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ABSTRACT

Introduction: The repair of critical-sized defects (CSDs) are one of the most challenging or-
thopedic problems and the attempts for development of an ideal scaffold for treatment of
large bone defect are ongoing. Aim: The aim of this study was the effectiveness of hydroxy-
apatite-gelatin seeded with bone marrow stromal cells construct for healing of critical-sized
bone defect in vivo. Material and Methods: In this experimental study, the bone marrow
stromal cells (BMSCs) were isolated by flushing method. For in vitro study, the cells were
seeded on the scaffold and the cell viability as well as cytotoxicity were tested by MTT and
LDH specific activity. The scaffold-cell construct was implanted into the critical-sized bone
defect created in calvaria of Wistar male rats.15 rats were randomly divided into 3 groups
(n=5), group 1 (control group): Injury without transplantation, group 2: implanted with hy-
droxyapatite-gelatin scaffold, group 3: hydroxyapatite-gelatin scaffold seeded with BMSCs.
At different days post-implantation, the implanted site was collected and the bone healing
was evaluated through H&E and Masson’s Trichrome staining. ANOVA and paired t-test were
used for data comparison and P<0.05 was considered significant. Results: The results of MTT
showed that the scaffold has no toxic effects on stromal cells. The first signs of ossification
in hydroxyapatite-gelatin with BMSCs cells group appeared in the first week. However, in the
fourth week, ossification was completed and the scaffold remaining was found as embedded
islands in the spongy bone tissue. The greatest number of lymphocytes in the experimental
group was observed after one week of planting scaffold. Conclusion: Hydroxyapatite-gelatin
scaffold coated with BMSCs cells has a potential role in the healing process of bone and would
be a possible new therapeutic strategy to repair extensive bone lesions.

Keywords: Bone marrow stromal cell, Scaffold, Tissue engineering.

1. INTRODUCTION

Despite the enormous potential in
the healing of the bone tissue, this
process is not able to act properly of

though allograft held in tissue keep-
ing banks is always available, risk of
disease transmission and prevention
angiogenesis  (vascularization)

under certain circumstances such as
illness, trauma and compound frac-
tures. Therefore, a recent bone defect
repair by transplantation of autoge-
nous, allogeneic, isogenic,and using
synthetic materials is performed
(1-3). In the reconstruction of bone
defects, autologous transplant is the
most preferred option. However,
issues such as chronic pain, infec-
tion, nerve damage, abnormal bone
formation, hemorrhage, and longer
surgery duration associated with it.
Allograft transplantation is another
appropriate option that means trans-
planting an organ or tissue between
two subjects of the same species ge-
netically identical to each other. Al-

is need to be considered (4, 5). Iso-
graft is an allograft transplantation
with the difference that both the
donor and recipient are genetically
identical, like identical twins. This
type of transplantation has the same
immune response as autograft (6).
Despite successful improvement in
developing solutions for the defects
associated with bone grafts, limita-
tions in bone grafts and other issues,
is motivating researchers for alter-
native materials which can be used
not only in bone grafting but also in
repairing bone injuries (7). One of
the main issues for bone tissue engi-
neering, is designing and construct-
ing three-dimensional (3D) bioactive
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re-absorbable scaffolds that can maintain structural in-
tegrity during the recovery time. Scaffold is a provisional
matrix for bone growth that provides a dedicated envi-
ronment for development and to facilitate tissue adhe-
sion, growth and differentiation of the cells. Until now,
various types of scaffolds were used such as ceramic,
polymers and composites. Recent studies have empha-
sized on applying biomaterials with bioactive materials
to stimulate cell migration to the site of injury. Since bone
tissue contains a mineral phase and an organic phase, to
mimic scaffolds for bone matrix it is necessary to include
a mineral phase (mainly hydroxyapatite) and an organic
phase(proteins such as collagen or gelatin) (8). One of
the composites used to prepare the gelatin is hydroxy-
apatite bone scaffold (9-12). Collagen is a filamentous
matter, insoluble and indigestible, which becomes into
gelatin by boiling in water. It was also observed that the
hydroxyapatite-gelatin, is more active than collagen-hy-
droxyapatite in stimulating osteoblasts (13). Hydroxy-
apatite-Gelatin (HA-GEL) was known as an appropriate
scaffold for bone formation inducing (14). Moreover,
the effect of human bone matrix gelatin for the repair
of bone defects in rat skull was analyzed and the results
showed that bone tissue regeneration with human bone
matrix gelatin were more rapidly (15). In a study in 2013,
the application of hydroxyapatite-gelatin Nano compos-
ites with stem cells of uterine endometrium tissue leads
to the significant formation of bone tissue (16). Since the
role of bone marrow stromal cells (BMSCs) in bone tis-
sue engineering have been widely studied and utilized as
tissue repair cells. Although different types of cells have
been used in tissue engineering, BMSCs cells, are appro-
priate for repairing injured bone tissues due to unique
features such as easy access, non-stimulating antigenic
properties and long-term survival and adaptation to the
host tissue (17). An appropriate scaffold for bone de-
fects need to have at least three characteristics includ-
ing correct anatomical design, the ability to withstand
mechanical stress and increased levels of growth factors
(18).This study intends to investigate healing bone de-
fects by changing the composite from collagen to gela-
tin in organic compounds and using stem cells,elevating
the efficiency of repair and reducing the healing time as
much as possible. Therefore in this study by conducting
in vitro and transplantation on adult rat skull, we inves-
tigated the role of resulting composite in bone healing,
the immune response to composite, and the effect of the
scaffold on the differentiation of bone marrow mesen-
chymal stem cells.

2. MATERIAL AND METHODS

2.1. HA-GEL composite preparation

A 10% solution of gelatin (Merck Inc. 4070, Germany)
was prepared in deionized distilled water. Then the Na-
no-hydroxyapatite powder (Merck Inc. 2196, Germany)
was added to the solution to form a combination con-
taining weight 60% of gel and 40% of hydroxyapatite and
produced solution was put in a stirrer (Heidolph/Mag-
netic Stirrer & Heater) at 40°'C for 45 minutes to be ho-
mogenized and followed by placing in a plastic Petri dish
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(to prevent the formation of bubbles or foam) to reach
a thickness of 2 mm. Then the Petri dish containing the
solution was quickly stored at -20"C for 1 hour until a
solid layer was formed. The sample was quickly placed
in a freeze dryer (EYELA/Japan) for 24 hours at the tem-
perature of -57" C and the pressure of 0.03 Mbar until
it was completely dried (9). At this stage, the product is
gelatin-Nano-hydroxyapatite porous composite, that if
reconstituted in water, it forms a two partial solution,
and its strength will be reduced.

2.2. Extraction and culture of bone marrow-derived
mesenchymal stem cells

The derivation of bone marrow mesenchymal stem
cells were performed through the bones of the thigh and
shin of 6-8 week aged mice (SW, ), based on the Flush-
ing method. Thus, using an insulin syringe containing
DMEM/F12(10% Fetal Bovine Serum, FBS), 100units/ml
penicillin (Gibco) and 100 units/ml streptomycin (Gib-
co) (Medium), bone marrow was extracted from both
ends of the bone cuts, and all the contents of the syringe
were transferred into a 25 ml cell culture flasks and cul-
tured in an incubator at 37°C and 5% carbon dioxide and
95% humidity for a whole day. After that the medium
was changed every 2 to 3 days, until all of the blood cells
and hematopoietic cells were completely extracted. Bone
marrow mesenchymal cells remained mostly spindle
and adhered to the bottom of the flask. After filling the
bottom of the flask (70-80%), cells were incubated and
separated using trypsin 0.25% (Gibco). To purify mesen-
chymal stromal, cells were passaged 3 to 5 times.

2.3. Preparation of BMSCs-seeded HA-GEL con-
struct

BMSCs were used at passages 3-5 times. To perform
cell culture, cell counts were conducted and the number
of 5-10 thousand cells were transferred to seven millime-
ter scaffolds that were pre-prepared and sterilized using
appropriate antibiotics and placed on 6-well plates. The
cells were incubated for 24 hours on the scaffolds (5%
CO2, 37 C) and during this period, they were prepared
for transplantation into the wound site. Alginate was
used for fixing the scaffolds in the hole (in groups 2 and
3).

2.4. In vitro characterizations

The MTT test was used to study the cytotoxicity of
hydroxyapatite-gelatin scaffold on bone marrow stromal
cells. 90,000 stromal cells were transferred to each of the
6 well plate sinks. In addition, in the test groups, scaf-
folding was added in amount of 6 mg, then the cells were
cultured in the incubator for 72 hours under standard
conditions of temperature and humidity. After that, 150
ml of the medium in both test and control groups was
removed and 150 micro-liters of a solution of MTT (Sig-
ma) was added and the cells were incubated for 2 hours.
Finally, dimethyl sulfoxide (DMSO) (Sigma) was added
and after 15 minutes shaking, a colored solution was ob-
tained. The solution was measured by ELISA Reader at
wavelengths of 530 and 630.

2.5. In vivo study design

In this experimental study, 15 adult male Wistar rats
weighing 200-250 g were used. The animals were kept
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in the animal house of Mazandaran University of Med-
ical Sciences at 22 + 2'C and 12-hour alternating light.
The study included three groups (n=5 in each group)
covering two treatment groups and a control group. Us-
ing dentistry drills an injury with a diameter of 7 mm
was made in the parietal bone close to the center line
in each group. Group 1 (control group): Injury without
transplantation (blank defect), group 2: implanted with
hydroxyapatite-gelatin scaffold, group 3: hydroxyapa-
tite-gelatin seeded with BMSCs.

2.5.1.Induction of critical-sized bone defect

Under sterile circumstances, rats in different groups
were anesthetized by intraperitoneal injection of ket-
amine hydrochloride (40 mg/kg) and xylazine hydro-
chloride (10 mg/kg) (Merck-Germany). When the ani-
mals were completely anesthetized, the target area at the
top of the skull was shaved by conventional blades. Using
a sterile scalpel, an incision was made from between the
two ears to the lower eye area. After that the skin and
the periosteum were eliminated. Using a dentistry drill
the target wounds which had a circular shape with a di-
ameter of seven millimeters, were created in the parietal
bones in the center line and at an equal distance from
the temporalis muscle and the sagittal fissure. During
the surgery, the lesions were washed several times with a
sterile solution of PBS (0 Molar) and the bone above the
dura matter was removed without damaging the middle
meningeal artery. After recovery, the animals were trans-
ported to the animal house and kept under standard con-
ditions of food, water and light.

2.6. In vivo characterizations

One week and one month after surgery, the animals
were sacrificed and the wound region was removed with
a bit of the host margin bone and each sample was placed
in a small glass. In order to fixation, the samples were
stored in a solution of 10% formalin for a whole week
and decalcified by placing each sample in a solution of
14% EDTA (Gibco) for 16 days as a calcium challenger
solution. Processing and preparation of blocks were per-
formed according to standard methods of tissue prepara-
tion including dehydration, clearing and colonization. A
block was created from each sample and every block was
serially cleaved into 10 slices with 7 micrometers thick-
ness and stained with hematoxylin-eosin for observing
the presence of inflammatory cells and tissue repair.
Trichrome staining (Trichrome Mason) was used toex-
amine the synthesis of collagen fibers (19). Newly bone
formation in all experimental groups was scored as grade
0 to grade 4. The criteria for scoring is listed in Table 1.

Score Extent of bone in Transplant

Statistical analysis: The results were analyzed using
SPSS version16 software (Chicago, USA), one-way anal-
ysis of variance (ANOVA) and paired t-test, and present-
ed as mean * SD. P <0.05 was considered significant.

3. RESULTS

Bone marrow mesenchymal stem cell culture at ear-
ly passages revealed a variety of cellular phenotypes
including cells with an orbicular morphology and non-
sticky and after successive passages their numbers were
reduced significantly. In addition, bone marrow mes-
enchymal stem cells usually reach 70-80 percent densi-
ty within 4 to 5 days. Microscopic examination of cells
with the passage of 3 to 5 proved the appearance of spin-
dle-shaped and fibroblast-like cells, indicating bone mar-
row mesenchymal stem cells (Figure 1).

Figure 1. Phase contrast microscopy image of mesenchymal stem cells
cultured in the fourth passage. The existence of fibroblast-like cells and
spindle shaped cells were observed. (400x)

3.1. In vitro characterizations

MTT results showed that the viability of the cells in
the treatment and control groups were 0.85 + 0.97 and
0.89 + 0.02,respectively. Comparison of these two means
showed that scaffolds did not induce toxic effects against
bone marrow stromal cells (Figure 2).

Hydroxyapatite-gelatin scaffolds cytotoxicity test results on bone marrow stromal cells

1.0
Treatment

El Control

0.8

0.6

0.44

0.24

OD & SD Light Absorption

0.0

Treatment Control

0 No bone evident

1 Minimal bone evident (one trabecular per section)

2 Low bone formation, occupying only small portion of section

3 Moderate bone formation, occupying a substantial portion but

less than one-half of the section

Abundant bone formation, occupying greater than one-half of
the section

4

Table 1. Semi-quantitative scale for estimation of bone formation
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Figure 2. Cytotoxicity effects of hydroxyapatite-gelatin scaffolds on
bone marrow stromal cells (P<0.05).

3.2. In vivo characterizations

Histopathological findings showed the first signs of
the onset of bone formation appeared in the first week
in the transplanted Nano-hydroxyapatite - gelatin with
mesenchymal stem cells group, as callus connective tis-
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Figure 3. Histologic sections 4 weeks after transplantation in

rat skull. (A), (B) and (C) are images of the control group , the
Nano-hydroxyapatite -gelatin composite transplant group and the
transplanted Nano-hydroxyapatite-gelatin with mesenchymal stem cell
group, respectively (stained by hematoxylin and eosin) (400x). (A’),
(B’) and (C) are images of the control group, the Nano-hydroxyapatite-
gelatin composite transplant group and the transplanted Nano-
hydroxyapatite-gelatin with mesenchymal stem cell group, respectively
(stained by the Trichrome) (400x). Bone formation at the site of injury
was shown with white arrows. No trace of bone tissue formation was
observed in the control group. Newly bone formation scoring showed
the positive effectiveness of BMSCs-seeded HA/GEL Nano composite

in critical-sized bone defect healing during both short-term (1 week)
and long-term (4 weeks) post-implantation. * and ** indicate significant
difference with control and HA/GEL groups, respectively (p<0.05).

sue was formed around the scaffold, and in some cases
entered into the pores of the scaffolding. In addition,-
cancellous bone was formed in the middle of the cavi-
ty. In the fourth week, bone formation was much more
completed and the remnants of the scaffold were found
as islands inside the cancellous bone. Trichrome stain-
ing showed the high collagen deposition in animals re-
ceived BMSCs-seeded HA/GELNano composite (Figure
3: images C and C’). But after one week of the Nano-hy-
droxyapatite-gelatin composite transplant group, a loose
connective tissue with an average thickness surrounded
the scaffold. In fact, in the fourth week, the connective
tissue around the collagen scaffold started the synthe-
sis of collagen, and bone formation was observed at the
edge of the hole, close to the graft site. (Figure 3: images
B and B’). In the control group, a thin connective tissue
filled the injury site and there was no sign of bone forma-
tion. (Figure3: images A and A’). According to the newly
bone formation scoring, animals received HA/GEL/BM-
SCs construct showed the highest score of bone healing
between experimental groups at both 1 and 4 weeks
post-surgery times. In addition, the bone formation
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Figure 4. The results of counting lymphocyte and polymorphonuclear
cells at the transplantation union in the control, the Nano-
hydroxyapatite -gelatin composite transplant and the transplanted
Nano-hydroxyapatite-gelatin with mesenchymal stem cell groups. (A):
A week after transplantation (B): Four weeks after transplantation (* P
<0.05&** P <0.01)
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Figure 5. All the cells counted in the transplantation site (Cellularity) in
the control, the Nano-hydroxyapatite -gelatin composite transplant and
the transplanted Nano-hydroxyapatite-gelatin with mesenchymal stem
cell groups (p<0.05).

score in HA/GEL experimental groups was significantly
higher than those in control group at week 4.

The presence of inflammatory cells (PMN’s) and all
the recruited cells to the site of transplantation such as
eosinophils (called cellularity orCell density), were in-
vestigated in different groups. The results showed that
the presence of lymphocytes and polymorph nuclear in
all of the groups. The highest number of lymphocytes in
experimental groups were observed after one week of
scaffold planting (Figure 4). Additionally, significant dif-
ferences in the number of the polymorph nuclear cells
available in the transplantation site were observed be-
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tween the treatment and control groups and the maxi-
mum number of polymorph nuclear cells were found in
the transplanted scaffold with mesenchymal cells after
4 weeks (Figure 4). The cellularity in the treated groups
was much higher than the control group, both in the first
and fourth weeks. However, no significant difference was
observed between the two groups in which the scaffold-
ing was used with and without stem cells (Figure 5).

4. DISCUSSION

Most bone injuries are healed spontaneously or with
minimal clinical treatment. However, in some cases, due
to various reasons, spontaneous healing doesn’t happen
and further action is necessary. Currently, using tissue
engineering techniques and scaffolding, healing large
bone fractures can be achieved. Osteoblast cells cultured
on scaffolds have been investigated in several studies
and their potentialityin bone fracture healing have been
demonstrated (18). Osteoblast cells synthesize and se-
crete a matrix that induce bone formation on the scaf-
fold, facilitating the recovery. To obtain the best results
from cell transplantation, cells should have features such
as easy accessibility, rapid expansion in culture, immu-
nology neutral, long term survival and compatibility with
host tissue, suggestion BMSCs as a preferred choice (20).

In this study the stemness of bone marrow mesenchy-
mal stem cells was explored. The fibroblast-like pheno-
type of bone marrow mesenchymal stem cells was re-
tained during the successive passages. In addition, these
cells possess features including colony formation, high
proliferation and adhesion. The properties used in bone
marrow mesenchymal stem cells in this research indicate
the application of pure populations of these cells in terms
of stemness, which are in line with the findings of previ-
ous researches (21). One of the characteristics of an ideal
scaffold is providing space for cell proliferation. The re-
sults of cell cytotoxicity in our study showed a good bio-
compatibility of bone marrow mesenchymal stem cells
on the scaffolds, consistent with previous studies (22).
Bone marrow mesenchymal stem cells cultured on the
scaffold are three-dimensional and similar to osteoblasts
in bone matrix at in vivo conditions. There are several
reports indicating the presence of signals in Extracellular
matrix (ECM) which cause the expression of transcrip-
tion factors and also affect some vital functions in the
cell such as cell viability, migration, adhesion, growth,
proliferation and cell differentiation (23). Histopatholog-
ical evaluation on the rat skull revealed that hydroxyapa-
tite-gelatin Nano composite transplantation with mesen-
chymal stem cells provides better results in bone defect
repair as compared to other groups. As the first signs of
the onset of bone formation showed itself as a connec-
tive callus around the scaffold in the first week, after four
weeks bone formation was more complete and the thick-
ness of the scaffolds were decreased and they were seen
as islands. In addition, the dense collagen fibers in tissue
samples were clearly visible. In this regard, hydroxyapa-
tite-gelatin was recognized as a suitable scaffold for in-
duction of bone formation (19). Moreover, the effects of
bone matrix gelatin in the healing rat parietal bone de-
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fection was examined and it was showed that bone tissue
regeneration with human bone matrix gelatin was much
more faster (24). Study on hydroxyapatite-gelatin Nano
composites with endometrial stem cells revealed signifi-
cant formation of bone tissue (25). The use of hydroxyap-
atite-silk fibroin scaffold with bone marrow stromal cells
completely repaired the forearm bone defect in rabbits
(26). Many studies were conducted to design, synthesis
and investigate the properties of Nano composites such
as hydroxyapatite-collagen and hydroxyapatite-Silicon
for bone healing and as an alternative to bones (27). A
recent study showed that hydroxyapatite-silk fibroin
scaffold, unlike the control group, did not change the
biological nature of bone marrow mesenchymal stem
cells. In addition, scanning electron microscopy micro-
graphs showed that the cells migrated into the cavities
and were connected to the scaffolds and their differen-
tiation into osteoblasts was possible, suggesting the ap-
propriate cell binding, high biocompatibility and lack
of toxicity in hydroxyapatite-silk fibro in scaffolds (22).
The main focus of the current research is a comparative
study between inflammatory cells and cellularity cells in
different groups. The amount of the inflammatory cells
such as polymorphnuclear cells and lymphocytes and
the amount of cellularity in the scaffold location zone
and the host’s tissue were investigated. Polymorphnu-
clear cells and lymphocytes participate in response to
absorption of scaffolding and in the immunological at-
tack against the transplant, respectively. In previous
study, we demonstrated that the hydroxyapatite-gelatin
scaffolds show significant biocompatibility in an in vivo
environment (28). The results showed that the highest
number of lymphocytes in experimental groups were
observed after one week of planting the scaffolds. The
increase in the number of lymphocytes in experimen-
tal groups, compared to control groups, shows a rapid
bone healing in the experimental groups. This is because
lymphocytes act as feeding cells and have an important
role in this process. In addition, reducing the number
of lymphocytes, compared to polymorph nuclear cells,
show a deceleration of the recovery from the first week
to fourth week in the experimental groups, representing
faster tissue repair in these groups, compared to the con-
trol group. However, during the four weeks after a bone
injury, more presence of lymphocytes compared to the
polymorph nuclear cells show the slower rate of feeding
and restoration in the control group, compared to the ex-
perimental groups equipped with scaffolds. On the oth-
er hand, the migration of polymorphnuclear cells to the
graft site showed a significant increase compared to the
control group. This increase may be due to the phenom-
enon of degradation in which polymorphnuclear cells
digest the scaffolds. In addition, increase of cellularity
in the transplantation zone can provide useful informa-
tion in the field of scaffolding analysis and progress in
the reconstruction of bone tissue to the researcher, but
further studies are necessary. Our study is in agreement
with the results and Gholipour et al Azimi et al (22, 28).
In a study at the first stage, fracture was covered with
blood clots. After a few days, a loose connective tissue
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containing a large number of polymorphnuclear (due to
acute inflammation) replaced the flocculation, and after
a week the bone callus formed gradually and the dense
connective tissue connected the two edges of the frac-
ture together. After a month, the bone was formed and
bone-forming cells and blood vessels were observed. In
one-week samples, an increase in the number of poly-
morphnuclear and giant macrophage cells involved in
scaffold digestion was observed. Similar to the results of
the other studies, the cells were not significantly different
in various groups. There were also no significant signs
of chronic inflammation (lymphocytes, plasma cells and
eosinophils) (23).

However, in this study, experimental groups in which
hydroxyapatite scaffolds were used with and without
stem cells derived from bone marrow, showed a similar
cellularity in the first and fourth week. In the experimen-
tal groups carrying the scaffolds, a reduce in the num-
ber of lymphocytes from the first week to fourth week
indicated the decreased need for feeding the growing
bone-building cells and the evolving bone tissue by lym-
phocytes, meanwhile reduced the amount of chronic in-
flammation due to the presence of lymphocytes.

5. CONCLUSION

Since hydroxyapatite-gelatin is non-toxic and provides
a perfect situation for growth, differentiation and cell
migration, it seems that hydroxyapatite-gelatin scaffold
reinforced with bone marrow mesenchymal stem cells is
playing a pivotal role in bone healing and can be used as
a useful therapeutic strategy for large bone defects.
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