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Abstract 
Synthetic hydroxyapatite (HA) is developed for biomedical applications. To modify HA property, 

ion incorporation into HA is of interest recently because the structure of HA permits ion 
substitution/adsorption. The aim of this study was to synthesize and characterize the physical 
properties of cobalt (Co)-incorporated HA (HACo) using simple soaking procedure.  

Different concentrations of Co were incorporated into HA (40-8,000 µM) via a simple soaking 
method. The resulting samples were uniaxially pressed into the disc form and sintered at 1100 oC. 
The discs were characterized for material properties including color, weight, diameter, surface 
microstructure, and surface roughness. 

The color of unsintered HA and HACo were white and pink color, respectively. After sintering, 
the color of HACo turned to grey color. The color changes with Co concentrations. In general, the 
discs showed decrease in diameter and increase in weight loss after sintering and with increasing 
Co concentrations. HACo 8000 showed the highest loss in both diameter and weight. HACo did not 
exhibit difference in surface microstructure from HA. HACo 4000 possessed the greatest surface 
roughness. 

The material characteristics were altered after Co incorporation. These data provided 
information that should be considered when developing biomedical materials.   
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 Introduction 
 

Hydroxyapatite (HA) has extensive 
application due to its biocompatibility and ability 
to respond to physicochemical environment.1,2 

HA is a good candidate for bone grafting 
material since it resembles mineral component 
of tooth and bone.3 Besides bone augmentation, 
synthetic HA has been applied for the coating of 
implants or acting as fillers in bone or teeth.4 
Furthermore, the use of synthetic grafting 
material such as HA reduces the risk of donor 
morbidity5 and has no limitation for availability. 
The use of the HA bone substitute was found to 

enhance alveolar bone regeneration when used 
for sinus augmentation but not for periodontal 
bone defects.5  

Aforementioned above, the use of pure 
HA remains limited. It can be further developed in 
order to use as a treatment of choice for alveolar 
ridge preservation5 or for other applications. HA 
properties and characteristics can be improved 
because the structure of HA allows a wide range 
of modifications. The crystal structure of HA 
accepted various types of substitutions, 
adsorptions, or binding, which allowed for 
tailoring material properties.6-9 Such alteration 
could influence the physicochemical and 
biological characteristics of the biomaterials.7-10 
For example, bisphosphonate-bound HA 
particles engulfed by macrophages could alter 
cell viability.10 Carbonate-substituted HA was 
developed for an implanted ceramic biomaterial. 
HA with high carbonate content had an inductive 
effect on osteoclast resorption through an 
osteocyte-like cell activity.7 Iron-doped HA 
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nanoparticles exhibited paramagnetic properties, 
which is contrasted with the diamagnetism of 
pure HA.9 The synthesis of HA that contains 
substituted/adsorbed ions or drug binding has 
lately attracted a lot of interest. 

Metal ions at low doses could be used as 
therapeutic agents and can potentially be applied 
in tissue engineering biomaterials to alter the 
material properties.11 Although much work has 
been done in HA doping with several types of 
metal ions, cobalt-incorporated HA (HACo) using 
a simple soaking method has not been widely 
studied. Co is naturally found in the human body 
as a fundamental component of vitamin B12 and 
other co-enzymes called cobalamins.12 Thus, this 
study focused on the characterization of the 
physical and surface properties of HACo. HA and 
Co-incorporated HA were prepared at various 
concentrations and the effects of incorporation on 
material characteristics including color, weight, 
diameter, disc surface, and surface roughness 
were assessed. The knowledge might lead to the 
prediction and understanding of their 
physicochemical and biological performance. 
   

Materials and methods 
 
Hydroxyapatite and cobalt-incorporated 

hydroxyapatite synthesis  
 Hydroxyapatite (HA) powder (Hap-200) was 
obtained from Taihei Chemical Industrial Co. To 
attain cobalt (Co)-incorporated HA, HA powder was 
subjected to a simple soaking procedure modified 
from previous studies.9, 13 Salt solutions of the 
cobalt chloride (CoCl2•6H2O; Sigma) were 
prepared at the concentrations of 40 µM, 400 µM, 
4000 µM, 8000 µM. HA powder at an amount of 1 g 
was then soaked in 100 ml of prepared Co solutions 
and stirred under moderate stirring for 1 h at room 
temperature. The powder was collected by filtration, 
washed by deionized water and dried in hot air oven 
at 100ºC.  

To prepare a disc-shaped specimen, 0.28 g 
of powder was loaded into a 10-mm diameter mold 
and uniaxially pressed using a bench top laboratory 
manual press (Caver, M3853) at a pressure of 2 
MPa. The obtained specimen had a thickness of 
approximately 2 mm. All discs were sintered at a 
temperature 1100 °C for 6 hours using a ramp rate 
of 5°C per minute in a chamber furnace (CM, 
1610FL). HA sample was used as control. HACo 
samples at various concentrations were designated 
as HACo 40, HACo 400, HACo 4000, HACo 8000. 

Characterization of hydroxyapatite and 
cobalt-incorporated hydroxyapatite  
 Physical characteristics 

The color of samples before and after 
sintering was estimated by taking the 
photographs of the samples using the same 
acquisition parameters and visually gauged. 
Weight and diameter of the samples were 
measured by analytical balance (Mettler Toledo) 
and vernier caliper (Absolute Digimatic), 
respectively. Fifteen discs per sample were 
determined. Difference in weight and diameter 
between nonsintered and sintered samples were 
then calculated and presented in % difference.  

Scanning electron microscopy (SEM) 
The surface microstructure of the sintered 

samples was determined by SEM (JCM-6000) at 5 
kV accelerating voltage and photographed at 1,000x 
and 5,000x magnifications. Prior to observation, the 
samples were mounted on stubs with a conductive 
carbon tap and sputter-coated with gold.  

Atomic force microscopy (AFM) 
AFM was used for the surface roughness 

(Ra) analysis of the samples. Imaging was 
performed with semiconductor laser at the 
wavelength 830 nm (pixel 512, line 256) attached 
to cantilevers (SiDF3) with scan rate 0.25 Hz 
(Hitachi, model 5500M). Three discs per sample 
(three different areas on each specimen) were 
analyzed.  

Statistical analysis 
Statistical analyses were performed by 

using GraphPad Prism Version 9.0 (GraphPad 
Software Inc.). Quantitative data were expressed 
as mean ± standard deviation. Normality and 
distribution of the data were tested by Shapiro-
Wilk. For the results comparison among groups, 
one-way analysis of variance (ANOVA) was used, 
followed by Tukey’s post hoc test. Statistical 
significance was considered when p<0.05. 
 

Results 
 
Physical characteristics of 

hydroxyapatite and Co-incorporated 
hydroxyapatite discs: color, dimension, and 
weight  

The unsintered HA disc had white color. 
After incorporation of Co, the color of the discs 
turned to pinkish color and the color saturation 
increased with increasing Co concentration 
(Figure 1A). After sintering, no change in color 
was noted for HA but the color of HACo turned to 
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gray shade and the color saturation also 
increased with increasing Co concentrations 
similarly to the unsintered samples (Figure 1B). 

 

 
Figure 1. Color of hydroxyapatite and Co-
incorporated hydroxyapatite disc color. (A) Discs 
before sintering. (B) Discs after sintering. 
  

Table 1 shows the diameter and weight of 
the HA and HACo samples before and after 
sintering. The nominal diameter and weight of the 
unsintered discs after mold pressing were 10 mm 
and 280 mg, respectively. All samples showed a 
decrease in diameter and weight after sintering 
regardless of the amount of Co concentration. 
However, increasing Co concentrations tended to 
increase the weight loss after sintering. The 
sintered HACo 8000 showed the highest weight 
loss at 12.5 ± 1.56 % (Table 1). However, all 
discs retained the typical flat top and bottom 
surfaces. 

 
Table 1 Dimensional changes of hydroxyapatite 
and Co-incorporated hydroxyapatite discs. 
  

Surface microstructure by scanning 
electron microscopy 

SEM micrographs depicted the 
coalescence and dense contacts between 
granules and micropores were distributed 
throughout. Generally, no substantial difference 
in the surface microstructure was observed 
among all samples (Figure 2). However, HACo 
400 and HAC0 4000 seemed to possess higher 
microporosity than other samples (Figure 2).  

 
Figure 2 Scanning electron microscope 
demonstrates disc surfaces. Left panel; the disc 
surface at magnification x5,000. Right panel; the 
disc surface at magnification x10,000. Bar = 1 
µm. 

Surface roughness by atomic force 
microscopy 
 Images of unpolished surfaces of the 
sintered discs were also taken using AFM, 
allowing the observation of the roughness of 
these samples in 3 dimensions (Figure 3A). The 
measured average roughness (Ra) values of HA, 
HACo 40, HACo 400, HACo 4000, and HACo 
8000 surfaces were 1.46 ± 0.52, 1.56 ± 0.41, 
1.91 ± 0.27, 3.11 ± 0.38, and 1.47 ± 0.75 µm, 
respectively. The surface roughness of HACo 
4000 was significantly higher than those of HA, 
HACo 40, and HACo 8000 (Figure 3B).   
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Figure 3 Atomic force microscopy demonstrates 
disc surface roughness. (A) 3-D micrographs of 
hydroxyapatite and Co-incorporated 
hydroxyapatite disc. (B) Ra of the disc surfaces 
(µm).  
 

Discussion 
 

By developing a biomaterial, the 
appropriate biophysical characteristics should be 
screened and characterized. This is because 
such biophysical properties can impact the 
biological behavior of the biomaterial. 
Incorporation of a molecule into the material is an 
interesting way to change the biomaterial 
properties. In this study, we incorporated Co into 
HA and found that incorporation of Co altered HA 
gross physiologic structure and surface property.  

HACo was prepared via soaking 
commercial HA powder into Co solution (also 
known as ion exchange method).13 It was shown 
that HA particles had the ability to uptake Co ion 
from the solutions.2 By using the soaking method, 
the presence of Co in HACo powder could be 
verified by energy dispersive x-ray 
spectroscopy.13 The color of HA and HACo were 
notably different. Since Co solution had pinkish 
color, such color change of HACo discs after 
soaking suggested incorporation of Co into HA. 
The color change after Co doping into HA has 
been reported by Kulanthaivel, S., et al.14 This 
group also describes that color intensity is 
directly proportional to the doping concentration, 
indirectly indicating Co doping in HA.14  

Sintering is intended to give bioceramic 
its stability and bulk mechanical properties.15 
After sintering, the color of HACo changed from 
pinkish shade to grayish shade. It was postulated 
that the color change was a result of an oxidation 

of Co to cobalt oxide. Appearance of cobalt oxide 
impurity was seen when sintered at temperature 
800 - 1,100 ºC.16 Intense color of HA after Co 
incorporation and sintering is a concern if applied 
in the esthetic area such as the anterior area with 
thin gingival biotype. The high concentration of 
Co-incorporated material might not be suitable 
for implantation in the esthetic area. 
 Shrinkage and weight loss of both HA and 
HACo samples were visible after the sintering 
process. Shrinkage of HA dimensions in the 
forms of particle and pellet has been reported 
when being heated at temperature higher than 
780 ºC.17-19 The reduction of dimensions could be 
a result of decreased surface area20 and the 
evaporation of water.19 Sintering enhanced 
densification of HA particles by bonding between 
the particles via their necks.15 The weight loss 
percentage was apparent when sintering above 
1000 ºC.19 This weight loss was probably caused 
by water loss.21 The percentage of weight loss 
varies between studies, possibly due to the 
sintering temperature and the synthesis of HA 
powder.19, 21  

Impurity of HA could further enhance 
weight loss after sintering. The loss of HA/MgO 
weight is higher than that of HA after sintering.22 
Decrease in diameter and weight with increasing 
Co concentrations were notable. These data 
showed that Co incorporation influenced these 
parameters. It has been shown that selected 
additives added to calcium phosphate 
bioceramics can enhance densification.23, 24 
However, the mechanism is still unclear. Doping 
of HA with cobalt chloride leading to smaller 
crystal size compared with pure HA has been 
reported.14 It was possible that this occurrence 
could affect the dimension of the samples.  

In this study, HA particles coalesced and 
consequently established the microporosity on 
the surfaces. Incorporation of Co increased 
surface roughness of HA in a micron range. The 
surface morphology of a biomaterial has a great 
influence on bioactivity and responses of cells as 
well as protein adsorption onto the substrates.25-

29 A short review of the effects of surface 
structure on bone cells is reviewed. Attachment 
and differentiation of osteoblasts were more 
effective on microrough HA surfaces (Ra = 2 μm) 
than smoother surfaces (Ra = 1 μm).25 
Proliferation and detachment of human bone 
marrow cells also depended on the surface 
roughness of the HA.28 The submicron-scale and 



 
Journal of International Dental and Medical Research ISSN 1309-100X                             Cobalt Incorporation into Hydroxyapatite 
http://www.jidmr.com                                                                                                                  Tuangkun Mukkayadachochai and et al 

 

  Volume ∙ 16 ∙ Number ∙ 1 ∙ 2023 
                            

Page 73 

micrometer-scale topographical features of the 
substrates supported osteoclastogenesis and 
activated the resorption of an osteoclast26, 27 
Surface topography influenced cell–substrate 
interactions and played a role in cytoskeleton 
organization of the cells.30 However, the effect of 
HA and HACo surface roughness on bone cells 
is still unclear and further study is needed.  
 HA and HACo are promising materials for 
a variety of biomedical applications such as bone 
grafting material, drug delivery, and etc. It is 
noticeable that incorporated element grants 
material new properties. From the material point 
of view, properties of the biomaterial provided 
information into which direction the biomaterials 
could be developed and could be suitable for 
applications. We acknowledge that this study is 
limited and challenges still remain. Since the 
materials are developed to use in human body, 
future studies should investigate the release of 
Co from the samples and the effects of these 
samples on cell responses including 
biocompatibility and cell functions.  
 
 Conclusions 
 

This study showed that the simple 
soaking procedure of HA into Co solution could 
produce Co-incorporated HA. The HACo 
samples possessed alteration in color, disc 
dimension, weight, and surface roughness. All 
these characteristics should be taken into 
consideration in the development of materials for 
biomedical applications.  
 
 Acknowledgements 
 

This study was funded by Faculty of 
Dentistry Thammasat University Research Fund, 
Contract No 1/2564. The authors gratefully 
acknowledge Thammasat University Research 
Unit in Dental and Bone Substitute Biomaterials, 
Thammasat University, for supporting of this 
work. 

 
 Declaration of Interest 
 
 The authors report no conflict of interest. 
 
 References 
 
1. Mangano C, Scarano A, Perrotti V, Iezzi G, Piattelli A. Maxillary 

sinus augmentation with a porous synthetic hydroxyapatite and 
bovine-derived hydroxyapatite: a comparative clinical and 
histologic study. Int J Oral Maxillofac Implants 2007;22(6):980-
6. 

2. Handley-Sidhu S, Mullan TK, Grail Q, et al. Influence of pH, 
competing ions, and salinity on the sorption of strontium and 
cobalt onto biogenic hydroxyapatite. Sci Rep 2016;6:23361. 

3. Al-Sanabani JS, Madfa AA, Al-Sanabani FA. Application of 
calcium phosphate materials in dentistry. Int J Biomater 
2013;2013:876132. 

4. Zhou H, Lee J. Nanoscale hydroxyapatite particles for bone 
tissue engineering. Acta Biomater 2011;7(7):2769-81. 

5. Dewi AH, Ana ID. The use of hydroxyapatite bone substitute 
grafting for alveolar ridge preservation, sinus augmentation, and 
periodontal bone defect: A systematic review. Heliyon 
2018;4(10):e00884. 

6. Zilm ME, Chen L, Sharma V, et al. Hydroxyapatite substituted 
by transition metals: experiment and theory. Phys Chem Chem 
Phys 2016;18(24):16457-65. 

7. Nakamura M, Hiratai R, Hentunen T, Salonen J, Yamashita K. 
Hydroxyapatite with High Carbonate Substitutions Promotes 
Osteoclast Resorption through Osteocyte-like Cells. ACS 
Biomater Sci Eng 2016;2(2):259-67. 

8. Adamiano A, Wu VM, Carella F, et al. Magnetic calcium 
phosphates nanocomposites for the intracellular hyperthermia 
of cancers of bone and brain. Nanomedicine (Lond) 
2019;14(10):1267-89. 

9. Kramer ER, Morey AM, Staruch M, et al. Synthesis and 
characterization of iron-substituted hydroxyapatite via a simple 
ion-exchange procedure. Journal of Materials Science 
2013;48(2):665-73. 

10. Patntirapong S, Phupunporn P, Vanichtantiphong D, 
Thanetchaloempong W. Inhibition of macrophage viability by 
bound and free bisphosphonates. Acta Histochem 
2019;121(4):400-06. 

11. Mourino V, Cattalini JP, Boccaccini AR. Metallic ions as 
therapeutic agents in tissue engineering scaffolds: an overview 
of their biological applications and strategies for new 
developments. J R Soc Interface 2012;9(68):401-19. 

12. Lindsay D, Kerr W. Cobalt close-up. Nat Chem 2011;3(6):494. 
13. Kramer E, Itzkowitz E, Wei M. Synthesis and characterization of 

cobalt-substituted hydroxyapatite powders. Ceramics 
International 2014;40(8):13471-80. 

14. Kulanthaivel S, Roy B, Agarwal T, et al. Cobalt doped 
proangiogenic hydroxyapatite for bone tissue engineering 
application. Mater Sci Eng C Mater Biol Appl 2016;58:648-58. 

15. Prakasam M, Locs J, Salma-Ancane K, et al. Fabrication, 
Properties and Applications of Dense Hydroxyapatite: A 
Review. Journal of functional biomaterials 2015;6(4):1099-140. 

16. Renaudin G, Gomes S, Nedelec JM. First-Row Transition Metal 
Doping in Calcium Phosphate Bioceramics: A Detailed 
Crystallographic Study. Materials (Basel) 2017;10(1). 

17. Smolina I, Szymczyk P, Chlebus E. Influence of sintering 
temperature and compression speed on properties of 
hydroxyapatite disks. Aktualne Problemy Biomechaniki 
2016(11):121-26. 

18. Malina D, Biernat K, Sobczak-Kupiec A. Studies on sintering 
process of synthetic hydroxyapatite. Acta Biochim Pol 
2013;60(4):851-5. 

19. Bailliez S, Nzihou A. The kinetics of surface area reduction 
during isothermal sintering of hydroxyapatite adsorbent. 
Chemical Engineering Journal 2004;98(1):141-52. 

20. De Carvalho B, Rompen E, Lecloux G, et al. Effect of Sintering 
on In Vivo Biological Performance of Chemically Deproteinized 
Bovine Hydroxyapatite. Materials (Basel) 2019;12(23). 

21. Handley-Sidhu S, Renshaw JC, Moriyama S, et al. Uptake of 
Sr2+ and Co2+ into biogenic hydroxyapatite: implications for 
biomineral ion exchange synthesis. Environ Sci Technol 
2011;45(16):6985-90. 

22. Coelho CC, Padrao T, Costa L, et al. The antibacterial and 
angiogenic effect of magnesium oxide in a hydroxyapatite bone 
substitute. Sci Rep 2020;10(1):19098. 

23. Safronova TV, Putlyaev VI, Shekhirev MA, et al. Densification 
additives for hydroxyapatite ceramics. Journal of the European 
Ceramic Society 2009;29(10):1925-32. 

24. Suchanek W, Yashima M, Kakihana M, Yoshimura M. 
Hydroxyapatite ceramics with selected sintering additives. 



 
Journal of International Dental and Medical Research ISSN 1309-100X                             Cobalt Incorporation into Hydroxyapatite 
http://www.jidmr.com                                                                                                                  Tuangkun Mukkayadachochai and et al 

 

  Volume ∙ 16 ∙ Number ∙ 1 ∙ 2023 
                            

Page 74 

Biomaterials 1997;18(13):923-33. 
25. Costa DO, Prowse PD, Chrones T, et al. The differential 

regulation of osteoblast and osteoclast activity by surface 
topography of hydroxyapatite coatings. Biomaterials 
2013;34(30):7215-26. 

26. Chen F, Wang M, Wang J, et al. Effects of hydroxyapatite 
surface nano/micro-structure on osteoclast formation and 
activity. J Mater Chem B 2019;7(47):7574-87. 

27. Brinkmann J, Hefti T, Schlottig F, Spencer ND, Hall H. 
Response of osteoclasts to titanium surfaces with increasing 
surface roughness: an in vitro study. Biointerphases 2012;7(1-
4):34. 

28. Deligianni DD, Katsala ND, Koutsoukos PG, Missirlis YF. Effect 
of surface roughness of hydroxyapatite on human bone marrow 
cell adhesion, proliferation, differentiation and detachment 
strength. Biomaterials 2001;22(1):87-96. 

29. He Z, Sun S, Deng C. Effect of Hydroxyapatite Coating Surface 
Morphology on Adsorption Behavior of Differently Charged 
Proteins. Journal of Bionic Engineering 2020;17(2):345-56. 

30. Patntirapong S, Singhatanadgit W, Meesap P, et al. Stem cell 
adhesion and proliferation on hydrolyzed poly(butylene 
succinate)/beta-tricalcium phosphate composites. J Biomed 
Mater Res A 2015;103(2):658-70. 

 


