as nodular
accretions on these substrates (Figures 2C-2F). Both osteoinduction media stimulated the formation of
matrix indicated by the osteogenically differentiated ASCs and nodular accretions, first observed after 2
or 3 weeks, and increased until culture termination at four weeks. Mineralized deposits were observed only
in the presence of osteoinduction media, as bright red nodules after Alizarin red staining (Figures 2C-2F).
Mineralized matrix deposition by the ASCs associated with the DAM was evenly distributed throughout the
DAM (Figures 2D, 2F), but on polystyrene was dispersed, in a patchy configuration (Figures 2C, 2E).

Figure 2. Representative areas of ASCs cultures for four weeks demonstrated osteogenic differentiation. Cul-
tures with the standard medium on polystyrene (A) and membrane (B) present cells (arrowhead) distributed
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on the dish and the membrane, without mineral deposits. Both osteoinduction media, prepared (C, D), and
commercial (E, F), stimulated the deposition of a mineralized matrix, (arrow, red) on polystyrene (C, E)
and the membrane (D, F). Alizarin Red stain; Objectives 10X (A, B, E, F), 20X (C, D); Scale bars 100 μm.

Chondrogenic differentiation was observed with the deposition of the proteoglycan-rich matrix on ASCs
micromasses cultivated for three weeks with commercial chondrogenic differentiation medium (Figure 3A).
The presence of multiple intracellular lipid droplets indicated adipogenic differentiation, by two weeks post-
induction with prepared adipogenic differentiation medium (Figure 3C).

Figure 3. ASCs multilineage differentiation demonstrated by the presence of sulfated proteoglycans on ASCs
micromass (A, arrow) and intracellular lipid-filled vacuoles after culture with chondrogenic and adipogenic
induction media (B), respectively. ASCs maintained in control medium were processed as negative controls,
for chondrogenic (B) and adipogenic (D) differentiation. Alcian Blue stain (A, B); Oil-red stain (C, D);
Objectives 10X (B), 20X (A, C, D); Scale bars 100 μm (A-D), 50 μm (inset in C).

Analysis of the micro-CT images revealed bone formation at the site of the defects in all three groups
observed, from adjacent native bone. A centripetal in vivo ossification pattern was observed with bone
deposition from and higher on the defect margins. Bone deposition closer to the defect central area was
observed in defects with membrane or membrane associated with cells (Figure 4), without complete bony
bridging.
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Figure 4. Micro-computed tomography (micro-CT) imaging of rat calvarial defects after 12 weeks of healing,
with different treatments. Images of the defects, without scaffold (control, T0), treated with decellularized
amniotic membranes (DAM, T1) and DAM with Adipose-derived stromal cells (DAM + ASCs, T2). Bone
(arrow) deposited from the defect margins (dotted line, first picture) towards the center. The original defect
size with 8mm in diameter, circular images (10mm in diameter).

The statistical analysis of calvarial bone healing parameters from micro-CT revealed significant difference on
percentage of new bone volume to total bone (BV/TV), and trabecular number. The significant increase in
bone volume percentage was observed with the treatment with DAM associated with ASCs (T2= 41.59 ±
11.72), compared to control (T0= 22.85 ± 3.46), but not with DAM alone (T1= 25.95 ± 2.26). The higher
repair observed in DAM grafted defects was evidenced by a significantly higher number of trabeculae (mm)
in treatment with DAM associated with ASCs (T2 = 1.07 ± 0.35), compared to control T0 (0.61 ± 0.12),
but without difference to implanted DAM in T1 (0.82 ± 0.09).

Histological analysis with H&E (Figure 5, Figure 6) and PCR staining (Figure 7) confirmed Micro-CT
findings. Collagen organization in the defect area was evaluated by PRS-POL, where collagen appears bright
red, yellow, or green, in sharp contrast with the rest of the tissue that remains dark (Figure 7). Defects
without treatment presented less bone deposited at the defect margins, and it merged with a thin fibrous
host periosteum and the connective tissue layer covering the inner area of the defect, characteristic of defect
healing with less bone tissue repair (Figure 5C). The fibrous tissue covering the central part of the defect was
thinner than the original well-vascularized bone tissue in the absence of membrane, with a connective tissue
collapse observed in untreated defects. The effect of the DAM scaffold on osteoconduction was observed by
providing anchorage for bone tissue deposited in the defects (Figure 5).
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Figure 5. Bone repair of calvarial defects: without treatment (T0, A, B, C), treatment with DAM scaffold
(T1, D, E, F), and with DAM associated with transplanted ASCs (T2, G, H, I). Correspondence of images
from defect micro-CT of the complete defect (A, D, G) with frontal view position indicated (continuous
line), frontal plane (B, E, H), and the histological section of the same area from micro-CT (C, F, I) with
the meningeal side towards the bottom of the section. Bone deposition (arrows) from original defect edges
(dotted lines) following the periosteum and the collagenous scaffold. H&E stain; Scale bars 1000 μm.

Cortical bone tissue deposited in calvarial defects treated with DAM, such as margin extensions or islets,
had amniotic membrane-embedded or as a lining (Figure 6). Newly formed bone from the margins of

9
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defects treated with membranes followed the scaffold orientation towards the center of the defect (Figures
5, 6). Remnants of the decellularized amniotic membrane were observed in both membrane treatments as a
homogeneous fibrous material, restricted into the defect and, maintained the integrity during the observation
period without stimulation of inflammatory and immune response.

Figure 6. Details of bone deposition from specimens without treatment (T0, A), treatment with DAM
scaffold (T1, B), and with DAM associated with transplanted ASCs (T2, C). Bone deposited onto the defect
margin (dotted line) associated with the inner cambium or osteogenic layer of the host periosteum, adjacent
to its fibrous layer (asterisk) (A). Osteoconduction with DAM layers (arrow) observed adjacent to newly
deposited bone, inserted into the bone matrix, and associated with the inner periosteum layer towards the
center of the defect (asterisk) (B). Osteoconduction with DAM and ASCs, with DAM scaffold inserted into
the bone (arrow) and associated with periosteum (asterisk). H&E s; Objective 2.5X; Scale bars 100 μm.

DAM scaffold enabled the ingrowth of vessels, stem cells, and osteoblasts from the host bone (Figure 7).
Collagenous niches for osteogenesis were observed on DAM concave areas from slightly undulated mem-
brane scaffolds (Figure 7) and vascularized connective tissue with endogenous cells propagated between the
DAM layers or penetrated between the collagenous matrix, which provided expanded collagenous niches for
osteoconduction and DAM incorporation into newly deposited bone (Figure 7B-7C).

Statistical analysis of the total fiber quantification from consecutive PSR-POL images of different treatments
demonstrated a significant increase of fiber content between both DAM treatments (T2= 30.73 ± 12.84; T1=
34.21 ± 15.04) and control (T0= 23.08 ± 17.13). The amniotic membrane layers preserved the thickness
of the defect space, more comparable to the uninjured bone than defect without DAM (Figure 7D-7F),
regardless of whether they were associated with ASCs or not.
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Figure 7. Detail of DAM scaffold in calvarial bone repair. Bone (arrowhead) deposited in the concave area
between two transplanted DAM layers (arrow) (A). Osteoconduction established by vascularization between
amniotic membrane layers (arrows), cell migration between collagenous fibers of the amniotic membrane,
and creation of niches for intermembranous bone deposition (arrow) (B). Picrosirius-polarized image of the
specimen from Figure B exhibits the DAM as bright red fiber agglomerate (arrow), interposed by bright
yellow endogenous collagen (arrowhead) (C). Picrosirius-polarized images of specimens from three groups:
i) without treatment (D, T0), ii) treatment with DAM scaffold (E, T1), and iii) with DAM associated
with transplanted ASCs (F, T2), with the meningeal side towards the bottom of the section. Endogenous
fibrous tissue from T0 (D), displaying upper and lower parts collapsed (asterisk), without matrix in the
middle. Treatments with DAM (T1, E; T2, F) exhibit the transplanted collagenous DAM as bright red
fiber agglomerate (arrow) interposed between upper and on lower fibrous tissue (asterisk), and bright green/
yellow endogenous collagen and bone (arrowhead) deposited in the middle. H&E stain (A, B), Picrosirius
Red stain (C, D, E, F); Objective 20X (A, B), Objective 10X (C, D, E, F); Scale Bars 100 μm.

DISCUSSION

In the present work, it was applied a combined transplantation approach using ASCs and DAM, and obtained
exciting results demonstrating enhanced calvarial bone regeneration. The decellularization process preserved
the membranous structure of the amniotic membrane, and the analysis confirmed the absence of deleterious
effect of the decellularization on the ultrastructural characteristics of DAM compared to intact amniotic
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membrane [16]. The cell culture on the decellularized amniotic membrane provides a more biomimetic niche
than the culture dish surface [59]. The decellularization method used in the present study ensured membrane
biocompatibility, stability during the extended in vitroculture period for ASCs osteoblastic differentiation,
and preservation of the collagenous matrix integrity, which was not fragile or difficult to handle. Four DAM
layers made it possible to cover the entire inner calvarial defect perimeter, increasing the scaffold thickness,
replicating the use of multilayered cell sheets [60] when the DAM was associated with ASCs.

These results revealed that the scaffold created by the layers of DAM provided an osteoconductive extra-
cellular matrix environment for the cells during tissue regeneration. The collagenous matrix from the DAM
scaffold was incorporated concomitant with host bone deposition, without inducing an inflammatory and
immune response, or presenting accelerated scaffold biodegradation. One response to the DAM was osseoin-
tegration, with direct bone deposition onto the scaffold, creating a mineralized interface between DAM and
newly deposited bone. Another response to the DAM scaffold was “osseointegration”, with the inclusion of
the collagenous DAM as part of the newly deposited bone.

There are controversial opinions regarding scaffold degradation, with fast degradation in vitro contraindi-
cating their use for cell transplantation [61], because prolonged stability is necessary for cell support [62],
versus rapid degradation as advantageous for cell release in the early period of osseous defect repair [63].

ASCs exhibited multilineage potential demonstrated by the trilineage capacity to differentiate: chondrogenic,
osteogenic, and adipogenic lineages. Stem cell participation on bone tissue regeneration may depend on cell
attachment and proliferation on scaffolds, subsequent differentiation, and integration into the surrounding
tissues [16].In vitro results demonstrated ASCs’ attachment, cell proliferation, and osteogenic differentiation
on DAM.

The association of ASCs with Platelet-Rich Plasma (PRP) increased cellular secretion of growth factors in
vitro , and bone healing in calvarial defects [64]. However, the association of ASC to non-activated PRP pre-
sented no additional positive effect on calvarial defect bone healing [65, 66]. We observed neovascularization
of the defect adjacent to the decellularized amniotic membrane, surrounded by endogenous periosteal cells,
promoting osteoconduction. Endogenous periosteal cell migration for bone deposition also needs stability
for bone deposition. The support provided by the DAM scaffold stimulated osteogenesis by providing a col-
lagenous surface for cell attachment, differentiation into osteoblasts, and deposition of a mineralized matrix,
as observed between the DAM layers and between the DAM collagenous matrices.

Intramembranous bone deposition followed two different patterns in the presence of the DAM, depending on
the amniotic membrane aspect and their collagenous fibers looseness. Support for vascularization between
the collagenous fibers of the amniotic membrane was observed on looser collagenous fibers of the DAM.
Undulated DAM was also observed inside lamellar bone deposits. The formation of concave niches for initial
islet bone deposition, with subsequent incorporation into the lamellar bone, demonstrated the osteogenic
potential of these areas. Previous reports documented those scaffold concavities are conducive for osteogenesis
[67, 68].

Quantification of total collagen, from DAM scaffold and endogenous origin, and characterization of the
collagen structure was done after PSR-POL, without distinguishing their type or origin, since the orientation,
thickness, and packing of collagen bundles determine the amount of polarized light absorbed by the stain
[69, 70]. Mature and arranged collagen fibers appear greenish-yellow, and immature collagen in primary
bone red-orange [70, 71]. The significant increase of collagen content provided by DAM treatments provided
the scaffold to support vascular growth into the defect and osteoconduction.

One limitation of the present study was the lack of cell marker for tracking transplanted cell fate and
identification of cell participation in the healing process, if through their intrinsic ability to differentiate
into osteoblasts. Even though the contribution of the ASCs for bone healing was not established, this data
demonstrated higher repair of critical-size bone defects with transplanted cells and emphasized the indication
of the scaffolds prepared with DAM and ASCs in bone tissue engineering. Transplanted ASCs in bone sites
may be differentiated into osteoblasts or stimulate endogenous healing by trophic function [72]. New bone in
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calvarial defects were determined to consist mainly of transplanted cells [48], and ASCs directly differentiated
into osteogenic cells in vivo [64, 73].

Monolayers or cell sheets can be prepared with cells and cellular matrix, and are alternatives for autologous
or allogeneic transplantation, whether or not associated with membranes or scaffolds, and can stimulate
osteogenesis and neovascularization [10, 74-76]. A tridimensional cell sheet strategy with the layers of DAM
associated with ASCs placed directly to the host site with minimal cell manipulation improved the bone
regeneration potential with more vessel stability than single-cell sheet [10].

Osteogenesis through the osteoconduction process, providing a structural scaffold to support vascularization
and host cell reconstruction, can explain the successful bone augmentation observed on DAM. Furthermore,
the association with ASCs may have allowed osteogenesis through site osteoinduction, observed by the
significantly higher bone deposition with DAM and ASCs grafts. The role of the anatomical defect region was
determinant for the results obtained in the present study. The calvarial bone defect model, as an orthotopic
non-load bearing site, provided an appropriate osteogenic environment to assess the effect of non-induced
ASCs for bone tissue engineering [48, 77]. Accelerated bone healing of calvarial defect has been reported in
other studies with ASCs, associated with commercial bone graft in rabbit [78], with PLGA/HA [43, 48], and
starch-polycaprolactone [79]. Other investigators also observed significant healing improvement with ASCs
without previous cell induction, genetic manipulation, or association with exogenous growth factors [45, 48,
72, 80-82]. Untreated ASCs as control also stimulated healing [41, 49, 72, 83]. Osteoinduction of ASCs
has been investigated in calvarial bone healing models [8, 52, 84], besides cell transfection with vascular
endothelial growth factor (VEGF) gene sequence [49], and cell transduction for sustained expression of BMP
and Stromal cell-derived factor[85].

The pro-osteogenic paracrine effect of ASCs was identified between transplanted ASCs and host osteoblasts,
through BMP and Hedgehog signaling [47], stimulating the endogenous healing response. ASCs may also
accelerate new bone formation by promoting angiogenesis through pro-angiogenic paracrine factors [52, 86-
88], and secretion of VEGF [87, 89]. ASCs may participate directly in vasculogenesis, stabilizing endothelial
networks by developing pericyte characteristics [86]. Strategies to stimulate bone regeneration are the selec-
tion of perivascular cell subsets from SVF [9, 40], and ASCs–derived exosomes [90]. The extended clinical
therapeutic use of ASCs for bone regeneration still requires a standard for cell characterization and culture
[91].

CONCLUSION

DAM confirmed potential and efficacy for ASCs transplantation in the bone tissue engineering model. In vivo
DAM treatments demonstrated osteoconduction, providing a collagenous structural matrix for endogenous
cell migration, neovascularization, bone tissue deposition, and anchorage. Bone deposited between the DAM
layers, especially on niches formed by membrane undulation, or between the collagenous fibers of the DAM,
incorporating the DAM into the newly deposited tissue.

The further association of DAM with ASCs, stimulated the healing of critical-sized adult rat calvarial de-
fects, by promoting demonstrated DAM graft incorporation concomitant with higher host bone deposition,
compared with defects without treatment. This association of the ASCs and DAM offers advantages for
optimizing bone regeneration in this model.

Futures research will be necessary with the association of bioactive materials and in different defect models
since DAM with ASCs may also be used for supporting vascularization, periosteal cell migration, and bone
healing with implants, even in load-bearing defects.
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