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Abstract
Background: The injection of mesenchymal stem cells (MSCs) directly into the bone of osteoporotic (OP) patients
for rapid recovery has been studied worldwide. Scaffolds associated with MSCs are used to maintain and avoid cell
loss after application. A unique heterologous fibrin sealant (HFS) derived from snake venom was evaluated for the
cytotoxicity of its main components and as a three-dimensional biological scaffold for MSCs to repair a critical femur
defect in osteoporotic rats.
Methods: The cytotoxicity of HFS was assessed using a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazoliumbromide
(MTT) assay and transmission electron microscopy. The cells were cultured, characterized by flow cytometry and
differentiated into the osteogenic lineage. Two-month-old rats underwent ovariectomy to induce OP. After 3 months, a
5 mm critical bone defect was made in the distal end of the rat femurs and filled with HFS; HFS + MSCs; and HFS + MSCs
D (differentiated into the osteogenic lineage) to evaluate the effects. An injury control group (injury and no treatment)
and blank control group (no injury and no treatment) were also included. The animals were observed at days 14 and 28
by microtomographic (micro-CT) analyses, histologic and biochemical analysis, as well as scanning electron microscopy.
Results: The results revealed that one of the compounds of HFS, the thrombin-like enzyme extracted from snake venom,
had no cytotoxic effects on the MSCs. OP was successfully induced, as demonstrated by the significant differences
in the levels of 17β-estradiol, Micro-CT analyses and alkaline phosphatase between the ovariectomized (OVX) and
non-ovariectomized (NOVX) groups. The histological data revealed that at 14 days after surgery in both the OVX and
NOVX animals, the HFS + CTMs and HFS + CTMsD showed a higher formation of bone cells at the site in relation to the
control group (without treatment). Collagen formation was evidenced through bone neoformation in all treated and
control groups. No morphological differences in the femurs of the NOVX and OVX animals were observed after the
surgical procedure. Scanning electron microscopy (SEM) confirmed the histological analysis.
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Conclusions: The new HFS composed of two non-toxic components for MSCs showed capacity to promote the
recovery of the bone lesions in OVX and NOVX animals at 14 days after surgery. In addition, the HFS enabled the
differentiation of MSCs into MSCs D in the group treated with HFS + MSCs. Using the MSCs and/or MSCs D together
with this biopharmaceutical could potentially enable significant advances in the treatment of osteoporotic fractures.
Future clinical trials will be necessary to confirm these results.
Keywords: Fibrin sealant, Osteoporosis, Cytotoxicity, Snake venom, Fibrinogen

Background
Clinically, osteoporosis (OP) can manifest as pain, fractures, and physical disability, resulting in independence
loss and long-term care. Studies have reported a prevalence of 10% in men – aged between 60 and 79 years old
– and 18.5% in women – aged between 40 and 79 years
old. In the European Union, there is an estimate of 22 million women and 5.5 million men affected by this illness [1,
2]. According to the World Health Organization (WHO),
OP affects approximately 75 million people worldwide [3].
The high incidence commonly occurs in postmenopausal
women due to estrogen deficiency, which has a bone antiresorptive action [4]. The fall of this hormone is known as
a critical factor impairing cancellous metaphyseal bone
and reducing bone mineral density (BMD) [5]. OP is an
osteometabolic and multifactorial disease characterized by
the loss of bone mass and microarchitecture, leading to
increased skeletal fragility and fracture risk complicating
the recovery of the long bone-fractures [6–8].
Osteoblasts are sophisticated fibroblasts responsible
for bone formation through secretion of the organic
components of bone matrix [9, 10]; they indirectly control levels of bone resorption because they regulate the
differentiation and activity of the bone-resorbing osteoclasts [10]. Diseases such as OP are associated with altered
osteoblast function as a result of a negative balance between the bone-forming activities of osteoblasts and the
resorptive activities of osteoclasts [10].
Mesenchymal stem cells (MSCs) are multipotent cells
with the capacity to differentiate into other cell types, including osteoblasts, chondrocytes, myocytes, adipocytes,
and connective tissue fibroblasts [11]. The use of MSCs
to repair tissues has progressively evolved; the goal of
cell-mediated therapy is to prolong or replace physiological healing abilities when they are lacking, failing, or
progressing too slowly [12]. Use of stem cells in tissue
repair has developed progressively and the goal of this
therapy is to improve the ability or to replace the restorative capacity of bone tissue when there is partial or
complete failure in the repair mechanism [12, 13]. The
combination of living cells with a synthetic or natural
biomaterial can produce a three-dimensional tissue that
is functionally, structurally, and mechanically equal to
the original tissue [14]. Different compounds have been

used as scaffolds for MSCs. These contribute to repair
and regeneration of tissue, and can be classified as both
synthetic (hydroxyapatite and tricalcium phosphate) [15]
or as biological [16]. Osteoconductive synthetic implants
such as hydroxyapatite and tricalcium phosphate have
porous structure that facilitates bone growth; however,
the lack of osteoinductive potential is a limitation [17].
Although many scaffolds associated with stem cells
have been studied in the treatment of bone defects
[18, 19], they have been insufficiently researched in the
treatment of osteoporotic fractures. Studies of bone
mesenchymal stem cells (BMSCs) from osteoporotic
patients and animal models have discovered that
osteoporosis is often associated with a reduction of
BMSCs’ proliferation and osteogenic differentiation
[20, 21]. The local injection of normal BMSCs may even
improve the bone structure of osteoporotic sites [22]. Enhanced proliferation and differentiation effects of a calcitonin gene-related peptide (CGRP)- and Sr-enriched
calcium phosphate cement on bone mesenchymal stem
cells and the formation of new bone during osteoporosisinduced bone disorders have been observed [23].
Commercial fibrin sealants (FS) are used as hemostatic,
sealant, and adhesive agents to facilitate wound healing in
addition to serve as a matrix for the delivery of drugs
[24, 25]. These FS are very expensive and composed at
least of human thrombin and fibrinogen, which might
transmit infectious diseases [26, 27]. The biocompatibility, biodegradability, and cell-binding capacity of FS
indicate that they are potentially suitable biological vehicles for use in cell transplantation [25, 28, 29].
A unique heterologous fibrin sealant (HFS) has been
studied by our group since the 1990s [28–33]. This sealant is composed by at least two components, i.e., a
serine protease extracted from Crotalus durissus terrificus venom (a thrombin-like enzyme) and a cryoprecipitate rich in fibrinogen extracted from Bubalus bubalis
buffaloes’ blood. Animal-derived compounds avoid
transmission of infectious diseases from human blood
(commercial sealants), and have been tested with success
in animals and human beings [34–41].
Fibrin-based biomaterials exhibit several important
features of an ideal scaffold, e.g., biocompatibility, biodegradability, and a high affinity to biological surfaces
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[42]. Scaffolds can provide the necessary support for
cells to maintain their specific functions needed to
define the shape of new bone [43].
Although many scaffolds associated with stem cells
may have been studied in the treatment of bone defects
[18, 19], they have not yet been fully studied in the treatment or prevention of osteoporotic fractures. This study
aims to investigate the association of HFS with MSCs
and MSCs D (differentiated in the osteogenic lineage) in
the treatment of bone defects in osteoporotic rats.

Methods
HFS scaffold

The HFS was kindly supplied in sufficient quantity for this
study by the Center for the Study of Venoms and Venomous Animals at São Paulo State University, Brazil. The
components and formula of the applied HFS are contained in its patents (registry number: BR1020140114327
and BR1020140114360). The product is distributed in
three vials, stored at -20 °C, and must be mixed and applied immediately at the site of interest [29, 30, 44–46].
Obtaining the mesenchymal stem cells (MSCs)

Twenty Wistar rats of 10 days age were used as bone marrow donors. The animals used in the research were from
the animal house of the Laboratory of Experimental Medicine, from Botucatu, UNESP, São Paulo, Brazil. Extraction
of bone marrow cells from donor animals was performed
after euthanasia with halothane overdose (CAM > 5%).
Bone marrow cells were obtained from the femur by insertion of needle syringe into the bone cavity and then washing with DMEM (Dulbecco's modified Eagle medium,
Gibco Laboratories, Grand Island, NY, USA).
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removed from the incubator with the cells in suspension.
The suspension cells were centrifuged for 10 minutes at
2000 RPM, the supernatant discarded and the pellet resuspended. The cells were counted and used in association with the fibrin sealant for the treatment of the
bone defect throughout the experiment.
MSCs characterization

Surface markers were used to determine the ratio of
MSCs and hematopoietic stem cells in the culture after
three passages, and the cells were analyzed by flow cytometry (FACSCalibur; BD Pharmingen, San Diego,
CA, USA). Positive and negative markers (monoclonal
antibodies) for 2 × 105 MSCs included the following:
CD73 (purified mouse anti-rat CD73; clone 5 F/B9, BD
Pharmingen, San Diego, CA, USA); CD90 (anti-CD90/
Thy1-FITC, clone FITC.MRC OX-7; Abcam, Cambridge,
MA, USA); CD44 (anti-CD44-PE, clone OX-50; Abcam,
Cambridge, MA, USA); ICAM-I (anti-ICAM-I-FITC,
clone 1A29; Abcam, Cambridge, MA, USA); RT1 (antiRT1-Aw2-FITC, clone MRC OX-18; Abcam, Cambridge,
MA, USA); CD34 (anti-CD34-PE, clone ICO-115; Abcam,
Cambridge, MA,USA); CD11b (anti-CD11b-PE, clone
ED8; Abcam, Cambridge, MA, USA); CD45 (anti-CD45FITC, clone MRC OX-1; Abcam, Cambridge, MA, USA);
and MHCII (anti-rat MHC CLASS II RT1D-PE, clone
MRC OX-17; Abcam, Cambridge, MA, USA) [38–41].
The isotype controls were secondary antibody anti-mouse
IgG, isotype control IgG1-FITC, isotype control IgG1-PE,
and MSCs. Analysis was performed using a FACSCalibur™,
Flow Cytometry System (BD Biosciences, San Jose, Ca,
EUA). The data were analysed using the CellQuest Pro®
software. During the cells acquisition were accounted for
20.000 events.

Isolation and expansion of MSCs

After collection of bone marrow stem cells, the pool of
material was centrifuged at 2000 RPM for 10 minutes.
The obtained material was resuspended in DMEM
medium (DMEM; Gibco Laboratories, Grand Island, NY,
USA) supplemented with 20% fetal bovine serum
(Sigma-Aldrich, St. Louis, MO, USA), 100 μg/ml of penicillin/streptomycin solution (Gibco Laboratories) and 3
μg/ml of amphotericin B (Gibco Laboratories, Grand
Island, NY, USA). The cells were plated in culture flasks
of 75 cm2. The flasks were placed in an incubator with 5%
CO2 tension at 37 °C. Changes were made to the culture
medium every 3 days and cell growth and adherence were
monitored by inverted microscope. When cells reached
80% confluence the first cell passage was performed.
To make the passage, the cell culture medium from
the flask was discarded and 2 mL of PBS was added for
washing, and then Tryple Select (Gibco, Grand Island,
NY, USA) for cell trypsinization, and the flask was maintained in an incubator oven for 5 minutes. The flask was

Osteogenic differentiation of MSCs

We performed only osteogenic differentiation with the
intention to use it as one of the treatments in the bone
lesion. Previously, these cells were already studied by
our research group and differed in the three cell lines –
osteogenic, chondrogenic, and adipogenic [16].
When the cell culture reached 70% confluence, the
complete culture medium was replaced with a specific
StemPro® Osteogenesis Differentiation Kit (Gibco by Life
Technologies A10072-01, Carlsbad, CA, USA), which
was used with 73% Osteocyte/Chondrocyte Differentiation
Basal Medium (Gibco by Life Technologies A10069-01,
Carlsbad, CA, USA), 5% Osteogenesis Supplement (Gibco
by Life Technologies A10066-01, Carlsbad, CA, USA), 1%
penicillin/streptomycin, 1% amphotericin B, and 20% fetal
bovine serum (Sigma-Aldrich, St. Louis, MO, USA). The
differentiation medium was replaced every 3 days for 12
days. Then, the cells were fixed in ice-cold 70% ethanol,
washed in distilled water and stained in 2 mL of alizarin
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red (Invitrogen Life Science Technologies, Carlsbad, CA,
USA) for 30 minutes at room temperature. After the dye
was removed, the cells were washed four times in water
and observed using an inverted light microscope [16].
Cytotoxicity assay

The cytotoxicity of the HFS and thrombin-like enzyme
(TLE) associated to MSCs were assessed using a 3-(4,5dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazoliumbrom
ide (MTT) assay (Sigma-Aldrich, Poznań, Poland) [47].
Three concentrations were tested to TLE: 0.5 mg/mL,
0.25 mg/mL and 0.05 mg/mL. Two concentrations were
tested with HFS: 100 μL (35.453 mg/mL of calcium
chloride; and 6.25 μL (2.21 mg/mL of calcium chloride,
3.25 μg/mL of TLE and 11.25 μg/mL of cryoprecipitate).
MSCs were used as a positive control group and culture
medium as a negative control. p < 0.05 was calculated
comparing positive control.
Third-passage MSCs were trypsinized with 2 mL of
TrypLE Select (Gibco Laboratories, Grand Island, NY,
USA). For the colorimetric test, 5 × 104 cells/mL were
used in sterile Eppendorf 96/F-PP microplates with five
replicates for each group. High-glucose DMEM (Gibco
Laboratories, Grand Island, NY, USA) was added to the
wells, and the plate was incubated for 48 hours at 37 °C
with 5% CO2. After the supernatant was discarded, 100
μL of MTT (1 mg/mL) was added to each well and incubated for 2 hours. The MTT was then replaced with 100
μL/well of dimethyl sulfoxide (DMSO, Thermo Scientific, Waltham, MA, USA). The plates were read at 540
nm in an ELISA reader.
Cell viability was assessed by calculating the arithmetic
mean of the quintuplicates and normalized according to
the following formula: percentage of cell viability = (absorbance of sample cells - blank absorbance/absorbance
of negative control cells - blank absorbance) × 100 [47].
Transmission electron microscopy (TEM)

To assess the cytotoxicity of HFS associated with the
MSCs we used TEM. The HFS and HFS + MSCs were
fixed for 3 hours with Karnovsky’s fixative (1% paraformaldehyde, 2.5% glutaraldehyde in 0.1 M phosphatebuffered saline; PBS, pH 7.3). After fixation, the samples
were washed with 0.1 PBS, pH 7.3 (3 × 5-minute
washes), and then post-fixed in 1% osmium tetroxide diluted in the same buffer for 2 hours. The samples were
then washed with distilled water (3 × 10-minute washes),
immersed in uranyl acetate (0.5% in distilled water) for 2
hours, dehydrated in increasing concentrations of acetone, and immersed in 100% acetone/Araldite® resin (1:1)
for 12 hours. Ultra-thin 90 nm sections were prepared
and stained with uranyl acetate (50% in alcohol) for 20
minutes. Subsequently, the sections were stained with
lead citrate for 10 minutes. The samples were then
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analyzed by TEM with an FEI Tecnai Spirit system
(Hillsboro, OR, USA).
Animals and surgical protocols

The animals were handled and the surgical procedures
were conducted in accordance with the Brazilian College
for Animal Experimentation guidelines, and the protocols
were approved by the university’s Ethics Committee in Experimental Animal Use (protocol number 998/2013).
Eighty female Wistar rats (Rattus norvegicus) were
kept at 21 ± 2 °C under a 12 h light/dark cycle and
allowed access to food and water ad libitum. All operations were carried out under sterile conditions with a gentle surgical technique. The surgeon was blinded to the
treatment. A single intramuscular dose of fluxinin meglumine (1 mg/kg) was administered after the operation.
Ovariectomy-induced OP model

To establish an OP model, the rats were subjected to
bilateral ovariectomy at 3 months of age, as previously
described [8].
Femur defect model

At 2 months after the ovariectomy, femur defect drilling
was performed under general anesthesia, which was induced via the intraperitoneal injection of ketamine and
xylazine hydrochloride (1:1) at a dose of 0.10 mL/100
mg. A linear skin incision of approximately 1 cm was
made in the distal femoral epiphysis bilaterally, and
blunt dissection of the muscles was performed to expose
the femoral condyle. After the bone tissue was exposed,
a critical defect 5 mm in diameter was created using a
micromotor (LB100, Beltec, Araraquara, Brazil), thus
promoting bone defects in the distal femoral epiphysis
on the right; the lesion was irrigated with saline to prevent thermal necrosis. The treatment was carried out in
the defects according to group allocation [48].
Thereafter, rats were divided in two groups: nonovariectomized (NOVX) and ovariectomized (OVX).
Four animals of each group were treated using HFS;
HFS + MSCs; HFS + MSCs D. Four animals were injury
control (injury and no treatment) and four animals were
blank control (no injury and no treatment) to each
group. In both groups the animals were euthanized after
14 and 28 days to analyses.
All femurs were removed and analyzed using microcomputed tomography (micro-CT), radiographic and
histology.
Ovariectomy-induced OP model confirmation

Blood samples were collected after 14 and 28 days of the
femur defect model surgical procedure and centrifuged
to determine the alkaline phosphatase (AP) activity and
serum estrogen levels [49]. AP activity was determined
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using commercially available kits (Bioclin Therapeutics,
San Ramon, CA, USA) and an automatic BS-200
analyzer (Mindray Shenzhen, China). The estradiol levels
(pg/mL) were assessed via radioimmunoassay using a
1470 Automatic Gama Counter (PerkinElmer, Turku,
Finland). All analyzes were performed in duplicate.
Radiographic evaluation

Radiographic imaging of the rat femurs was conducted
on the 14th and 28th days using a digital GE model
E7843X system (GE Healthcare, Chicago, IL, USA).
Microtomographic (micro-CT) analyses

The micro-CT analyses were performed using helical tomography (SCT-7800TC, Shimadzu, Kyoto, Japan). Digitalized data and three-dimensional images of 0.04 cm2 of the
defective areas were generated by built-in μ-CT software.
In these areas, Hounsfield units (HU) were calculated comparing ovariectomized and non-ovariectomized animals.
Histological processing

After the animals were sacrificed, the femoral bones were
removed and fixed in formalin-buffered (4%) PBS for 24
hours, after which the femurs were decalcified in 10% nitric acid for 3 days. The bone samples were dehydrated
through a graded series of ethanol (from 70% to 100%)
and diaphanized in xylene. To obtain a distinct view of the
defect, the orientation and alignment of the femurs were
carefully considered during paraffin embedding. Longitudinal serial sections were prepared at a thickness of 6 μm
and mounted on histological slides. Hematoxylin and
eosin (H&E) staining was used for general histological observations. The sections were evaluated using a Leica
DMLB 80 microscope and a Leica DC300FX camera
(Bannockburn, IL, USA). The images were analyzed using
Qwin software (version 3 for Windows).
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removed and washed three times for 5 minutes in distilled water. Subsequently, the samples were immersed
for approximately 30 to 40 minutes in 0.5% osmium tetroxide diluted in distilled water, washed in distilled water
(3 × 10-minute washes); dehydrated in increasing concentrations of ethanol, dried in a critical point apparatus
with liquid carbon dioxide, mounted on appropriate
chucks, metallized and gold-coated. The SEM analyses
were performed using a Quanta 200 electron microscope
(FEI Company, Hillsboro, OR, USA) [16].
Statistical analysis

All results are expressed as the mean ± standard error,
and differences between means were assessed by
ANOVA followed by unpaired t tests. Discontinuous
data were analyzed using X2 tests. Differences were accepted as significant at p < 0.05. Qualitative observations
have been represented following assessments made by
two researchers blinded to the experimental designs.

Results
MSCs expansion and characterization

MSCs were able to adhere to plastic and exhibited fibroblastoid morphology (Fig. 1). Cells remained in primary
culture until reaching 80% confluence after approximately
7 days; they were then subcultured up to the third passage.
Flow cytometry indicated that 98.49%, 82.31%, 77.41, and
91.98% of the cells expressed CD90, CD73, CD44, and
ICAM-I, respectively (Fig. 2). CD45, CD11b, MHCII, antiRT1, and CD34 were expressed respectively by 3.53%,
1.74%, 1.45%, 8.46%, and 2.63% of cells (Fig. 2). These results suggested that the cultured cells exhibited the characteristic phenotype of MSCs. Control samples were also
used in this study for comparison (Fig. 2).
Osteogenic differentiation

Scanning electron microscopy (SEM)

Bone samples were fixed in 2.5% glutaraldehyde in 0.1
M PBS pH 7.3 for 4 hours. The samples were then

Calcium deposits were observed in the MSCs cultures
after 12 days of incubation in specific differentiation
media. The mineral deposits were detected by the

Fig. 1 Mesenchymal stem cells (MSCs) culture from bone marrow exhibiting fibroblastoid morphology in the third passage. a 500 μm and b 100 μm
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Fig. 2 Immunophenotypic analysis of BM-MSCs using the cell surface markers. (a) Gate in the cell population; Blue line – Controls (isotype or
secundary antibody); Red line – Cell surface markers. Positive: (b) CD73-FITC; ( c) CD90-FITC; (d) ICAM-I-FITC; (j) CD44-PE; and negative: (e) CD45-FITC;
(f) RT1-FITC; (g) MHCII-PE; (h) CD34-PE; (i) CD11b-PE.
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presence of red staining in the extracellular medium, thus
confirming the osteogenic differentiation of the MSCs
(Fig. 3).
Cytotoxicity assay

MTT assay showed that MSCs seeded in concentrations
of 0.5; 0.25; and 0.05 mg/mL of the snake venomderived TLE exhibited 45% (p < 0.05), 138% (p < 0.05),
and 128% of cell growth respectively. The treatments
with HFS showed growth of 115% and 108% in the concentrations of 100 μL/mL and 6.25 μL/mL. The higher
optical densities (OD) are showed in Fig. 4.
TEM analysis showed that the HFS observed around
the MSCs was not toxic to cells (Fig. 5). The nuclei and
cell morphology were undamaged (Fig. 5a) similarly to
the control group (Fig. 5b).
We did not observe cytotoxicity of HFS for MSCs in
the two tests performed.
Serum level of 17β-estradiol

Figure 6 shows estradiol levels in the OVX and NOVX
rats at 14 and 28 days after surgery. Levels of estradiol
were lower in the OVX group than in the NOVX group
at both time points (p < 0.05). Thus, the studied period
was sufficient to cause a decrease in estradiol and mimic
OP in the OVX rats.
AP activity

AP activity was quantified after 14 and 28 days of induction of lesion femur. The AP activity was significantly
higher (p < 0.05) in the OVX group than in the NOVX
group to both time points (Table 1).
Radiographic data

On day 14 we observed the bone lesions in all animals
of groups, non-ovariectomized group (NOVX) and
ovariectomized group (OVX). On the 28th day, we observed recovery of the lesion in animals of both treated
groups (HFS, HFS + MSCs, HFS + MSCs D). The X-ray
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evaluation on the 28th day showed that the treatments
were able of helping in bone recovery when compared
to the control group. In the control group that received
no treatment we observed the formation of a bone callus
at the site of the lesion (Fig. 7).
Micro-CT data

Hounsfield scale was used in micro-CT to verify the
femur bone density of OVX and NOVX rats. Statistical
analysis revealed the difference (p < 0.05) in bone density
between the groups OVX (930.74) and NOVX (1031.30)
at 28 days.
Histological evaluation

Histological analyses stained with hematoxylin and eosin
(H&E) of the femoral lesion of ovariectomized (OVX)
rats showed that treatments of SF + CTMs differentiated
or not differentiated in osteogenic lineage presented
bone cell formation at the lesion site compared to the
control group on 14th day (Fig. 8). At 28 days, we observed that the repair of the bone lesion was progressive,
including in the control group (Fig. 8).
Non-ovariectomized animals (NOVX) showed a similar result at both 14 and 28 days (Fig. 9). At 14 days, it
was possible to observe the beginning of bone cell formation at the lesion site, which was not observed in the
control animals (Fig. 9). In the ovariectomized animals
(OVX), at 28 days, it was possible to observe possible recovery progression in the lesion, as well as in the control
animals (Fig. 9).
Scanning electron microscopy (SEM)

SEM analysis showed the bone structure at the lesion
site. The bone lesion was observed at 14 days after surgery in the femur of rats in both the NOVX and OVX
groups (Fig. 10).
At 28 days after the femoral surgery in OVX and
NOVX rats, reduction of the bone lesion after a critical
defect was observed. The groups treated with HFS, HFS

Fig. 3 Differentiation assay of MSCs for osteogenic lineage. a Positive response to osteogenic differentiation assay. Note the calcium deposits
stained with alizarin red. b Control assay differentiation cultured in basal medium. MSCs mesenchymal stem cells. Bar: 200 μm
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Fig. 4 Cytotoxicity assay (MTT) of different concentrations of heterologous fibrin sealant (HFS) and thrombin-like enzyme (TLE). *p < 0.05 means
statistical difference in relation to the positive control (cells only)

+ MSCs and HFS + MSCs D presented a reduction of
the bone lesion compared to the control group (no treatment) (Fig. 10). Bone structure recovery was similar in
both the OVX and NOVX groups at both time points.

Discussion
According to the literature, when a three-dimensional
biomaterial is designed to be an ideal scaffold (three-dimensional) it is necessary: to provide a spatially correct
position of cell location; promote cell-biomaterial interactions, cell adhesion, and extracellular matrix deposition; to permit sufficient transport of gases, nutrients,
and regulatory factors to allow cell survival, proliferation, and differentiation; to biodegrade at a controllable
rate that approximates the rate of tissue regeneration;
and to provoke a minimal degree of inflammation or
toxicity in vivo [50, 51]. The commercial-natural fibrin
scaffolds consist of cross-linked fibrin network biomaterial, meet most of these criteria, and provide a structure
similar to the native extracellular matrix [52, 53]. Recently [16], it was discovered for the first time that the
HFS besides being cheaper than commercial scaffolds

and not transmitting infectious diseases by human
blood, especially viruses, can be used in vitro as a scaffold for MSCs. In this study, we are searching to see
whether the HFS is a good in vivo scaffold for transplantation of MSCs to osteoporotic bone tissue-rats too.
This new HFS was evaluated for the first time as a biological scaffold for MSCs in the repair of critical femur
defects in osteoporotic rats. Adult MSCs can be obtained
through simple techniques and are capable of differentiating into adipocytes, chondrocytes, and osteogenic precursor cells [12].
MSCs were characterized by confirming that the surface markers CD73, CD90, ICAM-I, and CD44 were
expressed and that CD34, CD45, MHCII, and CD11b
were not expressed. In the present study, the MSCs
expressed CD90 (98.4%), CD73 (82.31%), CD44
(77.41%), and ICAM-I (91.98%) and did not express
CD45 (3.53%), CD11b (1.74%), MHCII (1.45%), RT1
(8.46%), or CD34 (2.63%), which was in agreement with
the results of several studies [54–57]. The MSCs underwent osteogenic differentiation after 12 days of incubation in specific differentiation medium according to
previous results [16].

Fig. 5 a Transmission electron microscopy (TEM) image of mesenchymal stem cells (MSCs) with fibrin sealant (HFS) showed that the HFS was not
toxic to cells because the nuclei and cell morphology were undamaged; b TEM image of MSCs without HFS. Red arrow: HFS; yellow arrow: cell
nucleus; white arrow: nucleolus
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Fig. 6 a Level of 17β-estradiol at 14 days after femoral surgery (p = 0.0155); b Level of 17β-estradiol at 28 days after femoral surgery (p = 0.0086).
The levels of estradiol were lower in the OVX group than in the NOVX group at both time points. Different letters indicate significant differences
between the groups (p < 0.05). Ovariectomized (OVX) and non-ovariectomized (NOVX) groups

Commercially available sealants consisting of human
fibrinogen and thrombin are not toxic to and can serve
as excellent scaffolds for MSCs [16, 58]. One of component of the new HFS is a serine protease purified from
Crotalus durissus terrificus venom with thrombin-like
enzyme activity. As it is a foreign protein to warmblooded animals, the cytotoxicity of this component
against the MSCs was evaluated in vitro for the first
time. The serine protease was assessed individually and
was non-toxic to the MSCs at any of the measured concentrations, as confirmed by the cell viability (%) results.
Surprisingly, this serine protease also showed the ability
to stimulate cell proliferation and resulted in higher
optical density (OD) values than those of the control
group. After mixing both components (serine protease
+ cryoprecipitate + calcium chloride) the OD could not
be assessed due to the intensely gelatinous consistency.
Analysis by transmission electron microscope (TEM)
showed that the HFS was not toxic to cells, because
the nucleus and cell morphology showed full, very
similar to the control group. The HFS involved the
MSCs and showed a scaffold for cells. The HFS is not
toxic to the cells and can be a potential candidate as a
scaffold to MSCs.
The OP induction period in rats is variable and can require between 7 weeks and 3 months, provided the rats
undergo ovariectomy by the time they are 3 months old
Table 1 Dosage of alkaline phosphatase (U/L) levels in the
serum of female rats (n = 20/group) at 14 and 28 days after
femoral surgery
Period

Groups

Alkaline phosphatase (U/L)

14 days

Ovariectomized

157.31 ± 14.59a

Non-ovariectomized

122.13 ± 8.83b

Ovariectomized

181.75 ± 9.16a

Non-ovariectomized

134.59 ± 8.25b

28 days

Means ± SEM (p < 0.05)
a,
Statistically significant differences between groups in the period of 14
days (p = 0.0405)
b
Statistically significant differences between groups in the period of 28
days (p = 0.0007)

[8, 59–62]. In this study, ovariectomy was performed in
3-month-old rats, which were then used for the surgical
procedure on the femur 2 months later. Various parameters were used to validate this experimental model, including serum levels of estradiol [49], bone density as
assessed by micro-CT [63–66], and AP activity after the
defects were introduced [49].
Lower estradiol levels in the OVX rats compared to
those in the NOVX rats showed that the period used
was sufficient to induce OP, which was in agreement
with the previous findings of several authors [8, 59–62].
Estradiol is an estrogen hormone that is involved in the
induction of OP when present below the recommended
levels [67]. The evaluating of bone density was made by
micro-CT analysis, where statistical analyses revealed
significant differences in bone density between the
groups ovariectomized (930.74) and non-ovariectomized
(1031.30). OP has a deleterious effect on the biological
repair of fractures. Experiments conducted in this area
often aim to improve physiological condition and cellular performance, particularly in metabolic and degenerative diseases [68].
Low levels of AP activity indicate reduced bone formation and bone mass, which also decrease with age; however, high levels can be observed in the first few weeks
after surgery or a fracture, especially after long bone fractures [69, 70]. In this study, the observed AP activity was
significantly higher in OVX rats than in NOVX rats at
both time points. In our research, despite the bone mineral density, estradiol levels, and AP activity presenting a
difference between groups OVX and NOVX the bone
morphologic parameters did not present a difference.
Some researchers have successfully reversed OP by the
intravenous transplantation of MSCs [71, 72]. Others
have observed significant improvement in osteoporotic
bone structure with the injection of MSCs at the site of
injury [22]. However, injecting MSCs peripherally to
treat bone defects can lead to the reabsorption and loss
of the MSCs into the bloodstream, reducing their level
in the targeted area. In this study, we aimed to confine
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Fig. 7 a Radiographic images at 14 (A-D) and 28 days (E-H) after femoral surgery in non-ovariectomized rats (NOVX). b Radiographic images at 14 (A-D)
and 28 days (E-H) after femoral surgery in ovariectomized rats (OVX). A and E (heterologous fibrin sealant treatment); B and F (fibrin sealant (HFS) +
mesenchymal stem cells (MSCs) treatment); C and G (HFS + mesenchymal stem cells differentiated into the osteogenic lineage (MSCs D) treatment); D
and H (injury, control); I (non-injury, control); Black arrow: injury

Fig. 8 Histological results comparing bone lesions of OVX rat femurs at 14 and 28 days after femoral surgery. CTR: (injury, control); heterologous
fibrin sealant (HFS); heterologous fibrin sealant (HFS) + mesenchymal stem cells (MSCs); HFS + mesenchymal stem cells differentiated into the
osteogenic lineage (MSCs D). Dotted circle: bone injury (hematoxylin and eosin). Bar: 500 μm, magnification: ×4
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Fig. 9 Histological results comparing bone lesions of NOVX rat femurs at 14 and 28 days after femoral surgery. CTR: (injury, control); heterologous
fibrin sealant (HFS); heterologous fibrin sealant (HFS) + mesenchymal stem cells (MSCs); HFS + mesenchymal stem cells differentiated into the
osteogenic lineage (MSCs D). Dotted circle: bone injury (hematoxylin and eosin). Bar: 500 μm, magnification: ×4

and maintain the MSCs at the injury site by using the
HFS together MSCs. Fibrin derivatives are widely used
in tissue engineering applications [73], which allow them
to serve as an appropriate scaffold for delivery, fixation
and cell proliferation [16, 32, 33].
Through the histological analyses we can observe that
at 14 days after surgery, in both OVX and NOVX
groups, the animals treated with HFS + MSCs and HFS
+ MSCsD showed a higher formation of bone cells at
the injury site in relation to the control, suggesting that
the sealant served as a scaffold and allowed the cells to
remain at the targeted site. MSCs have been shown to
promote bone repair when they are associated with a
biological scaffold [74, 75]. We did not observe this
qualitative difference at 28 days when compared to the
control group. The results of the histological analysis

indicated that both treated groups as well as the control
group there was formation of collagen evidenced bone
neoformation.
Through the SEM analysis, we can observe that at 14
days after surgery in the femur of the rats, all the treated
groups presented bone lesion. On the 28th day, the lesions remained visible in all groups, however, we can observe recovery of the lesion over the period; however, it
was not possible to observe total bone repair. A period
of 6 weeks is not long enough for the complete recovery
of a critical defect in a rat femur [48].

Conclusions
In this study, we evaluated the effect of HFS associated
with both MSCs and MSCs D on a rat femur defect
model. Overall findings of this study suggest that this
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Fig. 10 Scanning electron microscopy images of OVX and NOVX rat femurs at 14 and 28 days after femoral surgery. White arrow: injury site. Pictures of
the MEV are in different magnitudes

association promotes a greater formation of bone cells
at the site in relation to the control group at 14 days, in
both OVX and NOVX animals. In addition, the HFS enabled the differentiation of MSCs into MSCs D in the
group treated with HFS + MSCs. HFS should be further
investigated for their mechanical properties to be clinically applicable and acceptable in functional tissue
engineering approaches as a scaffold by stem cells. In
conjunction with MSCs and/or MSCs D, this biopharmaceutical could potentially enable significant advances in the treatment of osteoporotic fractures.
Abbreviations
AP: Alkaline phosphatase; BMSCs: bone mesenchymal stem cells; FS: fibrin
sealants; HFS: heterologous fibrin sealant; MSCs D: Differentiated into the
osteogenic lineage; MSCs: Mesenchymal stem cells; MTT: 3-(4,5-dimethyl-2thiazolyl)-2,5-diphenyl-2H-tetrazoliumbromide; NOVX: Not ovariectomized;
OP: osteoporosis; OVX: Ovariectomized; SEM: Scanning electron microscopy;
TEM: Transmission electron microscopy; TLE: thrombin-like enzyme
Acknowledgements
We would like to acknowledge the Foundation for Research Support of the
State of São Paulo, FAPESP, CNPq (National Counsel of Technological and
Scientific Development), CAPES (Coordination for the Improvement of Higher

Education Personnel), and the Secretariat of Science, Technology and Strategic
Inputs (SCTIE).
Funding
This study was supported in part by grants from the Foundation for Research
Support of the State of São Paulo, FAPESP Proc. No. 2014/06001-1 (PRO),
FAPESP Proc. No. 2012/02689-3 (MRC), Proc. No. 2009/53846-9 (BB and RSF Jr.),
Proc. No. 2012/08101-8 (RSF Jr.), CNPq (National Counsel of Technological and
Scientific Development) Proc. No. 563582/2010-3 (BB), CAPES (Coordination for
the Improvement of Higher Education Personnel) AUX-PE Toxinology Proc. No.
23038.000823/201121 (BB) and by the Department of Science and Technology
(DECIT) and the Secretariat of Science, Technology and Strategic Inputs (SCTIE),
CNPq Proc. No. 401170/2013-6. RSF Jr. is a CNPq DTI fellow researcher (310395/
2014-3).
Availability of data and materials
All data generated or analyzed during this study are included in this published
article.
Authors’ contributions
PRO was responsible for proposing this study, creating the experiment design,
performing an experimental study, analyzing the data, preparing the figures,
and writing and revising the manuscript. FCLA was responsible for maintaining
the MSCs. LAJ Jr. performed the histology study. RK performed the MTT assay.
MAG performed the flow cytometry analysis. DCS performed the TEM analysis.
CFZC assisted in the experimental studies. EO assessed the serum level of 17βestradiol. LM assisted in the flow cytometry analysis. BB contributed to writing
and revising the manuscript. RSF Jr. contributed to proposing this study and

Orsi et al. Stem Cell Research & Therapy (2017) 8:205

writing and revising the manuscript. All authors have read and approved the
manuscript.
Ethics approval
The animals were handled and the surgical procedures were conducted in
accordance with the Brazilian College for Animal Experimentation guidelines,
and the protocols were approved by the university’s Ethics Committee in
Experimental Animal Use (protocol number 998/2013).
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1
Center for the Study of Venoms and Venomous Animals (CEVAP), UNESP –
Universidade Estadual Paulista, Botucatu, SP, Brazil. 2Botucatu Medical School,
UNESP – Universidade Estadual Paulista, Botucatu, SP, Brazil. 3Botucatu
Biosciences Institute, UNESP – Universidade Estadual Paulista, Botucatu, SP,
Brazil. 4College of Veterinary Medicine and Animal Husbandry (FMVZ), UNESP
– Univ Estadual Paulista, Botucatu, SP, Brazil.
Received: 16 May 2017 Revised: 27 August 2017
Accepted: 30 August 2017
References
1. Maggi S, Noale M, Giannini S, Adami S, Defeo D, Isaia G, Sinigaglia L,
Filipponi P, Crepaldi G, ESOPO Study Group. Quantitative heel ultrasound in
a population-based study in Italy and its relationship with fracture history:
the ESOPO study. Osteoporos Int. 2006;17:237–44.
2. Ström O, Borgström F, Kanis JA, Compston J, Cooper C, McCloskey EV, et al.
Osteoporosis: burden, health care provision and opportunities in the EU.
Arch Osteoporos. 2011;6:59–155.
3. Wade SW, Strader C, Fitzpatrick LA, Anthony MS, O'Malley CD. Estimating
prevalence of osteoporosis: examples from industrialized countries. Arch
Osteoporos. 2014;9:182.
4. Lormeau C, Soudan B, d’Herbomez M, Pigny P, Duquesnoy B, Cortet B. Sex
hormone-binding globulin, estradiol, and bone turnover markers in male
osteoporosis. Bone. 2004;34:933–9.
5. Rao SK, Rao AP. A literature review and case series of accelerating fracture
healing in postmenopausal osteoporotic working women. J Orthop.
2014;11:150–2.
6. Consensus development conference. Diagnosis, prophylaxis, and treatment
of osteoporosis. Am J Med. 1993;94:646–50.
7. Prentice A. Is nutrition important in osteoporosis? Proc Nutr Soc. 1997;56:357–67.
8. Zhang Y, Cheng N, Miron R, Shi B, Cheng X. Delivery of PDGF-B and BMP-7
by mesoporous bioglass/silk fibrin scaffolds for the repair of osteoporotic
defects. Biomaterials. 2012;33:6698–708.
9. Ducy P, Schinke T, Karsenty G. The osteoblast: a sophisticated fibroblast
under central surveillance. Science. 2000;289:1501–4.
10. Mackie EJ. Osteoblasts: novel roles in orchestration of skeletal architecture.
Int J Biochem Cell Biol. 2003;35:1301–5.
11. Clines GA. Prospects for Osteoprogenitor stem cells in fracture repair and
osteoporosis. Curr Opin Organ Transplant. 2010;15:73–8.
12. Vilquin JT, Rosset P. Mesenchymal stem cells in bone and cartilage repair:
current status. Regen Med. 2006;1:589–604.
13. Panetta NJ, Gupta DM, Quarto N, Longaker MT. Mesenchymal cells for
skeletal tissue engineering. Pan Minerva Med. 2009;51:25–41.
14. Caplan AI. Mesenchymal stem cells: cell-based reconstructive therapy in
orthopedics. Tissue Eng. 2005;11:1198–211.
15. Hidaka C, Cunningham ME, Rodeo SA, Maher SA, Zhu W. Modern biologics
used in orthopaedic surgery. Curr Opin Rheumatol. 2006;18:74–9.
16. Gasparotto VPO, Landim-Alvarenga FC, Oliveira AL, Simoes GF, Lima-Neto
JF, Barraviera B, et al. A new fibrin sealant as a three-dimensional scaffold
candidate for mesenchymal stem cells. Stem Cell Res Ther. 2014;5:78.

Page 13 of 14

17. Bruder SR, Jaiswal N, Ricalton NS, Mosca JD, Kraus KH, Kadiyala S.
Mesenchymal stem cells in osteobiology and applied bone regeneration.
Clin Orthop Relat Res. 1998;355S:S247–56.
18. Ben-Ari A, Rivkin R, Frishman M, Gaberman E, Levdansky L, Gorodetsky R.
Isolation and implantation of bone marrow-derived mesenchymal stem
cells with fibrin micro beads to repair a critical-size bone defect in mice.
Tissue Eng A. 2009;15:2537–46.
19. Langenbach F, Naujoks C, Laser A, Kelz M, Kersten-Thiele P, Berr K, et al.
Improvement of the cell-loading efficiency of biomaterials by inoculation
with stem cell-based microspheres, in osteogenesis. J Biomater Appl.
2012;26:549–64.
20. Rodríguez JP, Garat S, Gajardo H, et al. Abnormal osteogenesis in osteoporotic
patients is reflected by altered mesenchymal stem cells dynamics. J Cell
Biochem. 1999;75(3):414–23.
21. Pountos I, Georgouli T, Henshaw K, et al. The effect of bone morphogenetic
protein-2, bone morphogenetic protein-7, parathyroid hormone, and
platelet-derived growth factor on the proliferation and osteogenic
differentiation of mesenchymal stem cells derived from osteoporotic bone.
J Orthop Trauma. 2010;24(9):552–6.
22. Ocarino Nde M, Boeloni JN, Jorgetti V, Gomes DA, Goes AM, Serakides R.
Intra-bone marrow injection of mesenchymal stem cells improves the
femur bone mass of osteoporotic female rats. Connect Tissue Res. 2010;
51(6):426–33.
23. Liang W, Li L, Cui X, Tang Z, Wei X, Pan H, Li B. Enhanced proliferation and
differentiation effects of a CGRP- and Sr-enriched calcium phosphate
cement on bone mesenchymal stem cells. J Appl Biomater Funct Mater.
2016;14(4):e431–40.
24. Alving BM, Weinstein MJ, Finlayson JS, Menitove JE, Fratantoni JC. Fibrin
sealant: summary of a conference on characteristics and clinical uses.
Transfusion. 1995;35:783–90.
25. Spotnitz WD. Fibrin sealant: the only approved hemostat, sealant, and
adhesive-a laboratory and clinical perspective. ISRN Surg. 2014;2014:203943.
26. Hino M, Ishiko O, Honda KI, Yamane T, Ohta K, Takubo T, et al. Transmission
of symptomatic parvovirus B19 infection by fibrin sealant used during
surgery. Br J Haematol. 2000;108:194–5.
27. Kawamura M, Sawafuji M, Watanabe M, Horinouchi H, Kobayashi K.
Frequency of transmission of human parvovirus B19 infection by fibrin
sealant used during thoracic surgery. Ann Thorac Surg. 2002;73:1098–100.
28. Thomazini-Santos IA, Barraviera SRCS, Mendes-giannini MJS, Barraviera B.
Surgical adhesives. J Venom Anim Toxins. 2001;7:159–71.
29. Barros LC, Ferreira RS, Barraviera SRCS, Stolf HO, Thomazini-Santos IA,
Mendes-Giannini MJS, et al. A new fibrin sealant from crotalus durissus
terrificus venom: applications in medicine. J Toxicol Environ Health B Crit
Rev. 2009;12:553–71.
30. Seabra Ferreira Jr R. Autologous or heterologous fibrin sealant scaffold:
which is the better choice? J Venom Anim Toxins Incl Trop Dis. 2014;20:31.
31. Buchaim RL, Andreo JC, Barraviera B, Ferreira Junior RS, Buchaim DV, Rosa Junior
GM, et al. Effect of low-level laser therapy (LLLT) on peripheral nerve regeneration
using fibrin glue derived from snake venom. Injury. 2015;46:655–60.
32. Cunha MR, Menezes FA, Santos GR, Pinto CAL, Barraviera B, Martins VCA,
et al. Hydroxyapatite and a New fibrin sealant derived from snake venom as
scaffold to treatment of cranial defects in rats. Mater Res. 2015;18:196–203.
33. Machado EG, Issa JP, Figueiredo FA, Santos GR, Galdeano EA, Alves MC,
et al. A new heterologous fibrin sealant as scaffold to recombinant human
bone morphogenetic protein-2 (rhBMP-2) and natural latex proteins for the
repair of tibial bone defects. Acta Histochem. 2015;117:288–96.
34. Gatti M, Vieira L, Barraviera B, Barraviera S. Treatment of venous ulcers with
fibrin sealant derived from snake venom. J Venom Anim Toxins Incl Trop
Dis. 2011;17:226–9.
35. Benitez SU, Barbizan R, Spejo AB, Ferreira RS, Barraviera B, Góes AM, et al.
Synaptic plasticity and sensory-motor improvement following fibrin sealant
dorsal root reimplantation and mononuclear cell therapy. Front Neuroanat.
2014;8:96.
36. Barbizan R, Castro MV, Barraviera B, Ferreira RS, Oliveira AL. Influence of
Delivery method on neuroprotection by Bone marrow mononuclear cell
therapy following ventral root reimplantation with fibrin sealant. PLoS One.
2014;9:e105712.
37. Abbade LPF, Catharino Sartori Barraviera SR, Silvares MR, Ferreira Junior RS,
Rigotto Carneiro MT, Medolago Medolago NB, et al. A new fibrin sealant
derived from snake venom candidate to treat chronic venous ulcers. J Amer
Acad Derm. 2015;72(Suppl1):AB271.

Orsi et al. Stem Cell Research & Therapy (2017) 8:205

38. De Barros CN, Miluzzi Yamada AL, Junior RS, Barraviera B, Hussni CA, de Souza
JB, et al. A new heterologous fibrin sealant as a scaffold to cartilage repairexperimental study and preliminary results. Exp Biol Med. 2016;241:1410–5.
39. Cartarozzi LP, Spejo AB, Ferreira RS, Barraviera B, Duek E, Carvalho JL, et al.
Mesenchymal stem cells engrafted in a fibrin scaffold stimulate Schwann
cell reactivity and axonal regeneration following sciatic nerve tubulization.
Brain Res Bull. 2015;112:14–24.
40. Perussi Biscola N, Politti Cartarozzi L, Ferreira Junior RS, Barraviera B, de Oliveira
Leite Rodrigues A. Long-standing motor and sensory recovery following acute
fibrin sealant based neonatal sciatic nerve repair. Neural Plast. 2016;2016:1–19.
41. de Oliveira Gonçalves JB, Buchaim DV, de Souza Bueno CR, Pomini KT,
Barraviera B, Júnior RSF, et al. Effects of low-level laser therapy on autogenous
bone graft stabilized with a new heterologous fibrin sealant. J Photochem
Photobiol B Biol. 2016;162:663–8.
42. Hokugo A, Takamoto T, Tabata Y. Preparation of hybrid scaffold from fibrin
and biodegradable polymer fiber. Biomaterials. 2006;27:61–7.
43. Lee OK. Fibrin Glue as a vehicle for mesenchymal stem cell delivery in bone
regeneration. J Chin Med Assoc. 2008;71:59–61.
44. Barros LC, Soares AM, Costa FL, Rodrigues VM, Fuly AL, Giglio JR, et al.
Biochemical and biological evaluation of gyroxin isolated from crotalus
durissus terrificus venom. J Venom Anim Toxins Trop Dis. 2011;17:23–33.
45. Ferreira Jr RS, Barros LC, Abbade LPF, Barraviera SRCS, Silvares MRC, Santos
LD, Pontes LG, Benedito BB. Heterologous fibrin sealant derived from snake
venom: from bench to the bedside - an overview. J Venom Anim Toxins
incl Trop Dis. 2017;23:21.
46. Biscola NP, Cartarozzi LP, Ulian-Benitz S, Petinari RB, Castro MV, Spejo AB,
Ferreira Jr RS, Barraviera B, Oliveira ALR. Multiple uses of fibrin sealant for
nervous system treatment following injury and disease. J Venom Anim
Toxins incl Trop Dis. 2017;23:13.
47. Neshati Z, Bahrami AR, Eshtiagh-Hosseini H, Matin MM, Housaindokht MR,
Tabari T, et al. Evaluating the biodegradability of gelatin/siloxane/hydroxyapatite
(GS-Hyd) complex in vivo and its ability for adhesion and proliferation of rat
bone marrow mesenchymal stem cells. Cytotechnology. 2012;64:485–95.
48. Xu C, Su P, Wang Y, Chen X, Meng Y, Liu C, et al. A novel biomimetic
composite scaffold hybridized with mesenchymal stem cells in repair of rat
bone defects models. J Biomed Mater Res. 2010;95A:495–503.
49. Durão SF, Gomes PS, Colaço BJ, Silva JC, Fonseca HM, Duarte JR, Felino AC,
Fernandes MH. 2014. The biomaterial-mediated healing of critical size bone
defects in the ovariectomized rat in the ovariectomized rat. Osteoporos Int.
2014;25(5):1535–45.
50. Gathani KM, Raghavendra SS. Scaffolds in regenerative endodontics: a
review. Dent Res J. 2016;13(5):379–86.
51. Muschler GF, Nakamoto C, Griffith LG. Engineering principles of clinical cellbased tissue engineering. J Bone Joint Surg Am. 2004;86-A(7):1541–58.
52. Rajangam T, An SS. Fibrinogen and fibrin based micro and nano scaffolds
incorporated with drugs, proteins, cells and genes for therapeutic
biomedical applications. Int J Nanomedicine. 2013;8:3641–62.
53. de la Puente P, Ludeña D. Cell culture in autologous fibrin scaffolds for
applications in tissue engineering. Exp Cell Res. 2014;322(1):1–11.
54. Kode JA, Mukherjee S, Joglekar MV, Hardikar AA. Mesenchymal stem cells:
immunobiology and role in immunomodulation and tissue regeneration.
Cytotherapy. 2009;11:377–91.
55. Bueno Pde G, Yochite JN, Derigge-Pisani GF, de Malmegrim Farias KC, de
Avó LR, Voltarelli JC, et al. Metabolic and pancreatic effects of Bone marrow
mesenchymal stem cells transplantation in mice fed high-fat diet. PLoS
One. 2015;10:e0124369.
56. Li C, Wei G, Gu Q, Wen G, Qi B, Xu L, et al. Donor Age and cell passage
affect osteogenic ability of rat bone marrow mesenchymal stem cells. Cell
Biochem Biophys. 2015;72:543–9.
57. Tewari D, Khan MP, Sagar N, China SP, Singh AK, Kheruka SC, et al.
Ovariectomized rats with established osteopenia have diminished mesenchymal
stem cells in the bone marrow and impaired homing, osteoinduction and bone
regeneration at the fracture site. Stem Cell Rev. 2015;11:309–21.
58. Spotnitz WD, Prabhu R. Fibrin sealant tissue adhesive–review and update.
J Long Term Eff Med Implants. 2005;15:245–70.
59. Boyd D, Carroll G, Towler MR, Freeman C, Farthing P, Brook IM. Preliminary
investigation of novel bone graft substitutes based on strontium-calciumzinc-silicate glasses. J Mater Sci Mater Med. 2009;20:413–20.
60. Bossini PS, Rennó AC, Ribeiro DA, Fangel R, Peitl O, Zanotto ED, et al.
Biosilicate® and low-level laser therapy improve bone repair in osteoporotic
rats. J Tissue Eng Regen Med. 2011;5:229–37.

Page 14 of 14

61. Li Y, Li Q, Zhu S, Luo E, Li J, Feng G, et al. The effect of strontium-substituted
hydroxyapatite coating on implant fixation in ovariectomized rats. Biomaterials.
2010;31:9006–14.
62. Kumar A, Gupta GK, Khedgikar V, Gautam J, Kushwaha P, Changkija B, et al.
In vivo efficacy studies of layer-by-layer nano-matrix bearing kaempferol for
the conditions of osteoporosis: a study in ovariectomized rat model. Eur J
Pharm Biopharm. 2012;82:508–17.
63. Schmidt C, Priemel M, Kohler T, Weusten A, Müller R, Amling M, et al.
Precision and accuracy of peripheral quantitative computed tomography
(pQCT) in the mouse skeleton compared with histology and
microcomputed tomography (microCT). J Bone Miner Res. 2003;18:1486–96.
64. Chen Q, Kaji H, Iu MF, Nomura R, Sowa H, Yamauchi M, et al. Effects of an
excess and a deficiency of endogenous parathyroid hormone on volumetric
bone mineral density and bone geometry determined by peripheral
quantitative computed tomography in female subjects. J Clin Endocrinol
Metab. 2003;88:4655–8.
65. Xiang A, Kanematsu M, Mitamura M, Kikkawa H, Asano S, Kinoshita M.
Analysis of change patterns of microcomputed tomography 3-dimensional
bone parameters as a high-throughput tool to evaluate antiosteoporotic
effects of agents at an early stage of ovariectomy-induced osteoporosis in
mice. Invest Radiol. 2006;41:704–12.
66. Liu G, Sun J, Li Y, Zhou H, Cui L, Liu W, et al. Evaluation of partially
demineralized osteoporotic cancellous bone matrix combined with human
bone marrow stromal cells for tissue engineering: an in vitro and in vivo
study. Calcif Tissue Int. 2008;83:176–85.
67. Stĕpán JJ, Pospíchal J, Presl J, Pacovský V. Bone loss and biochemical
indices of bone remodeling in surgically induced postmenopausal women.
Bone. 1987;8:279–84.
68. Lehman RA, Kuklo TR, Freedman BA, Cowart JR, Mense MG, Riew KD. The
effect of alendronate sodium on spinal fusion: a rabbit model. Spine J.
2004;4:36–43.
69. Nakagawa H, Kamimura M, Takahara K, Hashidate H, Kawaguchi A, Uchiyama S,
et al. Changes in total alkaline phosphatase level after hip fracture: comparison
between femoral neck and trochanter fractures. J Orthop Sci. 2006;11:135–9.
70. Sharland DE, Overstall PW. Alkaline phosphatase: changes in serum levels
after a fracture. BMJ. 1978;1:620.
71. Uccelli A, Moretta L, Pistoia V. Mesenchymal stem cells in health and
disease. Nat Rev Immunol. 2008;8:726–36.
72. Pirraco RP, Obokata H, Iwata T, Marques AP, Tsuneda S, Yamato M, et al.
Development of osteogenic cell sheets for bone tissue engineering
applications. Tissue Eng A. 2011;17:1507–15.
73. Ahmed TA, Giulivi A, Griffith M, Hincke M. Fibrin glues in combination with
mesenchymal stem cells to develop a tissue-engineered cartilage substitute.
Tissue Eng. 2011;17:323–35.
74. Tsuchida H, Hashimoto J, Crawford E, Manske P, Lou J. Engineered allogeneic
mesenchymal stem cells repair femoral segmental defect in rats. J Orthop Res.
2003;21:44–53.
75. Cancedda R, Giannoni P, Mastrogiacomo M. A tissue engineering approach
to bone repair in large animal models and in clinical practice. Biomaterials.
2007;28:4240–50.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

