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Abstract Bone regeneration ability of a scaffold

strongly depends on its structure and the size of its

components. In this study, a nanostructured scaffold

was designed for bone repair using nano hydroxyap-

atite (nHA) (8–16 nm 9 50–80 nm) and gelatin

(GEL) as main components. In vitro investigations

of calcium matrix deposition and gene expression of

the seeded cells for this scaffold, demineralized bone

matrix (DBM), scaffold plus DBM, and the control

group were carried out. Bone regeneration in rat

calvarium with critical defect size after 1, 4, and

8 weeks post implantation was investigated. The

calcium matrix depositions by the osteoblast and

RUNX2, ALP, osteonectin, and osteocalcin gene

expression in scaffold were more significant than in

other groups. Histomorphometry analysis confirmed

in vitro results. In vitro and in vivo bone regeneration

were least in scaffold plus DBM group. Enhanced

effects in scaffold could be attributed to the shape and

size of nHA particles and good architecture of the

scaffold. Reduction of bone regeneration might be due

to tight bonding of BMPs and nHA particles in the

third group. Results obtained from this study con-

firmed that nano-scale size of the main components

and the scaffold architecture (pore diameter, intercon-

nectivity pores, etc.) have significant effects on bone

regeneration ability of the scaffold and are important

parameters in designing a temporary bone substitute.
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Introduction

It is expected that in near future total number of hip

replacements would increase to about 272, 000 most of

which would require synthetic bone grafts. Compli-

cations of the bone fracture decide the need for

synthetic bone grafts (Webster 2003).

Nanotechnology as a diverse and interdisciplinary

area of research has the capacity to revolutionize many

areas of applications such as bone tissue engineering.

Nanotechnology is considered to improve necessary

biomaterials for tissue engineering. The National

Science Foundation (NSF) defines tissue engineering

as ‘‘the application of principles and methods of

engineering and life sciences to obtain a fundamental

understanding of structure–function relationships in

novel and pathological mammalian tissues and the

development of biological substitutes to restore,

maintain and improve tissue functions’’(Laurencin

et al. 1999).

The bone matrix consists of two nano-scale phases:

organic and inorganic. The major organic phase is type

I collagen which has a diameter of approximately

1.5 nm and length of 300 nm, and the major inorganic

phase is nano hydroxyapatite (nHA) crystals with

diameters in the range of 30–120 nm (Otsuki et al.

2006; Karageorgiou and Kaplan 2005; Hassenkam

et al. 2004). However, it seems that nHA particles with

a diameter of about 25–50 nm are responsible for

biomineral formation (Catledge et al. 2002; Phillips

et al. 2003; Olszta et al. 2007). Other inorganic phases

of bone are carbonate, citrate, sodium, magnesium,

etc.; other organic phases include water, non-collag-

enous proteins (osteocalcin, osteonectin, osteopontin,

thrombospondin, morphogenetic proteins, sialopro-

tein, and serum proteins); and the rest consist of trace

amounts of polysaccharides, lipids, and cytokines

(Sikavitsas et al. 2001; Kartsogiannis and Ng 2004).

In 1920, Albee and Morrison used HA powder as a

bony consolidation in human for the first time. Results

showed accelerated formation of callus. The first

implant was used in 1986 which received FDA

approval in 1988 (Petit 1999).

nHA, Ca10 (PO4)6 (OH)2, a bioactive ceramic with

huge specific surface area, has particles of low

crystallinity. It also has biocompatibility (Chen et al.

2011; Woodard et al. 2007), osteoinductivity (Götz

et al. 2010), and anti-tumor properties (Pezzatini et al.

2006; Hu et al. 2007). Besides its bone regeneration

ability, nHA has been used as a carrier for gene and

anti-tumor agents. Endocytic pathway has been sug-

gested for uptaking of nHA particles (Abdel-Gawad

and Awwad 2010). Smaller HA nanoparticles via

clathrin-coated vesicles can inter into the cells, lyze,

and produce solutes such as Ca2? into the cytoplasm

which in proper concentration can effect osteoblasts.

These nHAs in cell culture medium form agglomer-

ates with diameter of approximately 500–700 nm.

Larger nanoparticles and microparticles due to

agglomeration or large size could not enter into the

cells and could not induce internal signaling to

proliferate and differentiate (Maeno et al. 2005).

Increasing the Ca2? level in environment results in

the activation of phosphoinositide-specific phospholi-

pase which breaks phosphatidylinositol 4,5-bisphos-

phate in membrane and converts it into D-myoinositol

1,4,5-trisphosphate, second messenger. Second mes-

senger interacts with its receptor on the internal Ca2?

stores and releases Ca2?. Then, Ca2? enters into the

cells. Improper Ca2? concentration level in cells such

as neutrophils increases the lactate dehydrogenase

(LDH) and tumor necrosis factor-alpha (TNF-a) as

inflammation factor (Liao et al. 2006). Saunders et al.

(Saunders et al. 2007) studied the effect of Ca2?

concentration on apoptosis in osteoblasts. They

observed that high level of Ca2? induces apoptosis.

In addition, Ca2? ions through the binding of

G-protein with extracellular calcium receptor might

induce osteoblast proliferation (Pi et al. 2005).

The biocompatibility tests indicated that morphol-

ogy, size, and concentration of nHA, and surface

topography, surface chemistry, porosity, intercon-

nected structure, and fibrous pore wall of scaffold

affect biocompatibility, attachment, proliferation, and

differentiation of osteoblasts. Spherical HA nanopar-

ticles due to well-organized surface could develop

filopedia which results in enhancement of cell attach-

ment and proliferation (Zhao et al. 2007). Large nHAs

(80 nm) and micrometer particles have cytotoxic

effect on cells, such as loss of contact with neighbor-

ing cells, contraction of the cells, swollen mitochon-

dria, deformed nuclei, and condensed chromatin,
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while these effects are not observed in smaller HA

(20 nm). In addition, smaller nHA might have lower

Bcl-2 gene expression (anti-apoptotic), than larger

nHA and micro HA. Kim et al. (2005) reported that

HA/Gelatin (GEL) nanocomposite has higher osteo-

blast attachment and proliferation than conventional

ones and shorter culturing period and lower cell

seeding density as compared with pure GEL.

The reports indicate that nHA particles have higher

surface energy, higher specific surface area, higher

protein absorption capacity, better mechanical prop-

erties, lower cytotoxity effect, and lower Bcl-2 gene

expression than conventional micro particles and

therefore can improve initial attachment, proliferation,

and differentiation of osteoblasts (Tang et al. 2004;

Saunders et al. 2007). However, because of brittle

nature of HA, it is suggested that it is to be used in

combination with polymers. One such polymer is GEL

which can be obtained from acidic or alkaline

processing of collagen (Liu et al. 2009). GEL is

cheaper and more soluble than collagen.

Demineralized bone matrix (DBM) is an osteoin-

ductive biomaterial obtained from acidic processing of

human bones and is frequently used in human fracture

surgeries. Its graft has not shown any significant

immunologic reaction in human (Dallari et al. 2012).

Owing to various proteins such as Non-collagenous

proteins, especially bone morphogenic proteins (BMPs),

which exist in dematerialized bone matrix, DBM is

osteoinductive and promotes bone regeneration. Its

disadvantages are potential transmission of infection

and batch-to-batch BMP difference in donor (Baby et al.

2011).

In the present study, owing to good osteoconduc-

tivity and bioactivity of HA and hydrogel property and

good flexibility of GEL and high osteoinductivity of

DBM, bone regeneration ability of nHA/GEL scaffold

has been compared with DBM in rat, and the effect of

addition of DBM to scaffold on bone regeneration has

been assessed.

In our study, the particular combination of layer

solvent-casting, freeze-drying, and lamination tech-

niques led to the production of a scaffold with desired

morphology and mechanical properties that had the

ability to produce three-dimensional (3D) and suit-

able-shape scaffolds according to defect size and

geometry. Previous reports (Azami et al. 2010)

showed that cultured osteoblast-like cells (SaOS-2)

had an excellent level of cell attachment, migration,

and penetration into the porosities of the HA/GEL

nanocomposite scaffold.

The aim was to study osteogenic gene expression

in vitro and bone regeneration ability of scaffold

in vivo and to investigate whether DBM has synergetic

or suppressive effect on bone regeneration properties

of such scaffold.

Materials and methods

Materials

Diammonium hydrogen phosphate solution

[(NH4)2HPO4, 99 %], NaOH (99 %), glutaraldehyde

(GA), and GEL were purchased from Merck, Germany.

Calcium nitrate tetrahydrate solution [Ca(NO3)2�4H2O,

98 %] was from VWR Prolabo, France. Alizarin red

stain, dexamethasone, ascorbic acid-2 phosphate, M ß-

glycerol phosphate, acetic acid, and mineral oil were

purchased from Sigma-Aldrich, Germany. cDNA syn-

thesis kit and MaximaTM SYBR Green/ROX qPCR

Master Mix were products of Fermentas, Burlington,

Canada. DBM was donated by ITB, Iran. Ketamine

hydrochloride and xylazine were both purchased from

Alfson, Holland. Resorbable suture 4-0 Vicryl was from

Ethicon, Edinburgh, UK.

Preparation of nHA powder and scaffold

nHA powders are precipitated via wet chemical

methods from aqueous solutions incorporating a

freeze-drying step adapted from a previous article

(Azami et al. 2010). In brief, a total of 0.09 M

diammonium hydrogen phosphate solution [(NH4)2

HPO4, 99 %] and 0.15 M calcium nitrate tetrahydrate

solution [Ca (NO3)2�4H2O, 98 %] were prepared, and

pH values of both solutions were maintained at 11 by

dropwise addition of 1 M sodium hydroxide solution.

Subsequently, diammonium hydrogen phosphate solu-

tion was added dropwise into the above solution to

form HA. After centrifugation, the precipitate was

washed by using deionized water to remove the

undesirable ions. All reactions were performed at

room temperature (RT). The resulting powder was

dried in a freeze-dryer system (Alpha 1-2 LD,

Germany) for 10 h.

Scaffolds were obtained by combination of three

techniques of layer solvent casting, freeze-dryer, and
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lamination. Glutaraldehyde (GA) was used as cross-

linking agent as previously described by Azami et al.

(2010). Performing this step is mandatory, as for bone

tissue engineering, a scaffold with appropriate

strength is needed. It should be noted, however, that

although GA is intrinsically toxic, after reaction with

GEL and removal of its residue via washing, its toxic

effect is completely removed.

In brief, a 10 % (w/v) solution of microbiology

grade GEL (Merck, Germany) in deionized water was

prepared and HA nano-powder was added to obtain a

final weight composition of GEL (60 %)/HA (30 %).

The solution was homogenized by a stirrer at 40 �C for

45 min, then cast into plastic Petri dishes (PS), and

frozen at -20 �C and kept for one hour to form solid

layers. Then, to produce porous structures through

solvent sublimation, layers were transferred to a

freeze-dryer. Composite layers were cut into circles

of 5 9 3 mm diameter and height. To crosslink GEL

polymeric chains, samples were immersed in a

crosslinking bath of 1 % (w/v) GA overnight at RT,

rendering them no longer water soluble. Then, sam-

ples were washed three times with deionized water.

Finally, to obtain dry specimens, they were dried using

freeze-drying.

Characterization

Details of characterizations of the powder and the

scaffold were reported elsewhere (Azami et al. 2010).

In vitro analysis

Alizarin red assay

Alizarin red staining (ARS) was used to determine the

presence of calcific deposition by the osteoblast cells.

Human umbilical cord blood-derived unrestricted

somatic stem cells (USSCs) were trypsinized and

seeded onto the circular scaffolds at an initial cell

density of 5–9 9 103 cm-1. Culture medium was

replaced with osteogenic medium, supplemented with

10-7 M dexamethasone, 50 lM ascorbic acid-2

phosphate, and 10 mM ß-Glycerol phosphate to

induce osteogenic differentiation. Cells were stained

with ARS to assess mineralization on the 14th day and

28th day. For quantification of staining, 800 lL 10 %

(v/v) acetic acid was added to each well, and the plate

was incubated at RT for 30 min with shaking. The

monolayer, now loosely attached to the plate, was then

scraped from the plate with a cell scraper (Fisher

Lifesciences) and was transferred with 10 % (v/v)

acetic acid to a 1.5 mL microcentrifuge tube with a

wide-mouthed pipette. After vortexing for 30 s, the

slurry was overlaid with 500 lL mineral oil, heated to

exactly 85 �C for 10 min, and kept in ice for 5 min.

Care was taken at this point to avoid opening the tubes

until fully cooled. The slurry was then centrifuged at

20,000 g for 15 min, and 500 lL of the supernatant

was removed and transferred to a new 1.5 mL

microcentrifuge tube. Then, 200 lL of 10 % (v/v)

ammonium hydroxide was added to neutralize the

acidic environment. In some cases, the pH was

measured at this point to ensure that it was between

4.1 and 4.5. Aliquots (150 lL) of the supernatant were

read in triplicate at 405 nm in 96-well format using

opaque-walled, transparent-bottomed plates (Fisher

Lifesciences).

Real-time reverse transcriptase-polymerase chain

reaction (real-time RT-PCR)

To quantify the difference between the mRNA levels

of osteogenic markers, RUNX2, alkalin phosphatase

(ALP), osteonectin and osteocalcin, gene expression

in USSC on scaffolds was analyzed using real-time

RT-PCR. Total RNA was extracted and random

hexamer primed cDNA synthesis was carried out

using Revert Aid first strand cDNA synthesis kit.

cDNA was used for 40 cycle PCR in Rotor-gene Q

real-time analyzer (Corbett, Australia). Real-time

PCR was performed using MaximaTM SYBR

Green/ROX qPCR Master Mix followed by melting

curve analysis to confirm PCR specificity. Each

reaction was repeated three times, and threshold cycle

average was used for data analysis by Rotor-gene Q

software (Corbett). Relative expression was quantified

using DDCt method. Target genes were normalized

against GAPDH and calibrated to USSC.

In vivo implantation

A rat model (calvarium defect) was used to investigate

the hard tissue response to nHA/GEL scaffold and

DBM in this study because of no fixation requirements
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and easy accessibility. Animal experiments were

approved by the ethical committee of Tehran Univer-

sity of Medical Sciences and were performed in

accordance with the University guidelines.

We used forty-eight 8–10-week-old Sprague-Daw-

ley male rats, weighing 220–250 g. Before the exper-

iment, rats’ health was monitored for 2 weeks. The

rats were obtained from Animal Research Center of

Pasteur Institute, Tehran, Iran. The animals were

divided into four groups, of 12 animals in each. They

were investigated in the periods of 7, 30, and 60 days

after implantation. Group 1 was implanted with nHA/

GEL scaffold, group 2 was implanted with DBM,

group 3 was implanted with HA/GEL nanocomposite

scaffold plus DBM, and group 4—a control group with

no implantation.

All operations were conducted under sterile con-

dition. General anesthesia was induced by injecting

intraperitoneal injection (5 mg/kg body wt) of a 4:1

solution of ketamine hydrochloride and xylazine. The

forehead of each rat was shaved and disinfected with

betadin. Then, a cutaneous flap was created by

making longitudinal incision in the cranial midline

from the nasal bone to the posterior nuchal line.

Periosteum of the calvarium was ablated and a full-

thickness standardized trephine defect, 6 mm in

diameter, was made in the parietal bone bilaterally

as underlying dura was preserved under continuous

saline buffer irrigation. Defect in the right side of

calvarium was filled with nanocomposite scaffolds,

while the defect in left side of midline (control site)

was left empty. All the scaffolds were sterilized using

UV irradiation for about an hour before implantation.

The cavities were covered carefully by replacing the

periosteum and skin which was sutured with resorb-

able suture 4-0 Vicryl. After 7, 30, and 60 days post

implantation, the rats were euthanized by CO2

asphyxiation. The calvarium bone containing the

implanted material and its surrounding bone tissue

were dissected.

Qualitative study

For histological examination, specimens were fixed in

10 % natural buffered formalin for 1 week and were

embedded in paraffin wax. After hardening, sagittal

decalcified ground section (approximately 4 lm thick)

using a microtome was prepared. The sections were

stained with hematoxylin and eosin (H&E). Also 10

sections from each implant were examined and

imaged under a light microscope (Olympus AX-800)

equipped with digital camera (Leica, DC200).

Semi-quantitative study

After staining with H&E and imaging with digital

camera, semi-quantitative survey was performed

based on new bone formation and scaffold reabsorb-

ing. In brief, a repairing score was assigned to each

specimen as follows: bone recovery inside the scaffold

structure: 0 for no repair; 1 for 0–20 %; 2 for

21–40 %; 3 for 41–60 %; 4 for 61–80 %; and 5 for

up to 80 % of the total defect. In order to obtain more

representative results, three histological sections of

each animal were surveyed, and the mean values in all

samples were calculated for each animal. The repair-

ing scores were classified into six categories, consist-

ing of: no (0), very weak (B1), weak (B2), moderate

(B3), strong (B4), and very strong (B5) repairing.

Quantitative study

The area of bone formation within the scaffold and

other groups was determined by histomorphometry

using the formula: B.A./T.A. (Bone area/Tissue area)

on the 30th and 60th days post implantation. Bone area

is the percentage of the area occupied by calcified

bone to the total area. In this study, sections were

viewed at 409 magnification using a light microscope.

Color images were captured using an Olympus BX51

digital camera and analyzed using image tools V3

software. All the results are expressed as mean ±

standard deviation.

Statistical analysis

Graph pad software was applied to calculate and

analyze gene expression, the presence of calcific

deposition by the osteoblast cells and the percentage of

new bone area regeneration. One-way analysis of

variance (ANOVA) was used to compare results and

Tukey–Kramer test was done as multiple compari-

sons post test. P \ 0.05 was considered statistically

significant.
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Results

Characterization of powder and scaffold

The scaffold’s properties were presented in detail in

our previous report (Azami et al. 2010). In brief, we

have shown that with a wet chemical method,

stoichiometric nHA powders with the average crys-

tallite dimensions of 8–16 9 50–80 nm were formed.

It was also shown that simple fabrication method used

in this study yields a 3D scaffold with interconnected

and homogenous pores with pore diameters ranging

from 300 to 500 lm, which fulfills the requirements of

a bone scaffold. Mechanical properties of this scaffold

were similar to that of the spongy bone (Fig. 1;

Table 1).

In vitro results

Alizarin red results

Alizarin red results (ARS) were used to measure

calcium matrix depositions of osteoblast for scaffold,

DBM, scaffold along with DBM, and the control group

on the 14th and 28th days. An ARS–calcium complex

in a chelation process is formed, and end product is

read in triplicate at 405 nm in the 96-well format using

Eliza reader. Results showed higher amounts of

calcium deposition of osteoblasts on the scaffold than

for other groups for both the days. The P value was

\0.0001, considered extremely significant (Fig. 2;

Table 1).

Fig. 1 SEM image of scaffold architecture
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Real-time RT-PCR results

The levels of RUNX2, ALP, osteonectin, and osteo-

calcin gene expression for scaffold, DBM, scaffold

with DBM, and the control group were measured using

real-time RT-PCR, and the results showed that gene

expressions in all the four groups have been decreased.

On the other hand, scaffold had larger expression of

genes than the other groups, and scaffold with DBM

showed less gene expression than the first and the

second groups. The P value\0.0001, was considered

extremely significant (Fig. 3; Table 1).

Qualitative findings

Seven days post-surgery, in the nHA/GEL scaffold

group, the graft was surrounded with blood clots and

loose fibrous connective tissue which had begun to form

a capsule within graft surface. Many scattered blood

cells were observed along with transverse sections of

vessels and cavities containing bone marrow within the

connective tissue. We observed signs of bone formation

on the sidelines and in the center of the cavity filled with

scaffold as small bone islands. No multinucleated or

inflammatory cells were seen in this group. The scaffold

was not biodegraded (Figs. 4a, 5a).

On the same day in the group 2, DBM-implanted

group showed penetration of fibroconnective tissue

into the cavity filled with DBM. New bone formation

was evident, and new bone was seen close to the cavity

margin extending toward the center. Away from the

sidelines few bone islands could be seen in between

DBM. On the edge of bone islands, numerous

osteoblast cells were observed as well as a small

number of osteocytes in the irregular lacuna, with an

average number of cavities containing bone marrow.

Osteoblast cell activity is clearly observed in the

marginalized parts of the new bone. Cartilage tissue

and inflammation response were not observed

(Figs. 4d, 5d).

In the group 3, nHA/GEL scaffold plus DBM, the

graft was surrounded by fibroconnective tissue and the

new bone formation was growing from the edge of

cavity toward the center. Very limited number of bone

islands and cavities consisting bone marrow could be

seen. Cartilages tissue and inflammation response

were not observed. Scaffold was not biodegraded yet

(Figs. 4g, 5g).

In the control group, however, no connective,

cartilage, and bone tissue were observed at this time.

There was no evidence of inflammation (Figs. 4j, 5j).

In group 1, on the 30th day post surgery, loose

fibrous connective tissue and cavities containing bone

marrow had grown more than that on the 7th day

within graft surface. New tissue was extended into the

scaffolds from the edge of defect toward the center. A

few number of bone islands were observed at the

central implant. Newly formed bone along with the

cavities’ bone marrow formed trabecular bone that

contained osteocyte inside the lacuna. Front lines of

Fig. 2 Calcium deposition

by the osteoblast cells in

scaffold, DBM, scaffold

plus DBM, and control and

treatment groups on the 14th

and 28th days. The

difference was extremely

significant (P \ 0.0001)
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osteoblast were observed. Scaffold degradation

advanced in this time but yet scaffold debris was

observed (Figs. 4b, 5b).

In the group 2 at this time, the loose connective tissue

and the volume of new bone tissue had further increased.

It was also seen that bone islands were expanding from

the margins toward the center of the implant. New bone

fragments were surrounded by osteoblast cells, abun-

dance of lacuna consisting of osteocyte within the bone

thickness was observed. At this time, bone tissue looked

spongy and bone marrow cavities further improved as

compared with 7th day (Figs. 4e, 5e).

In the group 3 at this time, the loose connective

tissue and the new bone formation developed from the

Fig. 3 The relative gene

expression of RUNX2, ALP,

osteonectin, and osteocalcin

in scaffold, DBM, scaffold

plus DBM, and control

group on the 21st day. The

difference was extremely

significant (P \ 0.0001)

Fig. 4 H&E-stained histological section (49) of scaffold,

DBM, scaffold plus DBM, and blank group: a on the 10th day

in scaffold, b on the 30th day in scaffold, c on the 60th day in

scaffold, d on the 10th day in DBM, e on the 30th day in DBM,

f on the 60th day in DBM, g on the 10th day in scaffold plus

DBM, h on the 30th day in scaffold plus DBM, i on the 60th day

in scaffold plus DBM, j on the 10th day in scaffold plus blank

group, k on the 30th day in blank group, and l on the 60th day in

blank group

Page 8 of 14 J Nanopart Res (2012) 14:1265

123



margins toward the center of the implant. A few

number of bone island were seen but there was no

considerable bone formation observed as compared

with the 7th day. However, cavities containing bone

marrow had increased considerably in connective and

new bone tissue. It was also observed that the

osteocyte within lacuna in newly formed bone was

very regular (Figs. 4h, 5h).

In the control group at this point of time, loose

fibrous connective tissue was formed. The newly

formed bones were observed mainly on the periphery

of defect toward the center and a few bone islands

formed in the center of defect with a few osteocyte and

bone marrow cavities (Figs. 4k, 5k).

60 days post-surgery in group 1, disappearance of

the loose fibrous connective tissue was observed and

defects were filled with trabecular bone and were

integrated with original bone tissue. Mature mineral-

ized bone with numerous osteocytes within lacunae

was found in the bone. Osteocytes were highly ordered

which is an indication of good development of bone

tissue. The activity of bone formation had caused more

number of bone marrow cavity formations. The

scaffold was completely degraded (Figs. 4c, 5c).

In the group 2 at this time, larger defect area was

repaired via compact and spongy bone tissue (to a

lesser degree) and bone formation had spread much

more from margins to the center of defect. In the

spaces between bone trabecular plenty of cavities

consisting of bone marrow were observed and the

osteoblasts formed regular rows and the osteocyte

within lacuna was more regular. DBM was completely

absorbed (Figs. 4f, 5f).

In the group 3 at this time, dense and loose

connective tissue could be seen on the implantation

site. Bone formation from margin toward the center of

graft and bone islands near the margin and the center

of graft were more than that of 30th day. Compared

with the 30th day, more discipline arrangement of

lacuna consisting of osteocyte were more regular and

the osteoblast were lined regularly at the edge of the

newly formed bones. There were residues of graft in

the defect site (Fig. 4i, 5i).

In the control group, however, loose fibrous con-

nective tissue decreased with respect to the 30th day,

and bone formation and bone marrow cavity partly

increased with a less number of osteocytes within bone

(Figs. 4l, 5l).

Fig. 5 H&E-stained histological section. Upper figures with

109 magnification and bottom figures with 409 magnification

of scaffold, DBM, scaffold plus DBM, and blank group: a on the

10th day in scaffold, b on the 30th day in scaffold, c on the 60th

day in scaffold, d on the 10th day in DBM, e on the 30th day in

DBM, f on the 60th day in DBM, g on the 10th day in scaffold

plus DBM, h on the 30th day in scaffold plus DBM, i on the 60th

day in scaffold plus DBM, j on the 10th day in scaffold plus

blank group, k on the 30th day in blank group, and l on the 60th

day in blank group
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Semi-quantitative study

Based on the scores previously mentioned, bone

regeneration on the 30th days post-surgery in all the

groups was same and scored 1.

Semi quantitative study on the 60th day post-

surgery showed very strong repairing in first group,

strong in second group and weak repairing were

observed in third and fourth groups on the 60th day

post implantation. The difference was extremely

significant (P \ 0/0001) (Fig. 6; Table 1).

Quantitative study

There was no significant difference among the three

aspects of the defect (proximal, middle, and distal),

therefore outcomes were displayed as the average of

all sections.

Fig. 6 Score of bone

regeneration area on the

30th and 60th day post

implantation

Fig. 7 Percentage of new

bone regeneration area on

the 30th and 60th day post

implantation
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In the scaffold group on 30th and 60th day post-

surgery, new bone occupied highest percent of defect

and the least percent of bone regeneration area in

scaffold plus DBM and control group. We also showed

that the presence of the scaffold encouraged bone

healing without requiring the use of pre-seeded cells

on the scaffold or the use of growth factors, which

demonstrated the simplicity of scaffold application

and storage and its low cost. The P value was\0.0001,

considered extremely significant. Variation among

column means is significantly greater than expected by

chance. These data indicated high bone regeneration

in the group 1 and 2 (Fig. 7; Table 1).

Discussion

The aim of this study was to evaluate bone regener-

ation abilities of HA/GEL nanocomposite and DBM,

and HA/GEL nanocomposite plus DBM, and to study

if DBM has synergetic bone regeneration effect on

nHA/GEL scaffold.

Strong bone regeneration ability of nHA/GEL com-

posite scaffold is based on nHA as a major component and

architecture and mechanical properties of the scaffold.

Interestingly, histology and histomorphometry

results in our study on the 60th day showed consid-

erable bone regeneration (88.85 ± 11.02 %) which

was extremely significant as compared with blank

group (5.64 ± 0.27 %).

In the present study, HA particles in the nanocom-

posite scaffold had spherical shape with diameters in

the range of 8–16 nm.

Nanometer grade (0.1–100 nm) HA has higher

surface energy than particles of larger size. High

surface energy results in more chemical reactivity and

possibility of binding between HA and GEL and hence

decreasing the surface energy, and therefore higher

stability of nanoparticles and increase of mechanical

property.

Eventually, a reason for enhancement of phenotype

expression level and biodegradation of nanocomposite

scaffold which correlates with more bone regeneration

in rat is suitable level of Ca2? release (Ca2? homeo-

static concentration range is about 1.1–1.3 mM). nHA

particles have smoother surface and their structural

phase is thermodynamically more stable than micro

ones. Degradation time of nHA is slower than micro

ones and concentration of Ca 2? will be lower than case

of micro ones in environment. These particles result in

enhancement of cell proliferation behavior and there-

fore more suitable phenotype expression level via

internal signal transduction (Askarzadeh et al. 2005;

Kim et al. 2005; Mobini et al. 2008). Ca2? concentra-

tion is reported to be an important factor in the

extracellular signaling (Dvorak and Riccardi 2004).

In our study, nHA in the scaffold had crystalline

structure which decreased biodegradation rate as

compared with amorphous ones. On the other hand,

reports suggest that for nano particles of a particular

size, biodegradation of crystallites may be inhibited

and because of it level of Ca2? could not increase and

reach the suitable level to inhibit apoptosis and trigger

internal signal for proliferation and differentiation.

Besides shape, size and crystalline structure of nHA

particles, good architecture of the bone scaffold

(fibrous pore wall, pore diameter, highly porous and

interconnected structure) affect bone regeneration

potential. Highly porous and interconnected structure

results good cell attachment, proliferation, tissue

growth and adequate nutrient flow (Sicchieri et al.

2012; George et al. 2006; Thein-Han and Misra 2009).

Since most mammalian cells, such as osteoblasts

are anchorage dependent cells, protein pre-absorption

on the scaffold becomes important for attachment,

migration and differentiation to regenerate new bone

tissue. When higher level of protein is adsorbed on the

scaffold, it provides more attachment sites for osteo-

blast. Stronger attachment on the scaffold influenced

enhanced cell proliferation.

In our case fibrous pore wall scaffolds, have much

higher specific surface area than solid ones which

increase the protein absorption capacity much more. The

initial cell adhesion is a direct reflection of cytoskeleton

organization, regulating cellular signal transduction, cell

differentiation and maturation, gene expression and then

the higher possibility of new bone union.

The size of osteoblasts is approximately 10–30

micrometer (Aronow et al. 1990), and cell proliferation

takes place on average pore size of about 50 microm-

eters, while they migrate extensively on larger pores up

to 100 micrometer. Average pore size of greater than

300 micrometer due to the enhanced bone regeneration

and the formation of capillaries has been recommended

(Sicchieri et al. 2012; Akay et al. 2004). In our study,

average pore size was 300–500 micrometer, favorable

for both cell proliferation and migration. Interestingly,

in SEM images, proper pattern of cell penetration in
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pores and cell proliferation on the scaffold were

observed; these findings correlate with in vivo results.

Our earlier findings showed that the DBM bone-

building process can be started at a very early stage.

More bone islands could be seen compared with nHA/

GEL scaffold, on the 7th day. During the first month,

bone regeneration and cavities containing bone mar-

row have shown improvement over that obtained on

the 7th day. Sixteen days after transplantation of

DBM, lesion area had been restored by more compact

and spongy bone tissue (to a lesser degree). In the

spaces between trabecular bones, cavities containing

bone marrow were frequently seen. On the 60th day

post implantation, new bone area formation was less

than that for nHA/GEL scaffold group. Between DBM

with nHA/GEL scaffold and the control group, the

difference was extremely significant (P \ 0.001).

In the early stages of healing, capillary blood

vessels in the lesion margin are growing, and therefore

they have higher blood feeding compared with the

central parts of the lesion. Hence, places with blood

vessels full of blood and rich in oxygen are excellent

for cell differentiation into osteoblasts, and ultimately

into intramembranous osteogenesis, and the places

that face a lack of oxygen induce cartilage-building

(Okamoto and Horisaka 1991; Rabie and Lie Ken Jie

1996).

According to this study, the defect has exactly been

caused at the middle meningeal artery. Good nutrition

and increased oxygen blood pressure at this area

caused cell differentiation into osteoblast, and it also

led to healing at early stages.

It was observed that more bone lesions were

induced at the edges of defect, which marked a sign

of good integrity between the original and the newly

regenerated bone tissue. Although DBM is an osteo-

inductive material, which has BMPs (BMPs 4 and 7),

the bone regeneration ability of DBM was less than

that of nHA/GEL scaffold, because of the absence of a

scaffold-like structure.

Findings from scaffold plus DBM group showed

starting of bone regeneration in 7 days. Also very

limited bone islands in the defect filled with scaffold

plus DBM were seen. 30 days after implantation, very

minor improvement in bone regeneration was observed.

However, bone regeneration further improved in

cavities containing bone marrow.

Although in 60 days post implantation bone regen-

eration had increased, there was no significant

difference with control group at this time (P [ 0.05).

As compared with the scaffold alone, much less bone

regeneration had occured, and it appeared to be

suppressed (mean value 15.37 ± 0.78 % in scaffold

plus DBM group compared to 88.85 ± 11.02 % in

scaffold group, P \ 0.001). Takaoka et al. 1988)

reported similar results. They studied osteoinduction

and bone regeneration of porous HA combined with

BMPs. Some researchers too reported lack of bone

induction in BMPs in combination with HA. They

stated that it could probably be due to lack of

degradation of HA and the strong bonding between

BMPs and HA particles. Alper et al. (1989) studied

bone regeneration HA and DBM and showed that bone

formation has been reduced in HA plus DBM implant.

They concluded that HA suppressed bone formation of

DBM and caused decrease in ALP. It was reported that

bone regeneration was delayed when HA was com-

bined with DBM. They claimed that it is because of

formation of dense fibroconnective tissue and the low

vascular tissue formed inside HA augmentation such

that osteoblast cells had recipient bed problem.

However, there are some studies showing osteoinduc-

tion behavior of DBM combined with HA. Papay et al.

(1996) reported further bone regeneration improve-

ment of DBM combined with HA compared with

DBM-GEL and DBM-bone wax. They related further

bone regeneration to osteoconductive property of HA

and finally osteoinductive property of DBM.

Based on these studies, it can be concluded that

probably the reduced bone regeneration in scaffold

plus DBM group is due to the strong bonding between

BMPs with HA particles of scaffold, as a result of

which biodegradation of scaffold decreased, as seen in

this study, and osteoinduction properties of BMPs in

DBM were limited.

Finally therefore, more studies on synergistic or

suppressive bone regeneration ability of DBM along

with nHA are suggested.

Conclusion

The main aim of this study was to assess bone

regeneration abilities of scaffold, DBM, scaffold plus

DBM, and the rest control or blank group. Alizarin red

test, gene expression, and in vivo results on the 30th

and 60th days post implantation showed more per-

centage of bone regeneration area in scaffold
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compared with DBM and scaffold plus DBM. It could

be said that it is due to the shape and the size of nHA

particles, good architecture of the bone scaffold (pore

diameter, high porosity, interconnected structure, and

fibrous pore wall), and eventually the effect of Ca2?

levels on osteoblasts. Probably, the reduction of bone

regeneration in scaffold plus DBM is due to the strong

bonding between BMPs and nHA particles and

prevention of further scaffold biodegradation.

Finally, based on the obtained results, it is sug-

gested that nHA/GEL scaffold can be considered as an

ideal scaffold in future clinical applications.
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