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Introduction

Bone defect is a serious condition caused by pathological 
circumstances.1,2 Bones can heal themselves through 
self-healing mechanisms. However, this mechanism is 
inconvenient for large gap sizes, leading to various com-
plications. Bone grafting is a surgical procedure that 
accelerates bone growth in the defect area by using bio-
materials.1,3 It is known that the inflammatory response is 
one of the critical defence mechanisms involved in bone 
grafting.3 It is reported that chronic inflammation caused 
delay the bone remodelling and lead to bone healing fail-
ure by increasing fracture healing time and the rate of 
complications.4–6

Macrophage polarisation is one event that modulates 
the inflammatory response. Polarised macrophages are 
calcified into classically activated macrophages (M1) and 
alternatively activated macrophages (M2).7 To prevent 

Bovine hydroxyapatite-based scaffold 
accelerated the inflammatory phase and 
bone growth in rats with bone defect

Maria Apriliani Gani1, Aniek Setiya Budiatin2, Dewi Wara Shinta2 ,  
Chrismawan Ardianto2 and Junaidi Khotib2

Abstract
Hydroxyapatite (HA) is a biomaterial widely used to treat bone defect, such as due to traffic accident. The HA scaffold 
is obtained from synthetic HA or natural sources, such as bovine hydroxyapatite (BHA). This study aims to compare 
the characteristics and in vivo performance of BHA-based and HA-based scaffolds. For this purpose, the scaffold was 
formulated with gelatin (GEL) and characterised by SEM-EDX, FTIR and mini autograph. The defect model was carried 
out on the femur area of Wistar rats classified into three animal groups: defect, HA-GEL and BHA-GEL. Postoperatively 
(7, 14 and 28 days), the bone was radiologically evaluated, and stained with haematoxylin–eosin, anti-CD80 and anti-
CD163. The BHA-GEL scaffold showed a regular surface and spherical particle shape, whereas the HA-GEL scaffold 
exhibited irregular surface. The BHA-GEL scaffold had higher pore size and compressive strength and lower calcium-to-
phosphorus ratio than the HA-GEL scaffold. In vivo study showed that the expression of CD80 in the three experimental 
groups was not significantly different. However, the expression of CD163 differed significantly between the groups. The 
BHA-GEL group showed robust expression of CD163 on day 7, which rapidly decreased over time. It also showed 
increased osteoclasts, osteoblasts and osteocytes cell count that contributed to the integrity of the defect area. In 
conclusion, the BHA-based scaffold exhibited the desired physical and chemical characteristics that benefit in vivo 
performance versus the HA-based scaffold. Thus, the BHA-based scaffold may be used as a bone graft.
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implantation failure, a bone scaffold should not induce a 
chronic inflammatory response. This can happen by the 
abundant presence of M2 cells in the early stages of 
inflammation.7,8 It is reported that robust expression of M2 
surface marker at the early stage controlled the inflamma-
tion at later time points.9 In addition to the inflammation 
phase, bone remodelling also plays an important role in 
bone tissue reconstruction.10 A scaffold should possess 
osteoconductivity properties, which induce bone growth at 
the defect area. This is mediated by the remodelling pro-
cess, such as migration of bone cells to the defect site, 
which subsequently causes osteogenic differentiation and 
induces a series of molecular actions that accelerate bone 
growth in the defect area.11,12

Hydroxyapatite (HA) is a material widely used as a 
bone graft.13 It is a calcium phosphate derivative with a 
chemical formula and properties similar to inorganic min-
erals found in bones and teeth.14,15 Synthetic hydroxyapa-
tite has been produced with a wide range of physicochemical 
properties. This difference in characteristics aims to pro-
vide the best therapeutic outcomes when HA is used as a 
bone graft.16 However, autologous bone grafting is still the 
gold standard in clinical use. The application of autolo-
gous bone graft induced bone growth, did no harm to the 
patient and gave superior outcomes compared to synthetic 
graft.17,18 However, because the material is obtained from 
the patient’s body, the availability of bone for this graft is 
very limited, and morbidity is often found at the bone 
donor site.17

Bovine hydroxyapatite (BHA) is natural hydroxyapa-
tite extracted from bovine bone.6,19,20 BHA has similar 
characteristics to human bone, one of which BHA contains 
a carbonate substitution group similar to human HA, which 
is not found in synthetic HA.19,21 It has been reported that 
HA-containing carbonate (carbonated HA) increases oste-
oblast proliferation, thereby accelerating the synthesis of 
new bone.22,23

Based on our preliminary study, BHA as a single mate-
rial exhibited physical and chemical characteristics that 
may contribute to the osteoconductivity properties of 
BHA-based scaffolds.19 Therefore, an in vivo comparative 
study of BHA-based and HA-based scaffolds was con-
ducted. Calcium phosphates are known as brittle materials. 
Because of this, the mechanical stability of these materials 
and other characteristics should be a concern before imple-
mentation in vivo. In this study, BHA/HA was formulated 
with gelatin (GEL) as the bone scaffold.3,24–26 The addition 
of GEL helps in increased the compressive strength of bio-
materials, In general, the addition of polymers such as 
gelatine (GEL) helped increase the compressive strength 
and resulted in a controllable degradation rate of the scaf-
fold.27,28 The aim of this study was to investigate the in 
vivo performance of the BHA-based scaffold, specifi-
cally inflammatory response through M1 and M2, and 
osteoconductivity.

Material and methods

Scaffold fabrication

BHA powder was previously extracted from bovine as pre-
vious report.19 Briefly, the bovine bones were cut and 
boiled in the opened chamber, followed by boiling in a 
pressurised tank. The bones were then soaked into 95% 
ethanol. After that, calcination was then conducted in 
1000°C for 2 h to produce BHA powder. BHA and HA 
powder (cas number 1306-06-5) were used as the main 
materials of the scaffolds. The average hydrodynamic par-
ticle size of BHA and HA were 4074 ± 622 nm and 
7366 ± 875, respectively. The particle shape of BHA was 
irregular, while HA was round.

Two scaffolds, namely BHA-GEL and HA-GEL, were 
fabricated. Briefly, distilled water was heated at 37°C 
using a water bath. GEL type B (Cartino, Samut Prakan, 
Thailand) (2 g) was added to heated distilled water 
(10 mL), and the mixture was stirred. Subsequently, BHA 
or HA (10 g) was added to 5 mL of previously prepared 
20% GEL solution. The mixture was stirred and sieved 
using a mesh (size: 1.0 mm) and dried at 37°C. The gran-
ules (25 mg) were moulded into an implant (diameter: 
2 mm) using a hydraulic press (2 ton; Graseby-Specac 
Ltd., Orpington, Kent, UK).

Scaffold characterisation

Pore size, morphology and calcium-to-phosphorus (Ca/P) 
ratio of the scaffold were examined using a scanning elec-
tron microscope connected with energy dispersive X-Ray 
spectroscopy (SEM-EDX, Inspect-S50; FEI, MA, USA). 
Pore size was determined based on SEM images with the 
help of ImageJ 1.52a software (National Institutes of 
Health, Bethesda, MD, USA), while Ca/P ratio was deter-
mined EDX results (three spectrum for each sample). The 
compressive strength of each scaffold (n = 5) was exam-
ined using a mini autograph (Original Equipment 
Manufacture; Autograph Microcomputer Control 
Universal Testing, LoadCell, YXC-1B, speed 5 mm/min). 
At the point of sample breakage, the compressive strength 
data were recorded automatically through software con-
nected to a computer. The compressive strength was calcu-
lated as follows:

 
Compressive strength N mm  

 Force Newton  Surface are

2/

/

( )
= ( ) aa mm2( )  (1)

The compressive strength of HA and BHA scaffolds 
was also determined to examine the effects of gelatine 
addition in each scaffold. Moreover, the chemical func-
tional groups of each scaffold were examined using 
Fourier-transform infrared spectroscopy (FTIR, Bruker 
Alpha II; MA, USA).
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Animals

The in vivo model was carried out using 36 male Wistar 
rats (Rattus norvegicus) (250–300 g) provided by the 
experimental animal centre of Faculty of Pharmacy, 
Universitas Airlangga. The rats were previously adapted to 
the laboratory environment and were housed under stand-
ard laboratory conditions on a 12 h light-dark cycle. All 
animal experiments were performed in accordance with 
the guidelines of the Animal Ethics Committee, Faculty of 
Veterinary Medicine, Universitas Airlangga, Surabaya, 
Indonesia. Rats were randomised into three groups (n = 12 
per group). The first group did not receive a scaffold 
(defect group), the second group received the HA-GEL 
scaffold (HA-GEL group), and the third group received the 
BHA-GEL scaffold (BHA-GEL group). For in vivo use, 
scaffolds were sterilised by using ultraviolet light for sev-
eral hours. All experimental animals were anaesthetised 
with a combination of ketamine (35 mg/kg, intraperito-
neally) and xylazine (2.5 mg/kg, intraperitoneally). 
Subsequently, the area of the femur was shaved and an 
incision was performed. The distal area of the femur was 
drilled (diameter: 2.2 mm, depth: 2.0 mm) and the scaffold 
(HA-GEL or BHA-GEL) was implanted accordingly. The 
wound was sutured, disinfected with povidone-iodine, and 
covered with gauze. Ampicillin (25 mg/kg, intraperito-
neally) was administered to prevent infection. Wound care 
was carried out for 7 days postoperatively or until wound 
healing. The rats were sacrificed on days 7, 14 and 28 by 
an overdose of propofol (600 mg/kg, intraperitoneally). 
The femur was removed and preserved through immersion 
in 10% formalin solution for ⩾3 days.

Haematoxylin–eosin staining

Haematoxylin–eosin (HE) staining was carried out to 
observe the bone cells (osteoclasts, osteoblasts and osteo-
cytes) using standard procedures based on our previous 
studies.3,29 The femur was decalcified with 10% ethylen-
ediaminetetraacetic acid solution (pH 7.4, room tempera-
ture), which was changed every 3 days for 2 months. The 
decalcified bone samples were implanted in a paraffin 
block. Briefly, the paraffin blocks were prepared by dehy-
drating the tissue with ethanol (70%–100%, 60 min each). 
Next, cleansing was performed with xylol (thrice, 15 min 
each), and liquid paraffin infiltration was conducted with 
transfer performed thrice (60 min each, in an incubator at 
60°C). The tissue was subsequently immersed in liquid 
paraffin and cooled at room temperature. Moreover, the 
tangential longitudinal section was made on paraffin 
blocks by using a rotary microtome (thickness: 4–6 μm).

HE staining was performed by dipping the histological 
slide in xylol thrice (5 min each), hydration with alcohol 
70%–96% (2 min each), and rinsing under running water 
(10 min). The slide was soaked in Mayer’s haematoxylin 
(15 min), rinsed under running water, and placed in 1% 

eosin solution (30 s). The slide was subsequently dehy-
drated through immersion in alcohol 80%–96% thrice 
(15 min, each) and mounted using an EZ mount.

Immunohistochemistry staining

Immunohistochemistry (IHC) staining was carried out to 
examine the expression of M1 and M2 surface markers. 
The procedure was conducted based on our previous stud-
ies.3,29 Briefly, prior to IHC staining, the histological slide 
was deparaffinated using xylol (thrice, 5 min each), rehy-
drated using alcohol (70%–absolute, 4 min), and rinsed 
under running water (5 min). Subsequently, the slide was 
blocked using endogenous peroxide 0.5% (5 min) and 
rinsed with running water (5 min). Furthermore, antigen 
retrieval was carried out using a decloaking chamber; the 
slide was cooled for approximately 20 min, washed with 
phosphate-buffered saline (PBS; 3 min), and snipper 
blocked for 15 min. The slide was incubated with rabbit 
anti-rat CD80 (Bioss, Cat# bs-2211R, 1:250 dilution) or 
rabbit anti-rat CD163 (Bioss, Cat# bs-2527R, 1:250 dilu-
tion) for 60 min, and washed with PBS (3 min). Moreover, 
universal linking was carried out on the slide (20 min), 
followed by washing with PBS (3 min). Next, Trekavidin- 
horseradish peroxidase labelling was conducted on the 
slide (10 min), followed by washing with PBS (3 min). 
The slide was reacted with Chromogen DAB + Buffer 
Substrate (2–5 min) and washed with running water 
(5 min). The slide was counterstained with haematoxylin 
(1–2 min) and washed twice under running water (5 min 
each). Subsequently, the slide was dehydrated with alco-
hol (70%–absolute, 5 min), cleansed with xylol (thrice, 
5 min each), mounted (EcoMount), and covered with a 
cover glass.

Histophotometric quantification

Histophotometric quantification was conducted by an 
investigator who was blinded to the group allocation by 
observing the histological slide under a microscope 
(CX22LED; Olympus, Tokyo, Japan) at a magnification of 
400×. The number of osteoblasts, osteoclasts and osteo-
cytes in the slide was counted based on the number of each 
cell in five different fields based on the morphology of 
each cell. Moreover, the expression of CD80 and CD163 
was presented as immunoreactive score (IRS). Cell counts 
and IRS value were presented as mean ± standard error of 
the mean.

Radiology examination

The bone integrity was examined through X-ray radiogra-
phy and analysed using the ImageJ 1.52a (National 
Institutes of Health, Bethesda, MD, USA) software. With 
an 8-bit colour depth, the colour threshold of the images 
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was set between 56 and 87 to clarify bone growth at the 
defect site.30

Statistical analysis

The Shapiro–Wilk test was used to determine the normal-
ity of data distribution. Meanwhile, a heterogeneity test 
was carried out using Levene’s test to determine the data 
variance. Mann–Whitney analysis was used to assess the 
significance of the scaffold characteristic data. In vivo data 
were analysed using the Kruskal–Wallis test. All statistical 
tests were performed using the SPSS version 24.0 (IBM 
Corporation, Armonk, NY, USA) software.

Results

Scaffold characteristics

Physical and chemical characteristics are the factors that 
determine the osteoconductivity of a bone scaffold. We 
observed the following physical characteristics of the 
HA-GEL and BHA-GEL scaffolds: surface morphology, 
pore size and compressive strength. In terms of the surface 
morphology, the HA-GEL scaffold had an irregular surface, 
whereas the BHA-GEL scaffold had a more regular surface 
and each particle tended to be spherical (Figure 1). The 
BHA-GEL scaffold had higher pore size and compressive 
strength compared to the HA-GEL scaffold. The pore size of 
the HA-GEL and BHA-GEL scaffolds was 0.361 ± 0.036 μm 
and 0.633 ± 0.089 μm, respectively (Mann–Whitney U test, 
p = 0.035; Figure 2(a)). The compressive strength of 
HA-GEL and BHA-GEL scaffolds was 40.766 ± 4.513 MPa 
and 61.714 ± 6.163 MPa, respectively (Mann–Whitney U 
test, p = 0.041; Figure 2(b)). Furthermore, this study also 
proved that the addition of GEL increases the compressive 
strength of the scaffolds. Scaffolds containing no GEL had 
lower compressive strength than those containing scaffolds 
(Mann–Whitney U test, p < 0.041; Figure 2(b)).

The present study also evaluated the chemical charac-
teristics of BHA-GEL and HA-GEL scaffolds. It was 
shown that all materials had carbonate and phosphate 
groups present at a wavenumber of 1455 cm−1 and 1000–
1100 cm−1, respectively (Figure 3). Moreover, the addition 
of GEL added the absorption region of wavelength 1575–
1480 cm−1, which corresponds to the amide II functional 
group (Figure 3). This study also examined the Ca/P ratio 
of BHA-GEL and HA-GEL scaffolds (Figure 4, Table 1). 
The Ca/P ratio was calculated based on the percentage of 
calcium and phosphorus obtained from three different 
spectra. According to the results, the BHA-GEL scaffold 
had a lower Ca/P ratio than the HA-GEL scaffold (Mann–
Whitney U test, p < 0.0001; Table 1).

In vivo performance

To assess the in vivo performance, HA-GEL and BHA-
GEL scaffolds were implanted into Wistar rats for 7, 14 
and 28 days. Based on the present study, the experimental 
animals experienced weight loss immediately after the sur-
gery. However, subsequently, the growth of the animals 
was normal based on their bodyweight (Figure 5). There 
was no significant difference in the bodyweight between 
the three animal groups at all time points.

Based on the results of histological staining with anti-
CD80, the group of animals in which biomaterials were 
implanted exhibited high expression of CD80 on day 7; 
nevertheless, these levels were decreased on days 14 and 
28 (Figure 6(a)). However, there was no significant differ-
ence in the IRS for CD80 at the three examined time points 
(Figure 6(b)). Notably, based on the results, the expression 
pattern of CD163 in the defect group was uncertain. 
Quantitative data also supported this finding; the IRS for 
CD163 in this group did not differ significantly between 
days 7, 14 and 28. On the other hand, the HA-GEL and 
BHA-GEL groups exhibited a more regular pattern of 
CD163 expression; the expression of this protein decreased 

Figure 1. Surface morphology of the HA-GEL (a) and BHA-GEL (b) scaffolds observed using SEM with 10,000× magnification.
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Figure 2. Pore size (a) and compressive strength (b) of the HA-GEL and BHA-GEL scaffolds. Each bar shows the mean ±SEM 
value. *p < 0.05 based on the Mann–Whitney U test.

Figure 3. FTIR spectra of BHA-GEL, HA-GEL, BHA and HA. 
Arrows; amide II absorption region.

Figure 4. EDX spectrum of the HA-GEL (a) and BHA-GEL 
(b) scaffolds.

over time (Figure 7(a)), and the IRS for CD163 in these 
two groups differed significantly (Figure 7(b)). The IRS 
for CD163 in the HA-GEL group on days 7, 14 and 28 was 
80.000 ± 4.082, 60.000 ± 17.321 and 15.000 ± 2.887, 
respectively. Meanwhile, the IRS for CD163 in the BHA-
GEL group was 90.000 ± 0.000, 35.000 ± 16.583 and 
22.500 ± 2.500, respectively. The IRS for CD163 on days 
7 and 28 in the two scaffold groups exhibited similar sta-
tistical significance (Kruskal–Wallis test, p < 0.05; Figure 
7(b)). However, on days 7 and 14, the IRS for CD163 in 
the HA-GEL group was not statistically significant 
(Kruskal–Wallis test, p = 1.000; Figure 7(b)). In contrast, 
in the BHA-GEL group, the IRS for CD163 at the same 
time point was statistically significant (p = 0.047; Figure 
7(b)). These findings suggest that CD163 expression was 
decreased in the early implantation phase in the BHA- 
GEL group, but not in the HA-GEL group.
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Based on the results of HE staining, implantation of the 
BHA-GEL scaffold increase the number of osteoclasts, 
osteoblasts and osteocytes to the defect area (Figure 8(a)). 
This is supported by the histophotometric quantification of 
each type of cells (Figure 8(b)). On day 7, the number of 
osteoblasts in the BHA-GEL group was higher than that 
counted in the defect group. Notably, the number of osteo-
clasts and osteocytes in the BHA-GEL group was higher 
than those determined in the HA-GEL and defect groups 
(Figure 8(a)). hereas, in the HA-GEL group, robust count 
of these three cells was observed later on day 14.

Furthermore, the increased number of osteoblast and 
osteoclast in the BHA-GEL group accelerated the synthe-
sis of new bone matrix. This was demonstrated by the 
robust presence of osteocytes noted on day 28 (Figure 
8(b)) and the covered bone defect area in the BHA-GEL 
group compared with the other two groups (Figure 9).

Discussion

The characteristics of a bone tissue scaffold play an impor-
tant in determining in vivo performance. The physical (e.g. 

surface morphology, particle shape and size and compres-
sive strength) and chemical characteristics of the scaffold 
determine its interactions with cells present in the bone tis-
sue microenvironment.26,31–33 Based on our preliminary 
study, BHA had a hexagonal particle shape.19 However, 
due to the addition of GEL, the morphology of the BHA-
GEL scaffold particles in the present study was more 
spherical. On the other hand, the HA-GEL scaffold had an 
irregular surface, similar to the morphology of HA parti-
cles previously reported by Ahmad et al.34 The surface 
morphology of the scaffold contributes to its interaction 
with inflammatory and osteogenic cells. Lebre et al. 
reported that HA with a spherical particle shape was asso-
ciated with better immune response than those with other 
shapes.31 This is because the spherical particle shape does 
not prolong the inflammatory response of the host.31 
Furthermore, the spherical particle shape supports the pro-
liferation of osteoblasts and osteoclasts by increasing the 
expression of their osteogenic markers in vitro.35,36

Another critical factor in determining the interaction of 
bone cells with the biomaterial is the pore size of the scaf-
fold. In the present study, the pore size values of BHA-
GEL and HA-GEL scaffolds was similar to that in human, 
which was reported to be 0.1–0.77 µm.37 SEM images by 
Yanagihara et al.38 also showed that pore size of rat bone 
was less than 1 mm. Moreover, the BHA-GEL scaffold had 
a larger pore size than the HA-GEL scaffold. Scaffolds 
with large pore sizes induce macrophage infiltration, lead-
ing to secretion of pro-inflammatory cytokines by the cells 
and elimination of debris in the defective tissue.33 These 
findings also suggested the acceleration of other involved 
processes, such as vascularisation and remodelling.3

In general, the pore size of the scaffold affects its com-
pressive strength. Therefore, in the present study, the com-
pressive strength of the HA-GEL and BHA-GEL scaffolds 
was evaluated. Based on the results, the BHA-GEL scaf-
fold exhibited higher compressive strength than the 
HA-GEL scaffold. This demonstrated that the large pore 
size of the BHA-GEL scaffold did not reduce its strength. 
This may be attributed to the chemical bond present 
between BHA and GEL. GEL contains an R-COO−; it is 

Table 1. Ca/P ratio of HA-GEL and BHA-GEL scaffold (mean ± SEM).

Scaffold Calcium (Ca) Phosphorus (P) Ca/P ratio Mean ± SEM of Ca/P ratio

Weight (%) Atomic (%) Weight (%) Atomic (%)

HA-GEL Spectrum 1 38.76 21.73 17.77 12.89 1.69 1.63 ± 0.03
Spectrum 2 42.41 26.72 20.40 16.62 1.61
Spectrum 3 43.06 27.45 20.71 17.08 1.61

BHA-GEL Spectrum 1 28.54 17.22 15.94 12.44 1.38 1.44 ± 0.03*

Spectrum 2 28.92 17.28 15.26 11.79 1.47
Spectrum 3 29.41 17.76 15.50 12.11 1.47

*P < 0.0001 compared to HA-GEL based on Mann Whitney test.

Figure 5. Rat bodyweight before and after surgery. There was 
no statistical difference in rat bodyweight between the three 
experimental groups based on the Kruskal–Wallis test. Each 
point shows the mean ± SEM.
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suggested that this ion interacts with the Ca2+ in HA. This 
complex subsequently interacts with the PO4

3- and forms 
critical size nuclei, which are useful for HA crystal forma-
tion.24,25 Moreover, the compressive strength of the BHA-
GEL scaffold is the closest to that of the human cortical 
bone (100–230 MPa), and slightly higer than the human 
bone tensile strength reported by Fischer et al.39 This com-
pressive strength of BHA-GEL was also the closest to the 
rat femur bone, which was reported as 126.6 ± 19.7 and 
167.3 ± 42.2 MPa for metaphyseal and diaphyseal speci-
mens, respectively.37These hard characteristics of BHA-
GEL scaffolds may prevent the premature degradation of 
the scaffold in vivo.26

Moreover, this study also examined the functional sub-
stitution groups in BHA-GEL and HA-GEL scaffolds, as 
well as BHA and HA scaffolds. The study showed that all 
material had the characteristics of calcium phosphate with 
carbonate and phosphate groups present at a specific 
wavenumber. The addition of GEL added the absorption 
region of wavelength 1575–1480 cm−1, which corresponds 
to the amide II functional group.40,41 This confirmed the 
presence of GEL. GEL helps in replacing the damaged 

extracellular matrix (ECM). Besides that, GEL contains 
the arginine–glycine–aspartic acid (RGD) sequence that is 
essential for stable relationships between the cells and the 
surrounding ECM, and helps in cell attachment and adhe-
sion in the fabricated scaffolds.42,43

As one of the calcium phosphate materials, the CaP 
components of HA will further undergo dissolution to 
Ca2+ and PO3− when exposed to liquid.44 In this study, the 
Ca/P ratio of the BHA-GEL scaffold was lower than that of 
the HA-GEL scaffold. This is consistent with the results of 
a study conducted by Szcześ et al.14 which demonstrated 
that natural HA has a lower Ca/P ratio than synthetic HA. 
It has been postulated that materials with Ca/P of 1.67 are 
ideal for bone grafts. This is because Ca/P ratio of 1.67 is 
similar to HA Ca/P value in bone tissue.32,45 Moreover, a 
study by Liu et al. showed that Ca/P of 1.67 induced oste-
oclast-mediated osseointegration in vivo. However, the is 
no enough justification for this Ca/P ratio to osteoblasts 
activity. Furthermore, studies started to report that other 
Ca/P with a wide variety of Ca/P ratios can also induce 
osteoblasts proliferation and differentiation, contributing 
to better in vivo performance.46–48 It was reported there are 
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Figure 6. Representative histological images of the augmented region stained using CD80 immunohistochemical staining (a), and 
IRS value of CD80 (b) of the defect, HA-GEL, and BHA-GEL groups on days 7, 14 and 28. Each bar shows the mean ±SEM. Scale 
bar 100× magnification = 200 µm; 400× magnification = 50 µm.
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no differences in alkaline phosphatase activity and colla-
gen production for calcium phosphate with Ca/P ratios 
ranging from 0.5 to 2.5.46 It also reported that differences 
in Ca/P ratio did not affect the cell viability and percentage 
of vascular area in vivo.47 A study by Choy et al. showed 
that a β-TCP with Ca/P ratio of 2.0 was reported to pro-
duce higher bone tissue area compared to other β-TCP 
with a Ca/P value of 1.62.48 Because of this, the Ca/P ratio 
is not the only parameter in determining the osteogenic 
properties of bone grafts. Other factors such as the physi-
cal properties also should be considered. The BHA-GEL 
and HA-GEL scaffolds in this study also had similar Ca/P 
values with rat bone, which were reported to range from 
1.74 to 2.14.49

The effect of scaffold implantation on the inflammatory 
response in vivo was examined in Wistar rats by staining 
for M1 and M2 surface markers, namely CD80 and CD163. 
CD80 is a membrane protein found in antigen-presenting 
cells, including M1.50 CD80 expression was positively 
correlated with the release of pro-inflammatory cytokines, 
such as interleukin 6 (IL6).51 On the other hand, CD163 is 

a protein that belongs to the cysteine-rich receptor scaven-
ger family (SRCR). This protein is expressed on the mem-
brane of macrophages and monocytes, particularly M2c 
macrophages, which possess anti-inflammatory activ-
ity.52,53 CD80 and CD163 have been used as markers for 
M1 and M2, respectively, particularly in studies of bioma-
terials.8 Based on the present findings, the number of M1 
did not significantly decrease over time in the experimen-
tal groups. We indicate this because the surface marker 
used is also expressed by other inflammatory cells.50 
Unlike M1, the HA-GEL and BHA- GEL scaffolds showed 
high M2 counts in the early implantation phase which 
decreased over time. However, the lowest M2 count was 
found in the BHA-GEL group. Badylak et al.54 reported 
that the expression of CD163 as a marker of M2 was also 
dominant in the use of autologous tissue grafts after 1 week 
in vivo. The use of autologous tissue graft is the current 
gold standard for bone tissue reconstruction. The robust 
count of M2 at the early stage reduced the inflammatory 
response of the host. A subsequent significant reduction in 
M2 at later points supported this finding.9
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Figure 7. Representative histological images of the augmented region stained using CD163 immunohistochemical staining (a), 
and IRS value of CD163 (b) of the defect, HA-GEL, and BHA-GEL groups on days 7, 14 and 28. Each bar shows the mean ± SEM. 
*p < 0.05 based on the Kruskal–Wallis test. Scale bar 100× magnification = 200 µm; 400× magnification = 50 µm.
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Figure 8. Representative histological images of the augmented region stained using haematoxylin–eosin staining (a), and 
osteoclasts, osteoblasts, osteocytes cell counts (b) from the defect, HA-GEL and BHA-GEL groups on days 7, 14 and 28. Each bar 
shows the mean ±SEM. *p < 0.05 compared with defect, #p < 0.05 compared with HA-GEL based on the Kruskal–Wallis test. Scale 
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Figure 9. Representative radiological images of the augmented region of the defect, HA-GEL, and BHA-GEL groups on days 7, 14 and 
28. Left, X-Ray images; right, thresholded version of X-Ray images. Yellow arrow, defect; blue arrow, swollen bone; red arrow, scaffold; 
green arrow, new bone. HA-GEL scaffold was degraded at day 7, while the BHA-GEL scaffold was not and still present in day 7.

Based on radiological data, unlike the HA-GEL scaf-
fold, there was no premature degradation of the BHA-
GEL scaffold. Instead, animals in the BHA-GEL group 

experienced early bone growth in the defect area com-
pared with the HA-GEL and defect groups. In addition, 
an increased count of bone cells was observed in rats that 
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received the BHA-GEL scaffold. Material for bone and 
dental application should be non-toxic to the surrounding 
cells.55 Increased count of osteoclasts, osteoblasts and 
osteocytes in the defect site indicated that the scaffold 
was not toxic. Moreover, osteoblasts play a role in the 
synthesis of new bone. Ha et al.56 showed that HA accel-
erated osteoblast differentiation via changes in the 
expression of osteogenic genes (e.g. alkaline phosphatase 
and osteopontin) which are mediated by the extracellular 
signal-regulated kinase 1/2 (ERK1/2) signalling. path-
way. Furthermore, our review also showed that other sig-
nalling pathways (e.g. p38, Wnt and bone morphogenetic 
protein 2) were involved in osteoblast differentiation 
mediated by HA.57 The activation of a particular signal-
ling pathway may depend on the different physical and 
chemical characteristics of HA.57 Thus, designing HA 
with specific characteristics is important, which can exert 
the desired molecular effects.

The accelerated bone repair associated with the BHA-
GEL scaffold is also affected by its chemical composition. 
Similar to human bones, BHA is characterised by a car-
bonate group substitution that distinguishes it from syn-
thetic HA.19 Naturally, the carbonate group accounts for 
2%–8% of the total weight of human bone HA.58–60 In our 
preliminary study, the carbonate substitution was observed 
in Fourier transform infrared spectra with a wavenumber 
of 1455 cm−1.19 However, this was not observed in spectra 
for synthetic HA.21 HA-containing carbonate is also 
referred to as carbonated HA. Several studies found that 
carbonated HA induced a higher proliferation rate of pre-
osteoblasts than uncarbonated HA.22 Carbonated HA also 
increased the collagen matrix gene expression compared 
with non-carbonated HA; this effect was also observed in 
osteoclasts.61

Carbonated HA was linked to higher cell viability and 
metabolism of pre-osteoclasts compared with non-car-
bonated HA.22 Furthermore, BHA (also a carbonated 
HA) was associated with a higher percentage of new 
bone in a rabbit bone defect model 12 weeks after 
implantation.23 Moreover, BHA also resulted in a higher 
percentage of bone-to-material contact than synthetic 
HA.62 Bone-to-material contact is the percentage of 
direct contact of implants with materials at the micro-
scopic level, which is a parameter for osseointegra-
tion.35,62 Thus, it is suggested that the osteoconductivity 
of BHA was due to the substitution of the carbonate 
groups present on its apatite.

The present study had several limitations, one of 
which is that the M1 marker used was not specifically 
expressed on M1. Application of the double-staining IHC 
technique is necessary to overcome this limitation. 
However, the reported data are sufficient to describe the 
in vivo inflammatory response associated with the 
implantation of BHA-GEL and HA-GEL scaffolds, as 
well as their osteoconductivity.

Conclusions

Based on the present study, the BHA-based scaffold 
had a regular surface morphology and spherical particle 
shape, unlike the HA-based scaffold. The BHA-based 
scaffold also had a larger pore size, greater compres-
sive strength, and lower Ca/P ratio compared with the 
HA-based scaffold. These characteristics beneficially 
contributed to the in vivo performance of the scaffold. 
The BHA-based scaffold accelerated the inflammatory 
phase by a high number of M2 at the early phase of 
implantation, which rapidly decreased over time. The 
BHA-based scaffold also accelerated the remodelling 
phase by increasing osteoclasts, osteoblasts and osteo-
cytes cell count at the implanted site. This contributed 
to bone integrity in the defect area. Thus, the BHA-
based scaffold can be potentially used as an orthopae-
dic implant. However, further in vitro study is warranted 
to elucidate the molecular mechanism of BHA and 
identify the signalling pathway involved in this 
process.
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