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In this research, an allograft mineralized bone block was processed through decellularizing and 
lyophilizing after approving the sterility evaluations of the donor. According to SEM images, the block 
was an interconnected porous structure with pore sizes ranging between 124 and 930 µm which 
comprised various sizes desirable for bone regeneration. Also, emergence of hydroxyapatite crystals on 
the scaffold after immersing in simulated body fluid indicated its bioactivity. Furthermore, its mechanical 
strength was 33.10 ± 0.34 MPa which is suitable for a bone scaffold as load-bearing tissue. The successful 
decellularization was approved by hematoxylin–eosin staining assay and the scaffold exhibited no 
cytotoxicity utilizing MTT test. Furthermore, the obtained SEM images after cell seeding as well as the 
DAPI staining results demonstrated the supporting of cell attachment and proliferation by the scaffold. 
Therefore, it could be concluded that the prepared allograft mineralized bone block is an appropriate 
candidate for bone tissue regeneration in periodontology.

Introduction
Bone tissue has significant repairability of several types of frac-
tures, however, in some cases, such as a tumor, trauma, cogni-
tional disabilities, etc., a bone defect may disrupt bone func-
tion which could lead to an undesirable impact on the patient’s 
quality of life [1]. These injuries specifically in large defects, 
would not be recovered by conventional therapeutic strategies 
[2]. Thus, bone grafts which have been extensively utilized in 
dentistry and periodontology surgeries should comprise spe-
cial features such as osteoconductivity, osteoinductivity, and 
osteogenesity to be considered as an appropriate bone regen-
erative substitute [3]. Several investigations have been based on 
achieving an ideal bone graft from different resources and yet 
it has not been completely accomplished since each introduced 
scaffold has its specific drawbacks despite the many advantages. 
Autograft (transplantation from the patient’s body to the defec-
tive site), as the gold standard treatment for this field and par-
ticularly for non-union fractures, has gained desirable outcomes 
since obviously it would be compatible with the transplanted 

region compared to other therapeutic methods and contain a 
variety of growth factors required for bone regeneration like 
fibroblast growth factor (FGF), bone morphogenic protein 
(BMP), and transfer growth factor (TGF) which could lead to 
the stimulation of bone growth and neovascularization. Never-
theless, an autograft is restricted by clinical drawbacks such as 
donor site morbidity, the probability of further traumas, bleed-
ing, infection, limitations in accessibility, and disruption in the 
regular skeletal stability of the patient’s body [4, 5].

On the other hand, allograft (transplanting from another 
person who is mainly a cadaver) would provide a struc-
ture resembling those of native tissue with no limitations in 
resources, processability, and storage. Also, the complications 
of donor site injury after the surgery incision would be resolved 
in the mentioned strategy [6]. Allograft bone substitutes have 
been evidenced to cause healing of the bone defects at a similar 
rate to autografts. It also should be noted that despite the several 
investigations based on the optimization of synthetic materi-
als for the aim of introducing an appropriate bone graft, the 
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outcomes could not satisfy the required osteogenic properties 
as alternatives to natural grafts [7]. Furthermore, xenografting 
(transplanting from other species) is not capable of biocompat-
ibility as acceptable as grafting from the same species [8].

Based on the pointed features, the clinical utilization of 
allografts has been developed, however, allogenic products are 
still struggling with the potential risks of immunogenicity and 
the transmission of infection, however, it has been stated that 
the procedure of decellularization is capable of preventing the 
immune reactions due to eliminating the cell genetic materials 
such as DNA [9]. Besides the lack of immunogenicity, the bioac-
tive molecules such as desired cytokines and growth factors are 
not eliminated during the decellularization process which would 
enable the retained extracellular matrix (ECM) to provide a suit-
able environment with natural biochemical characteristics [10]. 
Furthermore, the mineralized content of the acellular bone would 
not be disrupted and these grafts have demonstrated remarkable 
structural properties similar to the host tissue such as mechanical 
strength, osteoconductivity, and osteoinductivity [11]. Therefore, 
in case of implementation in the damaged site, the resulting ECM 
could be beneficial for supporting recellularization, osteogenic dif-
ferentiation of the present stem cells, sufficient osteointegration, 
and ultimately qualified bone regeneration of the defect [12, 13].

There are various effective chemical agents such as sodium 
dodecyl sulfate (SDS), Triton X-100, etc. which could be utilized 
for the decellularization of bone grafts for the aim of reducing the 
risks of viral contamination. Among them,  H2O2 as an oxidizing 
agent can be an appropriate choice. It has been demonstrated 
that 1 h of  H2O2 treatment can lead to the reduction of con-
tamination six logs higher the sterility assurance level (SAL) and 
thus, the probability of a microorganism survival would be less 
than  10–6 [14]. Moreover, although hepatitis C virus (HCV) and 
human immunodeficiency virus (HIV) are specifically concerned 
with allografting, it has been reported that rinsing the tissue in 
ethanol, and lyophilizing would considerably lower the HIV 
and HCV transmittance possibility. The lyophilizing process is 
capable of inactivating HIV as well as HCV due to removing the 
water content of the tissue, preventing the virus’s cellular activ-
ity and consequently decreasing the transmission risk via con-
taminated bone marrow or blood [15]. It has been reported that 
freeze-dried bone grafts are remarkably less probable to induce 
immunogenic responses in the body rather than the fresh frozen 
bone grafts [16, 17]. On the other hand, gamma irradiation is 
considered to be an effective and safe approach for the processed 
tissue sterilization without notable altering impacts on the bio-
logical and mechanical characteristics of bone [18]. According 
to the previous literature, a dose of 25 kGy can be efficient for 
inactivating most of the bacterial contamination with a SAL of 
 10–9 which is utilized in the united states tissue banks [19, 20].

In a study by Naishlos et al. [21], 33 patients who had miss-
ing teeth in the upper maxilla with extra bone loss were treated 

by allograft cancellous bone block 6 months before the implant 
surgery for the aim of bone augmentation. After the implanta-
tion, the pink esthetic score (PES)/white esthetic score (WES) 
was considered as an indication for evaluating the healing 
process. All patients revealed PES/WES scores more than the 
clinically acceptable threshold. Therefore, utilizing of allograft 
bone block resulted in the stability of soft and hard tissue at 
the implant region in the long term. In a review of literature 
by Motamedian et al. [22], the success rate of dental implants 
employing autograft bone blocks versus allograft bone blocks in 
the human-based studies was compared. The range of the suc-
cess rate of the implant was 72.8 to 100% and 93.7 to 100% for 
autograft and allograft, respectively. In another study by Sterio 
et al., the utilization of allograft cancellous bone for ridge aug-
mentation of 44 patients led to successful implantation of 86.4% 
(38 of 44) after 6 months and approximately 58% replacement 
of the graft with vital bone regarding its porous structure which 
would facilitate the cellular ingrowth and further new tissue 
formation and also its mechanical compatibility to the defect 
preventing stress shielding or the graft rejection [23].

Hence, in the following investigation, for the aim of introduc-
ing an ideal bone graft regarding the mentioned literature, the 
procedure of preparing a commercial allograft cancellous bone 
block (produced by Iranian Tissue Product Company) “called 
mineralized bone allograft (MBA) cube” from donor selection 
and dissection to various chemically/mechanically treatments for 
optimum decellularization and terminal sterilization (lyophiliza-
tion and gamma irradiation) was expressed in detail. Then, the 
graft was evaluated structurally and biologically in vitro to repre-
sent its suitable characteristics and desired capabilities as a prom-
ising candidate for bone defect regeneration. The prepared blocks 
are being used as grafts in dentistry and periodontology for spe-
cific purposes such as a dental ridge or alveolar crest augmen-
tation. Regarding the similar characteristics to the native bone 
tissue, their implantation would lead to the facilitation of the 
adjacent cellular activities (migration, proliferation, growth, and 
differentiation to bone cell lines) as well as osteoinduction, osteo-
conduction, and eventually, new bone formation. Moreover, the 
mechanical compatibility of the grafts to the defect area would 
prevent loosening, breaking, and further rejection of the graft. 
The mentioned suitable characteristics for application in dental 
bone defects will be evaluated in the following investigation.

Result and discussion
Structural and mechanochemical characterizations

A critical role is performed by the scaffold’s pores in bone regen-
eration since it facilitates the nutrition and oxygen exchange as 
well as the removal of the undesired products resulting in appro-
priate vascularization and new bone tissue formation [24]. The 
structural pores were evaluated via SEM images of the blocks’ 
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surface (Fig. 1) and the quantitative analysis results via image-J 
based on the obtained images as well as the scaffold’s porosity 
according to BET analysis results are gathered in Table 1. Also 
on this basis, the scaffold was porous with interconnected pores 
which is an essential factor in bone tissue engineering due to its 
influence on efficient cell growth [25, 26]. The SEM image pro-
cessing via image-J indicated the allograft block contained pores 
with size ranges between 120 and 930 µm with a mean pore size 
of 375 ± 16 µm. It has been stated that pore sizes smaller than 
300 µm are desirable for initial cellular migration and infiltration 
as well as the acceleration of osteochondral ossification. On the 
other hand, pore sizes greater than 300 µm are required for the 
facilitation of vascularization and ingrowth of bone tissue [27]. 
Furthermore, according to the in vitro studies, the bone scaf-
fold’s porosity of more than 70% would result in optimum osteo-
genic proliferation and differentiation which is in line with the 
obtained result (76.6 ± 0.8%) [28]. Also, the mentioned amount 
would be desirably efficient in replicating the structural porosity 
of cancellous bone which concerning the literature is reported 
to be 75%-85% [29]. Regarding the previous investigations, it 
could be concluded that the resulting pore size ranges as well as 
the amount of porosity are suitable for bone augmentation on 
every mentioned aspect.

The bioactivity potential of the MBA blocks was analyzed 
regarding the apatite formation 3 and 7 days after immersing 
in SBF. Calcium phosphates are considered the main minerals 
found in human bone and have a direct impact on the implant 
bioactivity (desirable interaction with the native tissue) through 
their local concentration increase and stimulation of the bone 
formation, i.e., they would increase the expression of osteo-dif-
ferentiation markers such as alkaline phosphatase, osteopontin, 
collage type I, etc., and enhance the ECM proteins adsorption 
which would consequently, improve the cellular adhesion and 
tissue formation [30–33]. Therefore, the presence of calcium 
phosphate would lead to promoting osteoinduction (inducing 
the differentiation of the progenitor cells to osteoblastic cell 
lines) and the osteoconduction (growth of bone on the scaffold 
surface) capability of the graft. HA as the major inorganic com-
ponent of bone is naturally derived from calcium phosphates 
and has been broadly utilized as an indicator for the scaffold 
bioactivity. The obtained SEM images could be observed in 
Fig. 2(a and b). The formation of calcium phosphate sinters on 
the block’s surface is obvious. EDX spectra of the blocks were 
obtained 7 days after soaking in SBF to evaluate the Ca/P atomic 
ratio of the formed sinters on the scaffolds’ surface [Fig. 2(c)]. 
According to the plot, the ratio was approximately equal to 1.7 
which reveals the stochiometric ratio of HA [34]. Therefore, 
the results demonstrated the biomineralization of the blocks in 
SBF as an indication of their bioactivity. Also, it could be evi-
denced that the prepared scaffold would lead to osteoinduction, 

osteoconduction, and eventually new bone formation in case of 
implantation in the bone defect [35, 36].

The quality of bone is a general factor which impacts both 
structural and material characteristics resulting in preventing 
fracture occurrence [37, 38]. As stated in the literature, struc-
tural properties such as macroscopic and microscopic geom-
etry are not strongly reliable to estimate the risk of fracture and 
should be considered along with material properties including 
the composition as well as the arrangement of principal bone 
elements [39]. The mentioned information at the molecular 
level could be provided by FTIR spectroscopy. According to the 
FTIR spectroscopy of the mineralized bone block 1 and 7 days 
after soaking in SBF (Fig. 3), a sharp peak can be observed at 
1035  cm−1 which is related to the nonstoichiometric apatite 
 (HPO4

2− and/or  CO3
2−) indicating the scaffold mineral maturity. 

Also, crystallinity is generally correlated with mineral maturity 
which in this case, there is a peak at 603  cm−1 that could be 
an index of hydroxyapatite (HA) crystallinity. Another factor 
that affects the mineral maturity is the substitution amount in 
the HA crystal lattice. Carbonate peak, as the most frequent 
substitute in the bone and an indicative factor for bone remod-
eling activity could be seen at 869  cm−1. On the other hand, the 
chemistry of cross-linking is a critical property of collagen type 
Ι maturity specifically in mineralized bone which would lead to 
its viscoelasticity to fibrillar matrices and tensile strength. The 
band of amide Ι is used as an index in the mentioned regard. 
Herein, the 1664  cm−1 can be associated with the existence of 
reducible cross-links of collagen based on the previous investi-
gation [40, 41]. Furthermore, regarding the obtained spectra, 
no significant shifts in the existing peaks were observed on day 
7 after immersing in SBF compared to the first day. The apatite 
formation which was indicated in EDX spectra could not be 
demonstrated by FTIR as a qualitative assay since the hydrogen 

Figure 1:  SEM images of the bone blocks.
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bonding between the formed apatite and the bone surface can 
be covered in the broad peak of -OH of the spectrum and may 
not express a definitive statement on this basis {Posner, 1985 #7}. 
Overall, the FTIR spectrum of the prepared scaffold could indi-
cate the desirable allograft bone quality concerning its maturity 
both in the mineral phase and the existing collagen as well as its 
capacity for bone remodeling.

The mechanical strength of a bone scaffold as a load-bearing 
tissue is a critical factor with a significant impact on its efficiency 
in case of implanting in the body and specifically in the dental 
area regarding the high applied mechanical loads [42, 43]. More-
over, the regulative effect of mechanical characteristics in posi-
tive manipulating of cellular as well as tissue level host responses 
has been evidenced [44, 45]. The mechanoregulatory impact 
plays a key role in the growth of bone tissue due to the repli-
cation of the natural mechanical forces of bone which would 
be transferred to the present cells and stimulate the osteogenic 
differentiation [46]. For the aim of investigating the scaffold’s 
behavior under the mechanical compression similar to what 
occurred in case of implantation in the bone defect, the samples 
were loaded by a 25 kN load cell. The stress–strain curve of the 
bone block under the pressure with a rate of 1 mm/min is pre-
sented in Fig. 4. Also, the obtained mechanical properties from 
the plot are shown in Table 2. According to the results, the com-
pressive modulus and the ultimate compressive strength of the 
samples are reported to be 33.10 ± 0.34 MPa and 3.36 ± 0.15 MPa 
respectively. Based on the previous investigations, a compressive 
modulus between 1.5 and 45 MPa appears to be appropriate for 
utilizing cancellous bone which is sufficient for dental bone aug-
mentation (such as a ridge or alveolar crest) [47, 48]. Although, 
the mechanical strength of a scaffold is conflicted by its porosity 
and these structural properties are in inverse relation to each 
other, according to the literature, the mentioned ideal amount 
of mechanical strength is associated with a porosity between 60 
and 90% and a mean pore size more than 150 μm which is in 
line with our outcomes regarding the SEM images of the graft 
microstructure [49, 50].

The reason behind the relatively high compressive strength 
of the allograft bone blocks can be the retaining of its miner-
alized content such as HA and not disrupting its composition 
during the production process. Follet et al. [41], took calcaneus 
bone samples from 20 cadavers and after adapting the outputs 
of radio micrographs and compression tests revealed that there 
is a linear correlation between the degree of bone mineralization 

and compressive modulus as well as maximum compressive 
strength. This enhancement can be justified with mineraliza-
tion contents such as HA acting as crack resistance via bridging 
and deflection. Obviously, numerous microcracks may appear 
on the bone structure during its shelf life. In case of a lack of 
adequate regenerative capability of bone, the microcracks would 
propagate and form larger cracks caused in occurring serious 
bone fractures [51]. As was noted, contents such as HA are able 
to play a role as a crack bridge. Consequently, the microcracks 
would be crossed and deflected from their main direction and 
blocked to be more propagated and thus the growth of the cracks 
would require more stress [52]. Considering the compressive 
test results, it can be claimed that the mechanical strength of the 
mineralized bone blocks was enhanced due to the retaining of 
the mineralized content in their composition and the mechani-
cal strength of the graft was efficient for applying in dental bone 
defects [53].

Biological analysis

The main concern of using allograft products is the risk of 
immune reactions and rejection of the implant by the host body 
which could be eliminated through removal of the graft’s genetic 
materials and decellularization [54]. In this project, for the aim 
of validating the decellularization protocol, H&E staining of the 
existing cell nuclei was performed. The images of H&E stain-
ing of the acellular bone blocks can be seen in Fig. 5(a and b). 
The submitted bone showed woven bony trabeculae which were 
composed of osteoid matrices, bony lamellae, some osteocytes 
with pyknotic nuclei, and empty lacunae accompanied by spo-
radic haversian system formation. Also, it can be seen that the 
natural matrix of bone has been preserved after the decellulari-
zation process [55, 56]. Therefore, the decellularization of the 
blocks was accomplished and based on the references and the 
probability of evoking any immune reaction in case of implant-
ing would be negligible [57].

For the aim of assessing the viability of hBM-MSCs, and 
predicting the biocompatibility of the blocks in case of implan-
tation in the defect area, MTT assay was carried out 72 h after 
culturing [Fig. 5(c)]. Regarding the bar chart, although the 
cellular viability on the bone block with 92.74 ± 0.18% was sig-
nificantly lower than the cell viability of TCP (p value < 0.05), it 
was acceptable for approving the block cytocompatibility. The 
reason behind this result could be using of direct MTT and 
the absorbance of the color by the scaffold which consequently 
would affect the light absorption and the reported viability [58]. 
The output complied with previous research; as Kouhestani et al. 
[59], reported the MTT value of freeze-dried bone allograft was 
notably higher than microporous biphasic calcium phosphate 
granules as a synthetic bone scaffold. This outcome could be 
interpreted by surface characteristics resembling the native 

TABLE 1:  Microstructural characteristics of the bone blocks.

Minimum 
observed pore size 
(µm)

Maximum 
observed pore 

size (µm)
Mean pore size 

(µm) % porosity

120 930 375 ± 16 76.6 ± 0.8
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Figure 2:  The SEM images of the blocks presenting their bioactivity (a) 3 days and (b) 7 days after soaking in SBF. (c) The EDX spectra of the prepared 
block 7 days after soaking in SBF.

Figure 3:  FTIR result of the bone block sample 1 and 7 days after soaking in SBF.
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bone tissue (the mineral phase and other components such as 
collagen as indicators for desirable bone quality which was dis-
cussed in FTIR and EDX results) leading to cytocompatibility 
and improvement of the cellular viability. Moreover, another 
feature that should be noted is the interconnectivity of the pores 
(observed in SEM images). Based on the literature, an intercon-
nected scaffold would permit the oxygen and other nutrients 
infusion as well the waste product diffusion which would obvi-
ously, cause the enhancement of the cell viability [60]. Hence, 
the biocompatibility of the bone blocks and their cellular safety 
in case of implantation in the bone defect area were observed.

The SEM images of the cultured hBM-MSCs on bone blocks 
were obtained after 1, 7, and 14 days to assess the scaffold capa-
bility of providing an appropriate environment for cellular activ-
ities (Fig. 6). The scaffold was evidenced to be able to facilitate 
the cell attachment and growth even after 1 day since an intact 
cellular migration and locating as well as adhesion on the sur-
face of the blocks could be observed vividly. The interaction 
between the scaffold and the cells became more intense since 
in the images of days 7 and 14, an expansion and elongation 
of cellular appendages is obvious. The improvement of cellular 
adhesion in the bone blocks can be interpreted by the presence 
of an appropriate pore size range in the block’s structure which 
would lead to enhanced cellular locating through the scaffold 
[61]. As has been stated in the literature, the porous microstruc-
ture of the graft is critical for promoting cell migration rate and 
improving the binding between cells and the scaffold through 

increasing the available surface area which would result in 
enhancing cellular adhesion. There should be a balance between 
the pore size and the surface area, as the less pore size (less than 
300 µm) would result in the more surface area and more scaf-
fold ligands to bind to the cells, and contrarily, an increase of 
the individual pore size would eliminate the cellular struggling 
to migrate. Regarding the information obtained from the bone 
blocks microstructure, it was able to prepare the mentioned 
desirable criteria for cellular activities [62, 63].

On the other hand, the retained mineralized content such 
as HA could result in more surface roughness and more cellular 
attachment [64]. As Bhumiratana et al. [65], have revealed the 
addition of the HA to the composition of a scaffold would result 
in the improvement of its surface roughness, and consequently, 
the more surface roughness would cause more cell trapping and 
attachment. Furthermore, cell attachment is remarkably associ-
ated with the capacity of absorbing ECM proteins which could 
be promoted via the presence of calcium phosphate phase and 
specifically HA which according to the aforementioned EDX 
results, it has been evidenced [66].

Consequently, it could be claimed that the prepared scaf-
fold would be suitable for the facilitation of cellular migration, 
attachment, and ingrowth which would further lead to optimum 
tissue ingrowth and new bone tissue formation [50].

DAPI staining was utilized to evaluate the proliferation 
of the cultured cells on the scaffolds and TCP as the control 
group. Figure 7(a and b) show the images of DAPI staining 
of the cells on the bone blocks after 7 and 14 days compared 
to the control sample [Fig. 7(c and d)]. Also, the outcome 
of the DAPI image processing by image-J is presented in 
Fig. 7(e). Regarding the bar chart, a significant increase (p 
value < 0.001) in the cell adhesion number occurred after 
7 days which also is noticeable in the images. Moreover, it 
should be noted that the cellular proliferation was signifi-
cantly higher on the bone blocks in comparison with TCP on 
both day 7 and 14. According to the data provided by DAPI 
staining, it can be claimed that the bone blocks established an 
appropriate interaction with the seeded cells resulting in their 
remarkable proliferation. It is noteworthy that it has been 
previously evidenced that the mineralization of a bone scaf-
fold would enhance its cellular interactions such as adhesion 
and proliferation which was approved by EDX results [42]. 
In a study by Ryu et al. [67], a synthetic scaffold composed 
of poly (methyl methacrylate) (PMMA), paper, bioglass, Ti, 
and polydopamine which was mineralized using SBF showed 
better proliferation of the pre-osteoblasts than its non-miner-
alized form due to its suitable environment for ECM genera-
tion of the cells. The ECM plays a role as the medium for the 
attachment of the proliferated cells and also facilitates the 
cellular communications leading to further facilitation of the 
defective bone healing process.

Figure 4:  Stress–strain curve of the bone blocks.

TABLE 2:  Mechanical characteristics of the bone blocks.

Compressive 
modulus (MPa)

Ultimate com-
pressive strength 

(MPa)
Stress at the 
crack (MPa) Failure strain

33.10 ± 0.34 3.36 ± 0.15 3.17 ± 0.21 0.150 ± 0.006
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Conclusion
The aim of this project was to introduce a desirable bone substi-
tute for periodontology. FTIR spectroscopy revealed the mineral 
maturity and crystallinity of the bone blocks. Also, the carbon-
ate peak as an index for the bone remodeling ability of the graft 
was distinguished. The SEM images showed the interconnected 
porous structure with an appropriate pore size range for bone 
tissue regeneration. The mechanical characteristics of the scaf-
folds were in line with the suggested amounts for application in 
cancellous bone. The EDX mapping of the soaked scaffolds in 
SBF demonstrated the presence of HA on their surface and thus 
approved their bioactivity, osteoinductivity, and osteoconductiv-
ity. The H&E staining of the blocks revealed the successful decel-
lularization of the samples and the low probability of causing any 
immune reaction in the host tissue. The MTT assay confirmed 
the cytocompatibility of the block. Also, based on the SEM and 
DAPI staining images, the block surface was a desirable micro-
environment for the cells to attach, proliferate and generate the 

new ECM. Considering the obtained results, the prepared allo-
graft decellularized bone blocks could be a suitable scaffold for 
bone regeneration and healing the bone defects.

Methodology
Preparation of the bone blocks

After completion of donor screening and assuring of the lack of 
any specific bioburden (bacteria, yeast, mold, etc.), the tissue was 
examined in case of sterility (HIV, HCV, hepatitis B virus (HBV), 
Human T-lymphotropic virus-1 (HTLV-1), etc.). If the outcome 
of the sterility assay was negative, the cancellous bone tissue was 
dissected for removing any additional tissue. The achieved pure 
bone tissue was cut into block-shaped structures with identical 
sizes of 10 × 10 × 10  mm3. The blocks were then mechanically 
washed through the following process: washing with DI water 
on the centrifuge for 30 min, ultrasonically radiating for 20 min, 

Figure 5:  H&E staining images of the bone blocks; (a) 4 × and (b) 10 × magnifications, indicating bony pores, OM: osteoid matrices, BL: bony lamellae, 
OSN: osteocytes with pyknotic nuclei, EL: empty lacunae; (c) MTT results of the bone blocks. (*: p value < 0.05).
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washing with ethanol 70% for 15 min on the shaker, Final wash-
ing with DI water on the shaker for 5 min. At this stage,  H2O2 
(5%; Sigma-Aldrich, USA) was utilized for 8 h to decellularize 

the blocks. After the treatment, the grafts were washed with DI 
water on the shaker (30 min) and centrifuge (15 min). The blocks 
were lyophilized using a freeze-dryer (Alpha 2–4 LDplus, Martin 

Figure 6:  SEM images of the hBM-MSCs cultured on the bone blocks; (A) 1, (B) 7, and (C) 14 days after culturing with different magnifications.

Figure 7:  DAPI staining images of the cultured cells on bone block after a 7 days and b 14 days and TCP as the control sample after c 7 days and d 
14 days. e Quantitative difference analysis of the cultured cells on days 7 and 14 according to the DAPI staining images, *presents p value < 0.05 and 
**p value < 0.001.
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Christ, Germany) for 48 h. Finally, the resulting bone blocks were 
gamma irradiated with a dose of 25 kGy for 12 h. The prepared 
bone blocks could be observed in Fig. 8.

Structural and mechanochemical characterizations

The blocks were gold coated for observing their microstructure 
by scanning electron microscopy (SEM; XL30, Philips). Then, 
the image-J software was used to process the SEM images and 
measure the samples’ pore size. Also, the porosity of the scaffold 
was evaluated using the Nauer–Emmett–Teller (BET) method 
(Gemini II 2370 micromeritics). For the aim of investigating 
the bioactivity of the samples, the blocks were immersed in the 
simulated body fluid (SBF; 1x) at 37 °C for 3 and 7 days, fol-
lowed by air-drying for 24 h. The formed crystals on the sam-
ples’ surface were studied using SEM connected to an energy-
dispersive X-ray analyzer (EDX; Rontec) in case of analyzing the 
Ca/P ratio as well as the morphology of the crystals. Fourier-
transform infrared spectroscopy (FTIR) (PerkinElmer, Frontier) 
was used to assess the chemical composition of the prepared 
blocks on a KBr-diluted medium, in a range between 4000 and 
400  cm−1, with a scan speed as well as resolution of 32 scan/
min and 1  cm−1, respectively. Also, A universal testing machine 
(H10KS; Hounsfield) was utilized to examine the compressive 
strength of the scaffolds. In the mentioned test, a 25 kN load cell 
with a rate of 1 mm/min was compressed on the blocks until 
the appearance of the first crack for obtaining the stress–strain 
curve. The blocks’ compressive modulus was reported based on 
the linear region slope of the stress–strain plot.

Cellular analysis

For the aim of validation of the decellularization process, 
hematoxylin and eosin (H&E) colorimetric staining was used. 

In this regard, the blocks were fixed by 10% (v/v)-buffered 
formalin for 24 h at ambient temperature. At this stage, they 
were decalcified employing 10% nitric acid for 21 days and 
then dehydrated by graded ethanol. Finally, the samples were 
placed in paraffin, cross-sectioned at the thickness of 5 µm, 
and stained by hematoxylin (Sigma-Aldrich, USA) and eosin 
(Sigma-Aldrich).

Also, human bone marrow mesenchymal stem cells (hBM-
MSCs) were selected for evaluating the blocks’ cytotoxicity. The 
cell culture medium consisted of Dulbecco’s modified eagle 
medium F12 (DMEMF12; Invitrogen) medium, 10% (v/v) 
fetal bovine serum (FBS; Gibco), and 1% antibiotic penicil-
lin/streptomycin (Sigma-Aldrich). The blocks were sterilized 
using ethanol 70%, soaked in phosphate buffer saline (PBS; 
Sigma-Aldrich), and positioned on each side under radiation 
of ultraviolet (UV) for 20 min. At this point, 8 ×  103 cells were 
loaded on the grafts in 24-well culture plates and the plates 
were placed in a 5%  CO2 incubator at 37 °C. The cell viabil-
ity assessment was performed using MTT colorimetric assay 
after 72 h [68]. In brief, the culture medium was removed and 
100 μL of MTT solution (5 mg/mL in PBS) was poured into 
the wells and incubated for 7 h. After removing the medium, 
dimethyl sulfoxide (DMSO; Sigma-Aldrich) was employed to 
dissolve the crystals of formazan. A microplate reader (ELISA 
reader; ELX808, BioTek) evaluated the optical absorbance of 
the samples at 540 nm. In this assay, the cells cultured on the 
tissue culture plate (TCP) were the positive control group.

Furthermore, the cellular adhesion was observed by SEM 
1, 7, and 14 days after culturing. For this purpose, 2.5% glu-
taraldehyde (GA; Sigma-Aldrich) was used to fix the cells for 
1 h, followed by PBS washing several times, dehydrating with 
graded ethanol, and gold coating.

In order to evaluate the cellular proliferation capabil-
ity of the bone blocks, they were seeded by hBM-MSCs and 
4′,6-diamidino-2-phenylindole (DAPI) staining was per-
formed at 7 and 14 days after culturing. On this basis, the 
blocks were stained by 1 mg/ml of DAPI solution at the men-
tioned time points. Then, the samples were rinsed in PBS 
and a Nikon Eclipse TI fluorescence microscope was used to 
capture the images. In this evaluation, the cultured cells on 
TCP were considered as the control group. The images were 
analyzed quantitatively by image-J software.

Statistical analysis

The outputs were reported as mean ± standard deviation (SD). At 
least 3 samples were assessed for each investigation which was 
run at least 3 times. The statistical analysis was performed using 
one-way analysis of variance (ANOVA) employing SPSS 16.0 
software (SPSS). P values less than 0.05 were stated as significant.

Figure 8:  The prepared allograft bone blocks with the size of 10 × 10 × 10 
 mm3.
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