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Abstract
Introduction: Hydroxyapatite (HA), the main 
mineral component of bone, can be synthesized 
and utilized in the bone lesion treatments because 
of its high bioactivity and osteoconductive 
property. HA extraction from fish bones has 
received special attention given its low cost 
and easier extraction protocol compared to 
other sources. The present study compared the 
biocompatibility and bone repair of commercial 
nano hydroxyapatite (nHA) powder with that 
extracted from carp and human bones in vitro 
and in vivo. 
Methods: First, nHA powders were prepared, and their physical and structural properties were studied 
using XRD, FTIR, FE-SEM and EDS analyses. Next, the powders were used to make porous scaffolds 
for which the physicochemical, structural, mechanical and biological properties were evaluated. The in 
vitro biocompatibility and osteogenic differentiation were tested on MC3T3-E1 cells, respectively, by 
MTT assay in three time periods and Alizarin red staining. Furthermore, the scaffolds were implanted 
after creation of critical-size lesions in the skulls of female rats, and the histological investigation was 
conducted by H&E staining at two time points.
Results: The morphological and phase analyses showed the successful fabrication of porous nHA 
scaffolds with 60.68%, 61.38, and 63.27% for carp, human and commercial nHA scaffolds, respectively. 
The scaffolds showed different biodegradability behavior where the human nHA scaffolds degrade 
more rapidly. The results of mechanical tests indicated that the scaffolds made up of human extracted 
nHA powder had the lowest strength and stiffness (3.13 and 37.37 KPa, respectively). The strength and 
stiffness of the scaffolds fabricated by carp extracted and commercial nHA were 17.14 and 19.01 Kpa, 
and 251.79 and 140.49 Kpa, respectively. The MTT test results showed that the greatest cell viability 
rate was in the carp nHA scaffolds after 10 days (146.08%). Moreover, the AR staining indicated the 
formation of mineralized nodules caused by the scaffolds in all groups. However, the mineralization 
seemed to be superior in human, and carp extracted groups. Furthermore, in vivo in all three groups 
bone repair occurred at the critical-size lesion sites, while scaffolds biodegradation was also observed. 
The scaffolds made up of carp and human nHA exhibited the highest rate of ossification and maturation 
of bone tissue among different scaffolds after 8 weeks. The rate of tissue response to these scaffolds was 
higher than the scaffolds made of commercial nHA after 4 and 8 weeks, postoperatively. 
Conclusion: The carp extracted nHA scaffolds perform comparable to human extracted nHA, and may 
be used for clinical applications.
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Introduction
Large bony defects and critical-size injuries, which 
will not heal during the patient life given the extent of 
damage that the body can repair, are some of the reasons 
for developing bone tissue engineering (TE) strategies.1 
Autografting and allografting are traditional biological 
methods of bone defect management. However, the defect 
size and the host bed viability, limit their application. 
Moreover, because of the unpredictable bone erosion, the 
new bone volume preservation can cause a problem.2,3 
The substitutes provided by tissue engineering may well 
restore or improve tissue function. The 3D scaffolds, as TE 
substitutes, establish a favorable environment to induce 
tissue formation, supporting growth and differentiation 
of cells and finally, regenerated tissue deposition.4 The 
bone scaffolds should be biocompatible, osteoconductive, 
and osteoinductive.5,6 Moreover, an ideal scaffold should 
have open pores with interconnectivity in the structure, 
allowing nutrients to penetrate the scaffold in vitro and 
produce vascularization in vivo.7,8 Ultimately, the scaffolds 
should degrade at a reasonable rate matching the tissue 
formation rate.9

Hydroxyapatite (HA), the most abundant mineral 
in bone structure, is a popular biomaterial for bone 
regeneration. HA exhibits superb bioactivity, relatively 
suitable mechanical characteristics, and favorable 
biological performance. However, the properties of HA 
and its constructs are dependent on its particle size.10 
Nano HA (nHA) crystals have unique physicochemical 
properties compared to micron-size HA particles, 
including high surface area, high solubility, great surface 
energy, and high biological activity. These features 
make nHA highly attractive in bone replacement and 
reconstruction.5 For example, the biocompatibility and 
cytotoxicity of the nHA/polyamide (PA) composite 
scaffolds in direct contact with mesenchymal stem cells 
(MSCs) were evaluated. In addition, the in vivo effects 
such as biocompatibility and osteogenesis in animal 
experiments were studied. The scaffold with 70% 
porosity exerted no negative effect on the MSCs growth, 
proliferation and osteoblastic differentiation, resulting in 
healing of critical-size defects of the rabbit mandible.11 
Furthermore, human fetal osteoblasts were cultured on 
chitosan/nano-hydroxyapatite porous scaffolds, which 
showed increased osteocalcin production on these 
composite scaffolds.12 

The HA can be extracted from natural sources and 
ground to nano size. Natural sources provide advantages 
of biocompatibility and environment friendly.13,14 For 
example, HA extraction from fish bone wastes is cost-
effective with easy manufacturing protocols, which can 
lessen the bone repair or replacement costs.15,16 It has 
been shown that the world fish production, already, has 
exceeded 170 million tons/year, which produces 40-
80% waste, unusably discarded, as stated by the Food 

and Agriculture Organization of the United Nations 
(FAO-2016).15 The lack of no commercially application 
available for the use of these residues leads to pile up 
landfill and ends up with severe health problems.17 On 
the other hand, human extracted HA from cadaver is 
limited and very expensive, and requires many ethical 
approvals. Therefore, it is worthy to find a substitute with 
comparable biocompatibility and bone repair ability to 
that of human extracted HA, and at the same time help in 
waste management and environment.

To the authors' knowledge, HA extracted from carp 
fish has not yet been investigated for its biocompatibility 
and bone repair ability. Therefore, herein, the biological 
efficiency of scaffolds made from carp extracted nHA was 
investigated and compared with that of human extracted 
nHA by in vitro and in vivo experiments. First, the nHA 
powders were synthesized from human extracted, and 
carp extracted HA. Subsequently, porous nHA scaffolds 
were prepared and examined for their physicochemical, 
structural, and mechanical properties. Furthermore, their 
cytotoxicity and osteogenic differentiation in vitro and 
bone regeneration ability in repairing critical-size defects 
in vivo were also assessed.

Materials and Methods
Synthesis of HA powder from carp bone waste
The HA powder was synthesized based on the previous 
study18; briefly, the carp bones were boiled in water for 
about 90 minutes to remove the fat. They were then 
exposed to the air to dry completely. Then, 8g of the 
dried bones was ground in a mortar and put in an electric 
furnace at 700 °C for 5 hours to produce hydroxyapatite.18

Providing commercial & human extracted HA powders
Human and commercial powders were purchased from 
Iranian Tissue Product Company (Tehran, Iran) and 
APATECH Company (Pardis Pajoohesh Fanavaran Yazd 
Co., Iran), respectively. 

Preparation of nHA 
To prepare nanoscale powders, microscopic images were, 
first, taken to study the initial particle dimensions of 
the different HA powders using field emission scanning 
electron microscopy (FE-SEM, MIRA3, TESCAN, Czech 
Republic). Since the dimensions of HA powders extracted 
from humans and carp were larger than 100 nm, a high-
energy planetary ball mill (HEBM) with Teflon cup and 
tungsten ball (Nano shot-Amin Asia, Iran) was used. 
The HA powders extracted from carp and human bones 
were ground for 2 and 60 hours, respectively, at 400 rpm 
using a ball to powder ratio of 20:1, and a rest time of 15 
minutes for a 1-hour rotation. However, after ball milling 
for 60 hours, the dimensions of human HA powder 
were not in nanoscale. Therefore, it was exposed to a 
thermal processing using an electric furnace at 800 °C for 
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1 hour. Then, the furnace door was opened at the high 
temperature (800 °C) to achieve finer powder particles 
by rapid cooling. It is noteworthy that the commercial 
hydroxyapatite powder had nano dimensions. The FE-
SEM images were prepared at the different stages of 
grounding to ensure accurate conversion of particle 
dimensions into nano size. Image J software was used to 
examine the particle size. 

Characterization of powders
X-ray diffraction analysis (XRD)
XRD analysis was used to determine the phases in the 
prepared powders. The analysis was conducted at a 
voltage of 35 kV and a current of 30 mA, using a Cu Kα 
beam and the scanning range of 10-60 degrees (Bruker, 
D8-advance). 
Fourier transform infrared spectroscopy (FTIR)
FTIR was conducted using Bruker-Tensor 27 IR, USA to 
determine the chemical bonds in the powders. The KBr 
powder was used through a standard method to perform 
the test. The spectrum with a resolution of 2 cm-1 was 
obtained in the frequency range of 4000-400 cm-1. 
Scanning electron microscopy (SEM) imaging
First, the HA powders were placed on the foil and 
covered by a thin layer of gold to perform SEM (MIRA3, 
TESCAN) imaging. The images obtained were utilized 
to measure the dimensions of the powder particles using 
ImageJ software.
Measurement of calcium to phosphate ratio
Energy-dispersive X-ray spectroscopy (EDS) was 
performed on the powders (TESCAN MIRA3 LMU) to 
determine the ratio of calcium to phosphorus (by dividing 
the atomic percentage of Ca into P). The EDS elemental 
analysis was performed at 5 points on each powder.

Scaffold Fabrication
To fabricate the scaffolds, the powders were mixed 
with a biner and a sintering process was used.19,20 First, 
5% polyvinyl alcohol (PVA) solution was prepared to 
fabricate the disc-shaped scaffolds from the commercial 
and carp powders, while for making the scaffolds from 
human extracted powder 10% PVA solution was used 
to achieve similar porosity. PVA acts as a binder and 
causes the powder particles to be attached to each other. 
The 5% PVA and 10% PVA solutions were prepared by 
mixing 5 g of the PVA powder with 95 mL of distilled 
water, and 10 g of the PVA powder with 90 mL of distilled 
water, respectively, using a magnetic stirrer at 70°C with a 
rotation speed of 300 rpm. Then, 0.3 g of the nHA powder 
was mixed with 8 drops of 5% PVA solution in the case 
of commercial and carp-derived powders, and 4 drops of 
10% PVA solution in the case of human-derived powder. 
The mixture was then compressed into a plastic mold 
made by a 3D printer. The samples were, finally, sintered 
in an electric furnace for 1 hour at 300 °C (to remove 

PVA) followed by 1 hour at 1100 °C, after their removal 
from the mold. 

Scaffold characterization, porosity measurement, and 
morphology analysis
XRD analysis
Since the scaffolds were sintered in the oven at high 
temperatures (1100 °C), there was a possibility for the 
phase change; therefore, XRD analysis was used again 
to determine the phases in the prepared scaffolds. The 
analysis was conducted at a voltage of 35 kV and a current 
of 30 mA, using a Cu Kα beam and the scanning range of 
10-60 degrees (Bruker, D8-advance).
SEM imaging
The scaffolds were initially coated with a thin layer of gold 
for imaging, which was performed in secondary electron 
mode at a voltage of 15 kV (Philips XL30, Netherland).
Measurement of porosity percentage and density
To determine the porosity, first, the average of diameter 
and height of each scaffold were measured by a caliper. 
Furthermore, the mass of each sample was then measured 
by a sensitive digital scale to calculate the density using 
equation 1.

2   md
r hπ

=                                                                            (1)

Where, d, m, r, and h represent the density, the mass, 
the average radius, and the average height of each scaffold, 
respectively.

Finally, the porosity of each scaffold was calculated 
using equation 2.21-23

% 100 1    dP
p

 
= × − 

                                                          (2)

In the above equation, P indicates the porosity and p is 
the density of hydroxyapatite (3200 kg/m3).
Evaluation of biodegradability in vitro
The in vitro biodegradability of the scaffolds made 
by different nHA powders was evaluated by weight 
measurements before and after soaking into the PBS 
solution up to 41 days, and the degradation ratio (%) was 
calculated using equation 3.

( ) 0

0

  % 100tw wDegradationratio
w
−

= ×                             (3)

In this equation w0 signifies the weight of the scaffolds 
before immersion in PBS and wt denotes the scaffold 
weight after immersion at different time points.
Assessment of mechanical properties
Compression tests were conducted to evaluate the 
mechanical properties of the scaffolds using a Universal 
Testing Machine (UTM, Santam Co., Iran). The loading 
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rate was 1 mm/min to a compressive strain of 80%. The 
stress−strain (σ−ε) curves of the scaffolds were drawn 
by dividing the force to cross-sectional area (to obtain 
σ), and the displacement to initial length (to obtain ε). 
The compressive modulus (E) was then calculated as the 
curve slope of the initial linear region and the ultimate 
compressive strength (UCS) was identified as the 
maximum stress on the curve.

Scaffold sterilization and extract medium
The scaffolds prepared from the powder with an average 
diameter of 7.6 mm and height of 3-4 mm, were washed 
with 70% alcohol, wrapped in foil and sterilized at 100 
°C for 1 hour. After sterilization, two samples from each 
group were immersed in 2.5 mL culture medium in a 24-
well plate for 3 days. The scaffolds were then removed and 
the culture media (extracts) were used for the cellular tests.

Cell culture
First, the MC3T3 cell line (C57BL/6 mouse skull pre-
osteoblast supplied by Sigma Aldrich, Sweden) was 
cultured in Dulbecco's Modified Eagle's medium (DMEM) 
medium.24 To prepare the complete medium, 10% fetal 
bovine serum (FBS) supplied by Gibco Life Technologies, 
100 units of penicillin, 100 μg/mL streptomycin , and 2 
mM glutamine supplied by Gibco Life Technologies 
were added to the culture medium. The cells were then 
cultured in an incubator at a temperature of 37 °C, 5% 
CO2, and 95% humidity. An inverted light microscope 
was used to evaluate the quality of the cultured cells. For 
routine passages, the culture medium was discarded, 
and PBS solution was used to wash the cells, followed by 
trypsinization, centrifugation, and finally transfer of the 
cells to a new flask with a fresh culture medium.

MTT assay 
Biocompatibility was assessed at 3, 5, and 10 days for the 
scaffolds made from carp extracted, human extracted, and 
commercial nano-hydroxyapatite powders. Furthermore, 
a control group was also examined, where the cells were 
cultured in complete culture medium and not exposed 
to the scaffold extract medium. The MC3T3-E1 cells 
were cultured at a rate of 5000 cells per well in a 96-
well plate to reach 80% confluence in 24 hours. The 
culture extract (scaffold culture supernatant) was added 
to the cells, which were then incubated for 3, 5, and 10 
days. The cell viability at these intervals was assessed by 
the MTT (Cell Growth Determination Kit, Sigma Life 
Science) cell proliferation measurement kit according 
to company guidelines. Overall, the culture medium in 
each well was replaced by 100 μL of incomplete culture 
medium, followed by adding 10 μL of MTT solution to 
each well and incubating for 4 hours at 37 °C. At the end 
of the incubation, 100 μL of 0.04 N hydrochloric acid in 
isopropyl alcohol was added to each well, and the formed 

insoluble formazan was dissolved by pipetting up and 
down. Finally, the absorbance was measured at 570 nm 
by ELISA microplate Reader (Synergy H1 Hybrid Multi-
Mode Microplate Reader, BioTek, USA) and viability rate 
(%) was obtained according to equation 4.

( )  % 100sample

control

A
Viability ratio

A
= ×                                     (4)

Where Asample and Acontrol are the absorbances of the 
studying materials and the control (cells alone with on 
scaffold extract), respectively. 
 
Alizarin red assay
Alizarin red (AR) staining, was used to assess calcium 
deposition by cells after 7 days of incubation in an 
osteogenic medium. First, 5 × 103 MC3T3-E1 cells per 
well were cultured in a 24-well plate and it was kept in 
an incubator at 37 °C in CO2 and 95% humidity. After 
forming a cell monolayer (24 h), the scaffold media 
(extracts) along with osteogenic materials (50 µg/mL 
ascorbic acid, and 10mM β-glycerophosphate) (Sigma-
Aldrich, USA)) were added. At the end of the incubation 
time, the cells were fixed with paraformaldehyde (4 v/v%) 
for 15 min at 4 ℃, then washed with PBS and stained 
with 1% (w/v) AR for 40 min at room temperature in 
dark conditions. Lastly, the AR stain was removed from 
the wells, and washing with PBS was done several times 
to remove unreacted AR stain. Finally, the samples were 
observed under a loop microscope.

Animals
The animal study was carried out according to National 
Institutes of Health guide for care and use of laboratory 
animals. All procedures were approved by the ethics 
committee of Semnan University of Medical Sciences 
(permit number: IR.SEMUMS.REC.1398.273). The 
present study used adult female rats with a mean weight 
of 230 ( ± 20) g.

The rats were kept in standard conditions in an animal 
house with free access to water and food. The animals 
(rats) were randomly divided into 4 groups, including 3 
experimental groups (n = 30, 10 animals in each group) 
and one control group (n = 4). Table 1 presents the details 
of the studied groups.

Table 1. In vivo experimental groups by scaffold type and follow-up period

No. Group Time (wk) Number of animals

1 Cavity without scaffold 
(Control)

4
4

8

2 Carp hydroxyapatite 
scaffold

4
10

8

3 Human hydroxyapatite 
scaffold

4
10

8

4 Commercial 
hydroxyapatite scaffold

4
10

8
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Implantation
The scaffolds were implanted in critical-size defects (8 
mm in diameter) of the calvarium of rats. After anesthesia 
using ketamine and xylazine (volume ratio of 8:2 at 
1 mL/kg),25 the animal head was fixed in a stereotaxic 
frame. Using a scalpel, an approximately 1.5 cm incision 
to the periosteum over the scalp from the nasal bone 
to just caudal to the middle sagittal crest or bregma 
was deepened. Then, by laterally counter-traction, the 
calvarium was visualized, and the periosteum covering 
it was divided down the sagittal midline with the scalpel, 
and pushed laterally. Manually, the soft tissues were 
retracted and the underlying bone was exposed. The 
site was irrigated with sterile normal saline. Using a 
surgical drill and an appropriate trephine, the defect was 
formed on the calvarium (craniotomy). The trephine 
and calvarium were irrigated with sterile normal saline 
to lessen the influence of generated heat during drilling. 
Care was taken not to penetrate the calvarium too deeply. 
Trephination, to prevent dura or brain injury, continued 
with a controlled downward pressure. During this 
process, the trephine was withdrawn and the margins of 
defect were evaluated. After adequate drilling, using an 
elevator blade into the margin of defect circumferentially 
around the defect, with slight pressure the defect bone 
was lifted gently with the elevator. Finally, the elevator 
blade was carefully slid under the freed calvarium and 
swept backwards and forwards, releasing the dura from 
the bone underside. The implant was placed at the site of 
the defect, and the scalp was sutured (Fig. 1a). All surgical 
operations were carried out by a single person using 
the same drill and specific drilling speed to minimize 
the subjective bias. Furthermore, the operations were 
conducted in different days (4-5 animals each day) having 

at least one implantation for each group. The order of the 
group implantation was randomly chosen in each day. 

After completion of the surgery, the head was carefully 
cleaned with saline or diluted hydrogen peroxide. The rat 
was transferred to a warmed incubator. After regaining 
full consciousness for about 2 hours and completion of 
observation, the rat was transferred to normal husbandry 
cage and housed individually until tissue harvesting.

Euthanasia and implant harvest
To harvest the tissue, 4 and 8 weeks postoperatively, 
the rats were placed into the induction chamber and 
euthanized using 2 L/min flow of carbon dioxide for 5 
min or until breathing ceased. To ensure death, an animal 
guillotine was used. Finally, a section of the cranium 
containing the implant was removed. 

Histological analysis
The harvested tissues, after fixation in 10% neutral 
buffered formalin solution and decalcification processing 
in 10% formic acid solution, were dehydrated in serially 
increasing ethanol. The dehydrated samples were then 
embedded in paraffin, cut into 5mm thick cross sections 
and stained with hematoxylin and eosin.9 The analyzed 
area in histology is schematically shown in Fig. 1b.

Results 
Characterization of different types of nano 
hydroxyapatite powders
Existing phases
The phase analysis of the calcined carp powder at 700 °C, 
human extracted powder before and after heat treatment 
at 800 °C and the commercial nHA powder was performed 
by the XRD technique. Fig. 2a shows the XRD spectra 
of the HA powders. The XRD spectra of calcined carp 
powder and human extracted powder before and after 
heat treatment well matched with those of HA (reference 
cards of 24-0033, 01-1008, and 34-0010 for carp, human 
and human heat-treated, correspondingly). Traces of 
other calcium phosphate impurities were not found. In 
the HA powders of carp and human heat-treated powders, 
the HA main peaks associated with crystalline planes of 
(211), (112) and (300) diffracted at 2θ about 31.8°, 32.2°, 
and 32.9°, respectively. These peaks have been reported in 
the prior studies on HA synthesis.26,27 Furthermore, these 
powders exhibited well crystallized structures because the 
baselines in their XRD diffractograms are straight and 
the peaks are sharp and narrow. The XRD diffraction of 
human extracted powder before heat treatment, however, 
showed less sharpness in the peaks and has slightly more 
noisy background compared to the other HA powders. 
This implies that the structure was amorphous before heat 
treatment, and it became crystalline after heat treatment. 
As it can be seen in Fig. 2a, the pattern associated with 
commercial powder showed the peaks related to HA, Ca-

Fig. 1. (a) the scaffold implantation into the critical-size lesion (8 mm in 
diameter) created in the rat skull, and (b) schematic of the harvested 
tissue and the region of study.
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deficient HA (calcium hydrogen phosphate hydroxide 
(Ca9HPO4(PO4)5OH)), alpha tricalcium phosphate 
(α-Ca3(PO4)2), and whitlockite (Ca3(PO4)2). These phases 
are shown by triangles (HA), circles (alpha tricalcium 
phosphate), rectangles (whitlockite) and stars (Ca-
deficient HA) in Fig. 2, which are in agreement with 
previous research.16,28-34 The reference cards related to 
HA, Ca-deficient HA, alpha tricalcium phosphate, and 
whitlockite are 01-1008, 46-0905, 03-0681, and 09-0169, 
respectively.
Chemical bonds
Fig. 2b shows the FTIR spectra of hydroxyapatite powder 
extracted from carp and human, and commercial HA. In 
the FTIR spectra of hydroxyapatite powder, there should 
be compounds such as phosphate (PO4

3-), carbonate 
(CO3

2-), and hydroxyl (OH-) ions. The P-O and O-H 
functional groups observed in all hydroxyapatite powders 

indicated the formation or presence of hydroxyapatite. 
In addition, the functional group of CO3

2- was also 
identified in the HA powders extracted from carp and 
humans, indicating the formation of carbonate apatite. 
This is probably as a result of the replacement of OH- and 
PO4

3- with CO3
2- in the hydroxyapatite crystal structures, 

possibly from reacting with CO2 in the air. The presence of 
carbonate in hydroxyapatite is not a concern but actually 
an advantage. Carbonate can act as natural carbonate in 
bone hydroxyapatite, and improve bone biocompatibility 
and osteoconductivity.35-37 The FTIR bands in 632 
cm-1 and 3572 cm-1 belong to hydroxyl groups,16,38 and 
phosphate peaks were identified in the range of 1100-
1030, and at 962, 603, and 473 cm-1 in the hydroxyapatite 
powder extracted from carp.39 The phosphate bands were 
also found in human extracted (559, 607, 1047, and 1093 
cm-1) and commercial (497, 563, 606, 978, and 1037 cm-1) 

Fig. 2. Phases and chemical bonds of different HA powders (a) XRD spectra (triangles, circles, rectangles and stars are indicatives of HA, alpha tricalcium 
phosphate, whitlockite, and Ca-deficient HA, respectively), and (b) FTIR patterns.
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HA powders. The characteristic peaks, usually in the 
range 3412-3440 cm-1, are water molecules,40 observed in 
all hydroxyapatite samples. The weak carbonate-related 
bands appeared in carp extracted hydroxyapatite nearly at 
a range of 1500-1400 cm-1.26,27,41,42 These bonds were more 
evident in human extracted hydroxyapatite, but were not 
detectable in the commercial hydroxyapatite spectrum. In 
addition, another peak related to the carbonate group can 
be detected at around 873 cm-1, which was only observed 
in the FTIR spectra of human extracted hydroxyapatite. 
The band appeared in carp extracted hydroxyapatite at 

1640 cm-1 is related to hydrogen phosphate (HPO4
2-).43 

This peak was also identified in human extracted (1655 
cm-1) and commercial (1629 cm-1) HA. The FTIR peaks 
detected at the range of 2800-3000 cm-1 are related to 
Alkane,16,44,45 which were only observed in human and 
carp extracted hydroxyapatite powders with higher 
intensity in the former. 
Morphology
Fig. 3 shows SEM images of different hydroxyapatite 
powder particles. Fig. 3a indicates the SEM images of carp 
extracted HA powder where the powder morphology is 

Fig. 3. SEM images and particle size distribution of (a) Carp extracted nHA powder; (i) and (ii) before ball milling, (iii-vi) after grinding for 2 hours, and (vii) 
histogram of particle size, (b) Human extracted nHA powder; (i) before ball milling, (ii) 4 hours after ball milling, (iii) 10 hours after ball milling, (iv) 30 hours 
after ball milling, (v) 60 hours after ball milling, (vi) after thermal processing at 800°C for 1 hour, and (vii) histogram of particle size, and (c) Commercial nHA 
powder; (i and ii) as provided particles at 2 different magnifications, and (iii) histogram of particle size.
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shown before ball milling at two different magnifications 
(Fig. 3a (i and ii)). The ground HA powder after two 
hours of ball milling (Figs. 3a (iii-vi)) was identified to 
become completely fine and into nano size. The particle 
size and distribution were 55.55 ± 17.77 nm and 22.5-
127.5 nm, respectively (Figs. 3a (vii)). Fig. 3b (i-vi) shows 
the conversion of human powder particles from micro to 
nano size by the planetary ball mill and thermal processing. 
As it is shown in Fig. 3b (i), the human extracted powder 
had a very large particle size with a completely irregular 
morphology before grinding with a planetary ball mill. 
After ball milling of the powder for 4 (Fig. 3b (ii)) and 
10 (Fig. 3b (iii)) hours, the size of particles decreased, 
but a mixture of fine and relatively coarse particles was 
observed in the powder. After ball milling of the human 
extracted HA powder for 30 (Fig. 3b (iv)) and 60 (Fig. 3b 
(v)) hours, the powder particles became finer and smaller, 
but heterogeneity in the size of the powder particles was 
still evident. Furthermore, as an increase in the particle 
grinding time from 30 to 60 hours did not exert any 
significant effects on the reduction of the powder particle 
size. Therefore, thermal processing was used to further 
grind the powder. Thermal processing at 800°C for 1 hour 
was conducted with rapid cooling, reducing the powder 
size (Fig. 3b (vi)) and homogenizing the particles. The 
particle size and distribution were 178.5 ± 61.41 nm and 
37.5-387.5 nm, respectively, after thermal processing (Fig. 
3b (vii)).

As mentioned in the Methods section, the commercial 
powder was initially purchased in nanoscale, as it can be 
seen in SEM images (Fig. 3c (i and ii)). The particle size 
and distribution were 135.4 ± 78.96 nm and 30.0-410.0 
nm, respectively (Fig. 3c (iii)).
Calcium to phosphorus ratio
The results of EDS analysis identified the calcium to 

phosphorus (Ca/P) ratio (Table 2). The highest Ca/P ratio 
was related to commercial nHA, followed by the carp 
extracted and human extracted (before heat treatment) 
nano-hydroxyapatite powders, respectively. The Ca/P 
ratio increased after heat treatment in the human 
extracted nHA. 

Characteristics of nHA porous scaffolds
Existing phases
Fig. 4 shows the XRD pattern of the porous scaffolds 
sintered at 1100 °C. The peaks appeared for scaffolds of 
carp and human extracted nHA powders represented 
the same characteristic peaks as those of HA powders 
(raw materials) and are in agreement with previous 
studies.46-52 The XRD peaks for carp extracted nHA 
scaffolds conformed to the reference card of 03-0690. 
The diffractogram of human extracted nHA scaffolds 
also matched with reference cards of 34-0010 and 24-
0033. Accordingly, no phase changes occurred following 
sintering in the electric furnace at 1100 ℃. However, in 
the scaffold made from commercial powder, whitlockite 
(reference card of 09-0169) and beta tricalcium phosphate 
(reference card of 03-0690) were observed, implying that 
whitlockite was not transformed, while other calcium 
phosphates including HA, Ca-deficient HA, and alpha 
tricalcium phosphate were all transformed to beta 

Fig. 4. XRD patterns of different nHA scaffolds. The peaks related to the beta-tricalcium are shown with diamonds.

Table 2. Calcium to phosphorus mean ratio in carp extracted, commercial, 
and human extracted nanohydroxyapatite powders

Type of powder Average atomic ratio of calcium 
to phosphorus

Carp 1.56 ± 0.01 

Human (before heat treatment) 0.77 ± 0.35 

Human (after heat treatment) 2.58 ± 0.01 

Commercial 1.78 ± 0.04 
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tricalcium phosphate. The peaks associated with beta 
tricalcium phosphate are indicated by diamonds in Fig. 
4 and are in agreement with previously reported data.53-55

Surface morphology
Fig. 5 shows the SEM images of the surfaces of nano-
hydroxyapatite scaffolds. As shown in the figure, the 
scaffolds of all three groups became completely porous 
after sintering. It has been indicated that the rough 
surface and porosity contribute to the superior biological 
performance of the scaffold and aid in new bone growth.56,57 
As it is evident, the size of the pores in the commercial 
scaffold was slightly larger than those composed of carp 
and human extracted nHA scaffolds.

Physical properties 
According to the findings in Table 3, the scaffolds 
composed of carp extracted nHA had the highest density, 
followed by those composed of human extracted, and 
commercial nano-hydroxyapatite powders, respectively. 

Fig. 5. SEM images of the surfaces of nHA scaffolds fabricated with powders: (a) extracted from carp bone, (b) extracted from human bone, and (c) commercial

Table 3. Physical properties (density, and porosity percentage and pore 
size) in different scaffolds

Type of scaffold Pore size
(μm)

Porosity
(%)

Density
(kg/m3)

Carp 6.91 ± 6.02 60.68 ± 2.36 1258.22 ± 75.82

Human 2.38 ± 4.78 61.38 ± 2.47 1235.6 ± 79.26

Commercial 14.66 ± 13.07 63.27 ± 1.24 1172.93 ± 38.47
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However, the highest mean percentage of porosity among 
the scaffolds of these three powders was related to the 
commercial group. This was followed by human extracted, 
and carp extracted groups, respectively. However, the 
difference between the mean percentage of porosity and 
density among the groups was insignificant. Moreover, 
the commercial group had the largest mean pore size. 
The carp and human extracted nHA scaffolds had smaller 
pores of approximately similar size.
In vitro biodegradability of scaffolds 
The in vitro biodegradability was accomplished by 
soaking the scaffolds in PBS for 41 days at 37 ± 0.5 ℃ 
using a thermostatic oven. The weight changes of the 
scaffolds were calculated and the biodegradability ratio 
was obtained based on equation 3. The biodegradability 
profiles are shown in Fig. 6a. As it can be seen the scaffolds 
made up of human extracted nano-hydroxyapatite 
powder revealed a faster degradation rate, while the 
other two groups had slower degradability. The scaffolds 
made up of carp extracted and commercial HA started to 
degrade at day 24 and day 37, respectively. The means of 
degradability% were 16.75%, 1.13%, and 0.64%, in respect, 
for human, carp and commercial groups at day 41. 
Mechanical properties of scaffolds
The mechanical strength and stiffness of the scaffolds 
were measured and the results are presented in Fig. 6b. 
The results indicated that the scaffolds made up of human 
extracted nano-hydroxyapatite powder had the lowest 
UCS (3.13 KPa) and E (37.37 KPa). Therefore, these 
scaffolds were very soft. However, those fabricated by 
carp extracted and commercial nano-powders showed 
higher strength, but comparable to each other (17.14 
and 19.01 Kpa, respectively). The elastic moduli were 
also higher in carp and commercial groups, with greatest 
value obtained for the scaffolds made up of carp extracted 
nano-hydroxyapatite powder (251.79 Kpa). These results 
are in agreement with the findings of our biodegradability 
test where the scaffolds in human group degraded more 
rapidly in comparison with carp and commercial groups.

Cytotoxicity of nHA scaffolds
The MC3T3-E1 cell viability was assessed by MTT assay 
after 3, 5, and 10 days of culture. Fig. 7a shows the cell 
viability (in percentage). As shown in this figure, the 
viability percentage was high in the initial exposure to the 
studied materials (111.3, 100.8 and 116.3 for carp, human 
and commercial groups, respectively). The commercial 
group exhibited the highest mean viability percentage at 
day 3 compared to other time points. The same trend was 
observed for the viability rate after 5 days. The highest 
viability percentage was shown in the scaffolds composed 
of carp extracted nHA (146%) after 10 days, which was 
the highest value in all groups at different time points. 
Analysis of variance showed that time and material*time 
variables exerted significant effects on the rate of viability 
(P-values of 0.002 and 0.039, respectively). Furthermore, 
Tukey analysis as a pairwise comparison test is presented 
in Fig. 7a. The groups that do not share a letter are 
statistically significant.

Matrix Mineralization using Alizarin Red
Fig. 7b displays the calcium deposition and mineralization 
of MC3T3-E1 cells in the osteogenic cell culture medium 
at day 7. The results of AR staining indicated the formation 
of mineralized nodules caused by the scaffolds in all 
groups. However, the intensity of red color was higher in 
human, and carp extracted groups.

Histology
The ability of the scaffolds to allow new bone formation in 
critical-size calvarial lesions was examined by hematoxylin 
and eosin staining (Fig. 8).
The bone regeneration in different groups 4 and 8 weeks 
postoperatively
Fig. 8a indicates the regeneration of bone in the defect 
sites after 4 weeks in rats of different groups. Bone 
regeneration was completely done in all three groups of 
carp, human, and commercial scaffolds, and there were 
no defects without new bone formation. The osteocytes, 

Fig. 6. (a) Biodegradability, and (b) Mechanical properties of the scaffolds. The groups (bars) that do not share a letter are statistically significant.
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arteries, and bone tissue were clearly visible. Another 
noteworthy point was the complete formation of mature 
bone tissue and the observation of bone marrow and 
blood vessels generation in human extracted nHA 
scaffolds. Bone islands were observed in addition to 
bone mature tissues in carp and commercial groups. 
Concerning the degree of inflammation, histological 
examination showed no neutrophils or lymphocytes, 
confirming the high biocompatibility of the scaffolds in all 
three groups. Furthermore, there was no tissue formation 
in the untreated defect groups 4 weeks postoperatively. 
Another important point was that, by visual inspection 
of the implanted area, it was observed that the scaffolds 
in all groups were biodegraded, with a much lesser rate 
of biodegradation observed in the commercial nHA 
group. The in vivo biodegradation seemed to be highest 
in the human group, followed by the carp and commercial 
groups. Indeed, it appeared that the amount of remaining 
scaffold was the lowest in the human group.

Fig. 8b indicates the regeneration of bone after 8 
weeks in the skull of the rats in different groups. The 
mature bone tissue was thoroughly formed and filled 
the defects in all three groups. The osteocytes and blood 
vessels were visible in all groups. Moreover, the lamellar 
(layered) structure of bone tissue was evident in the carp 

and human groups, indicating that the regenerated bone 
tissue was more mature in these two groups than in the 
commercial group. The histological observation on the 
inflammatory cells was similar to the results of different 
groups 4 weeks after surgery (no inflammatory cells were 
detected). Furthermore, there was no tissue formation 
in the untreated defect groups 8 weeks postoperatively. 
In addition, according to the visual inspection of the 
implanted area, a quite high remaining material of the 
scaffolds from the commercial group was still observed 
at the site of the lesions. However, the remnants of the 
scaffolds in the other groups (carp and human) were very 
negligible.
Qualitative comparison of bone regeneration 4 and 8 weeks 
after implantation
According to the morphologic comparisons of osteocytes 
in the two time points, the 8-week groups exhibited 
more elongated osteocytes and lacunae around them, 
indicating greater maturity of these cells. Furthermore, 
the bone islands changed into the integrated mature bone 
tissues over time in the commercial and carp groups. The 
lamellar structure was observed in bone tissues of the 
human and carp groups, indicating its greater maturity 
than the 4-week groups and the positive effect of time on 
the maturity of the regenerated bone tissue.

Fig. 7. (a) Mean viability rate (%) in carp, human, and commercial groups after 3, 5, and 10 days, and (b) Cell mineralization after 7 days, stained by AR. 
The groups (bars) that do not share a letter are statistically significant.
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Discussion
Nano-hydroxyapatite has been considered in the 
treatment of bone lesions or in the implant manufacture 
because of its superior biological performance (compared 
to the micro size), including osteointegration and new 
bone formation. The planetary ball mill was used in the 
present study to grind the carp extracted hydroxyapatite 
powder particles, resulting in the formation of 
nanoparticles after 2 hours. However, thermal processing 

of the powder was also required in addition to ball milling 
(60h) to obtain nanoparticles in the case of human 
extracted hydroxyapatite powder. The obtained particle 
sizes were 55.55 ± 17.77, 178.5 ± 61.41 and 135.4 ± 78.96 
nm, respectively for carp and human extracted and 
commercial nHA powders. Here, the average atomic ratio 
of calcium to phosphorus of carp extracted nHA, human 
extracted nHA after heat treatment and commercial nHA 
were 1.56, 2.58, and 1.78, respectively. The Ca/P ratio is 
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Fig. 8. H&E images in different groups after (a) 4 weeks, and (b) 8 weeks. S: Scaffold, OS: Osteocytes, BV: Blood vessels, B: Bones, BM: Bone marrow, 
RBC: Red blood cells.
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important in the formation of apatite and new bone for 
which the molar ratio should be 0.58-2.34 (theoretically 
1.67).58 The previous EDS analyses showed that the calcium 
to phosphorus ratio for carp extracted hydroxyapatite 
was 1.65 at the temperature of 950°, very close to the 
results of the present study.16 The bone scaffolds with 
similar porosity were prepared from three nano-powders, 
because it has been shown that the degree of porosity 
affects the biological behavior of the scaffolds and bone 
substitutes.56,59 One important factor in the success of 
implanted scaffolds is the initial mechanical stability at 
the defect site, which could be provided by the rough and 
porous surfaces of the scaffolds (as shown in the SEM 
images) in all the groups studied here. The mechanical 
strength and stiffness of the scaffolds made up of human 
extracted nano-hydroxyapatite powder were the lowest. 
However, the scaffolds fabricated by carp extracted and 
commercial nano-powders showed higher strengths, and 
elastic moduli. The stiffest scaffolds were those built from 
carp extracted nano-hydroxyapatite powder. The results 
obtained here, are in agreement with the biodegradability 
findings where the scaffolds in human group degraded 
more rapidly in comparison with the two other groups.

According to the MTT test results in this study, the 
scaffolds made from all three types of nano-hydroxyapatite 
powders including human, carp, and commercial powders 
exhibited appropriate biocompatibility and survival, with 
the highest cell viability seen in the carp nHA scaffolds 
after 10 days. The results of this study are consistent 
with the previous studies on the biocompatibility of the 
scaffolds made up of hydroxyapatite.60,61 For example, 
Muhammad et al60 investigated the biocompatibility 
of fish scales extracted HA by MTT cell viability assay 
using Human Embryonic Kidney 293 cells (HEK cells) 
and epidermoid carcinoma cells (A431 cells). According 
to their results, the cell viability was greater than 100% 
for both cell lines. Furthermore, the results of in vitro 
matrix mineralization by Alizarin red staining showed the 
formation of mineralized nodule in all groups. However, 
calcium deposition appeared to be higher in human and 
carp groups.

The examination of the biological performance of the 
scaffolds made from nano hydroxyapatite in the in vivo study 
provides preliminary evidence on the formation of bone 
tissue. All nHA scaffolds induced complete regeneration 
of bone lesions in in vivo experiments. Interestingly, there 
was no inflammation around the implanted scaffolds, 
indicating their high biocompatibility. Usually, a local 
inflammatory reaction is observed after implantation of 
orthopedic devices in response to invasive surgery and 
the presence of a prosthesis.62 The first contact with the 
scaffold in the tissue leads to absorption of the protein and 
formation of a protein layer activates a series of complex 
controlled responses, including the coagulation cascade, 
complement system, platelets, and immune cells.63 This 

leads to an inflammatory reaction, which should not 
turn into chronic inflammation, anaphylactic reactions, 
and consequently loss of body function.64 The current 
study demonstrated no evidence of chronic inflammation 
at histology. In addition, the formation of osteoblast 
lines, lacunar osteocytes, trabecular and lamellar bone 
structures, bone marrow, and blood vessels indicated bone 
regeneration, remodeling, and vascular restoration after 
4 and 8 weeks, postoperatively. In all the study groups, 
bone defects were completely filled with the regenerated 
bone, with more new bone of higher quality in human 
extracted nHA after 4 weeks post-surgery. However, the 
differences between the groups became negligible at week 
8. Time exerted a positive effect on bone tissue maturation 
(elongated osteocytes with lacunae, integration of bone 
islands, and lamellar bone). Bone regeneration at the 
critical-size lesion site was complete in all groups, and 
a very small volume of these materials was observed in 
the histological examination as demonstrated by the 
high biodegradation rate of the implanted scaffolds. This 
contrasts with the characteristics of many materials 
proposed for bone tissue regeneration, such as polylactic 
acid and polycaprolactone, which had a much lower rate 
of degradation.65,66 Furthermore, the observed in vivo 
degradation rate appeared to be higher rather the in vitro 
degradation in PBS. After 4 weeks postoperatively, very 
small magnitude of the scaffolds made from human and 
carp extracted powders remained at the defect sites, and 
after 8 weeks the remnants of these scaffolds were very 
negligible. While, in vitro, the means of degradability% 
were 16.75%, 1.13%, and 0.64%, in respect, for human, carp 
and commercial groups at day 41. The difference between 
the in vivo and in vitro degradation rates can be attributed 
to the activity of osteoclasts in vivo. In one study,67 the 
in vivo degradation mechanism of hydroxyapatite 
implanted into sheep bones, was investigated using 
transmission electron microscopy (TEM). Their finding 
identified that the osteoclast-mediated degradation of 
the implanted HA occurred by concurrent resorption 
and phagocytosis. The authors observed that osteoclasts 
accumulated closely underneath the HA surface, after 6 
weeks of implantation, forming the resorption lacunae 
and showing ultrastructural characteristics including the 
ruffled border, the clear zone, and the dorsal microvilli. 
Furthermore, it has been indicated that the Ca/P ratio 
and the associated impurities in the calcium phosphate 
substitutes can influence the in vitro biodegradation 
of HA.68 Another reason for dissimilar degradation rat 
between different HA scaffolds may be associated with 
being synthetic or natural, and the method and source 
from which the HA was extracted.69,70 

Previous studies on carp extracted hydroxyapatite 
concentrated mainly on the method of hydroxyapatite 
extraction from carp bone as well as the chemical and 
physical properties of the extracted material, and no 
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research has been conducted on its use in animals.18,71,72 
In this study, for in vivo analysis, the bone repair at the 
defect site was evaluated through H&E staining. However, 
it would be interesting to further analyze the new bone 
formation by immunochemistry and molecular tests, to 
identify osteogenic and angiogenesis markers and genes. 
These could be an additional confirmation for histological 
analysis. 

Conclusion 
This study, first, the nano hydroxyapatite powders (carp 
extracted, human extracted, and commercial) were 
prepared, characterized and used to make bone repairing 
scaffolds. The scaffolds were subsequently examined 
for their physicochemical and mechanical properties, 
cytocompatibility, cell differentiation and in vivo 
ossification. All scaffolds had similar porosity, but different 
mechanical and degradability behavior. The human nHA 
scaffolds had the lowest strength and stiffness, and degrade 
more rapidly. The strength of the scaffolds fabricated by 
carp extracted and commercial nHA was higher and close 
to each other, while the stiffness was highest for the scaffolds 
made from carp extracted nHA. Furthermore, all scaffolds 
were cytocompatible, where the greatest cell viability rate 
was in the carp nHA scaffolds after 10 days. Besides, the cell 
mineralization occurred in all scaffold groups, however, 
calcium deposition appeared to be higher in human and 
carp groups. The scaffolds composed of carp and human 
bone powders had the highest rate of ossification and bone 
maturation 8 weeks after surgery. The tissue response rate 
to these scaffolds was higher than that of commercial nHA 
powder at both 4 and 8 weeks postoperatively. Therefore, 
these scaffolds can be promising for clinical applications. In 
addition, the carp-extracted nano-hydroxyapatite powder 
can be used for scaffolding and coating of orthopedic and 
dental implants.
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