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Abstract: Diverse biomaterials have been designed to promote bone regeneration, and due to their potential side effects of 

adverse inflammation and immune responses, only a few synthetic biomaterials displayed successful clinical outcomes in 

repairing bone defects. The repair of bone defects remains a big challenge for orthopedists. This study was dedicated to the 

synthesis of copper-doped octacalcium phosphate powder Cu-OCP with good bone repair potential, which provides a new 

way for the construction of bone regeneration biomaterials. Five kinds of copper-doped powders, OCP, 0.1Cu-OCP, 

0.5Cu-OCP, Cu-OCP and 5Cu-OCP, were synthesized by chemical homogeneous precipitation method. The phases of the 

powders were analyzed by X-ray diffraction (XRD). The elemental compositions of the powders were analyzed by X-ray 

fluorescence spectrometer (XRF). The microstructures of the powders were observed by scanning electron microscopy 

(SEM). Inductively coupled plasma atomic emission spectrometry (ICP) was used to determine the 24-hour cumulative 

release of copper ions in Tris solution. The biocompatibility of the powders was measured by CCK8 and live/dead staining. 

The effect of the powders on bone differentiation was measured by ALP activity. the OCP powder was a long strip chip like 

crystal structure under SEM. The doping of Cu
2+

 made the chip structure smaller and finer. The main diffraction peak of 

OCP can be seen at 2θ=4.7° for all the five powders. XRF showed that the main composition of the powders was still Ca, P 

and O. The mass fractions of Cu
2+

 in the powders were 0.1Cu-OCP: 0.02%, 0.5Cu-OCP: 0.08%, Cu-OCP: 0.23%, and 

5Cu-OCP: 0.76%, respectively. ICP results showed that Ca, P and Cu were released slowly in 24 hours in Tris solution. 

CCK8 and live/dead staining showed that all kinds of copper-doped OCP powders had good biocompatibility with 

mBMSCs, and could promote osteogenic differentiation. Among them, 0.5Cu-OCP promoted the proliferation and ALP 

activity of mBMSCs significantly. In conclusion, in this study, copper ions were successfully doped into OCP powder, and 

the physical and chemical properties of OCP powders doped with copper ions were characterized. In vitro cell experiment 

confirmed that the powders had good biocompatibility, non-toxic to mBMSCs, and could promote the proliferation of 

mBMSCs in vitro. 
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1. Introduction 

Bone tissue engineering (BTE) strategy has rapidly 

developed over the last recent decades [1]. Diverse 

biomaterials have been designed to promote bone 

regeneration, and due to their potential side effects of adverse 

inflammation and immune responses, only a few synthetic 

biomaterials displayed successful clinical outcomes in 

repairing bone defects [2]. The repair of bone defects remains 

a big challenge for orthopedists. 

Octacalcium phosphate (OCP) is one of the precursors of bone 

and dental apatite minerals [3], which plays an important role in 

the formation of bone minerals and initial intramembrane 

osteogenesis [4]. OCP has better bone conductivity, 

biodegradability and bioactivity than hydroxyapatite (HA) [5-6]. 

After implantation, OCP has no stimulation and rejection effect 

on the tissue, and can form a strong chemical binding with bone. 

Compared with tricalcium phosphate (TCP), OCP can degrade 

faster, so it is a good material for bone defect regeneration and 

repair [7]. OCP can also be used as a carrier of bisphosphate for 

bone repair after bone tumor removal [8]. 

Copper is not only an indispensable cofactor of enzyme and 

nonenzyme dependent copper protein in mitochondrial 

respiration, neurotransmitter synthesis, peptide amidation, 

connective tissue formation, iron metabolism and other 

processes [9-11], but also the production of collagen and 

elastin depends on the activation and participation of copper 

[12]. Bone minerals contain magnesium, zinc, copper, 

manganese and other trace elements. Doping these bioactive 

ions into inorganic bioceramics can simulate the composition 

of bone and promote the formation of new bone by releasing 

these trace elements [13-14]. In recent years, copper ions have 

been widely used in the field of bone and vascular tissue repair 

[15]. However, the application of copper in bone repair is 

rarely reported. In this study, copper-doped OCP (Cu-OCP) 

powder was synthesized by copper ion doping in OCP, which 

was expected to further strengthen the osteogenesis of OCP, 

and provide a new idea for the application of trace elements in 

tissue engineering and bone repair biomaterial. 

2. Materials and Methods 

2.1. Synthesis of OCP and Cu-OCP Powder 

OCP and copper-doped OCP were synthesized by the 

classical chemical homogeneous precipitation method. 

Copper in Cu-OCP was supplied by copper acetate. The basic 

steps were as follow: 

For the synthesis of OCP, calcium acetate monohydrate 

(Tianjin Kemiou Chemical Reagent Co., Ltd, China) calculated 

by concentration and 300 mL deionized water were fully stirred 

to form solution A. For the synthesis of copper-doped OCP, 250 

mL calcium acetate aqueous solution and 50 mL copper acetate 

(Tianjin Fortune Chemical Reagent Factory, China) solution 

calculated by concentration were stirred to form solution A. 

Then, 30 mM ammonium dihydrogen phosphate (Guangzhou 

Chemical Reagent Factory, China) and 100 mM urea 

(Guangzhou Chemical Reagent Factory, China) were added to 

300 mL deionized water to form solution B. Both solution A 

and solution B were stirred until dissolved, respectively. Under 

the condition of stirring, solution A was slowly dripped into 

solution B gradually within 5 minutes at room temperature. 

Then it was transferred to a constant temperature water bath at 

90°C and stirred at 750 rpm for 4 hours. In the process of 

dissolution, the stoichiometry of Cu was equal to the 

concentration of Cu doped in solution A, and the stoichiometry 

of (Cu+Ca)/P was maintained to 1.33. The concentrations of 

copper ions doped into the OCP powders were designed with 

five gradients of 0%, 0.1%, 0.5%, 1% and 5%. The 

corresponding powders were expressed as OCP, 0.1Cu-OCP, 

0.5Cu-OCP, Cu-OCP and 5Cu-OCP. The reactant precipitation 

was first washed with deionized water for 3 times followed by 

ethanol for 2 times at 4500 rpm for 10 minutes. Finally, the 

obtained precipitations were dried in an oven at 37°C. 

2.2. Characterizations of the Synthesized Powders 

2.2.1. XRD 

Polycrystalline X-Ray Diffractometers (XRD, D8 Advance, 

Bruker, Switzerland) was used to detect the phase of the 

substance. 

2.2.2. XRF 

X-ray fluorescence spectrometer (XRF, 3600, Thermo 

Fisher Scientific, USA) was used to analyze the element 

composition in the fabricated powder. 

2.2.3. SEM 

Scanning electron microscope (SEM, 4006-800-720, 

ZEISS, Germany) was used to observe the micro-structure of 

OCP powders. 

2.2.4. Ions Release 

Five kinds of powders OCP, 0.1Cu-OCP, 0.5Cu-OCP, 

Cu-OCP and 5Cu-OCP were added to 10 mL Tris solution 

(0.05 mmol/mL, PH 10.02) respectively and Shaken at the 

speed of 72 rpm in a 37°C Shaker for 24 hours followed by 

centrifugation at the speed of 8000 rpm. The supernatant was 

filtered and 10 times diluted. And 10 mL copper acetate 

solution with the concentration of 10 µmol/L was prepared as 

control. The accumulated concentrations of copper, 

phosphorus and calcium in the samples were determined by 

Inductively coupled plasma atomic emission spectrometer 

(ICP-AES; Optimal 5300DV, Perkin Elmer, USA). 

2.3. Biocompatibility and Bone Regeneration Potential of 

the Powders 

2.3.1. CCK8 Assay and Live/Dead Staining 

The powders were sterilized under high pressure, then 0.05 

mg/mL powder culture medium (including 10% FBS, 1% 

sodium pyruvate, 1% Penicillin-Streptomycin and 88% 

DMEM) was prepared. The mouse bone marrow stromal cells 

(mBMSCs) of P5 generation were seeded into 48-well plates 

at the density of 5×10
3
/well. After 24 hours, 500 µL of the 
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powder culture medium was added into each well, and the 

control group was added with culture medium without any of 

the powder. The solution was changed with pure culture 

medium every other day. CCK8 and live/dead staining were 

performed on Day 1/3/5 to analyze the cell proliferation. 

2.3.2. ALP Activity 

The mouse bone marrow stromal cells (mBMSCs) of P5 

generation were seeded into 48-well plates at the density of 

5×10
4
/well. After 24 hours, 500 µL of the powder culture 

medium was added into each well, and the control group was 

added with culture medium without any of the powder. The 

solution was changed with Osteoinductive fluid (culture 

medium with 10 mM Sodium glycerophosphate, 1×10
-8

 mM 

dexamethasone, and 50 mg/L ascorbic acid) every other day. 

ALP activity was determined on day 7 and 14. 

3. Results 

3.1. XRD 

The main diffraction peaks of the XRD near 4.7° indicated 

that all the synthesized powders were well-crystallized OCP 

and corresponded to JCPDS PDF#26-1056, but the main 

diffraction peaks value decreased as copper doped into the 

OCP powders. The diffraction peak (010) and (700) were also 

observed near 9.3° and 33.5°. The results show that the doping 

of copper didn’t change the phase of OCP, and the increase of 

copper content decreased the peak of OCP slightly (Figure 1). 

Table 1. X-ray fluorescence spectrometric analysis of five copper-doped 

powders. 

Compound 
Element contained 

in OCP or Cu-OCP 

Molar fraction 

(%) 

Ca/P molar 

ratio 

OCP 

Ca 21.54  

P 16.18 1.33 

O 61.99  

Others 0.29  

0.1Cu-OCP 

Ca 20.59  

P 16.69 1.23 

O 62.53  

Cu 0.02  

Others 0.17  

0.5Cu-OCP 

Ca 20.63  

P 16.53  

O 62.27 1.25 

Cu 0.08  

Others 0.50  

Cu-OCP 

Ca 20.09  

P 16.89  

O 62.67 1.19 

Cu 0.13  

Others 0.22  

5Cu-OCP 

Ca 20.93  

P 16.07  

O 62.04 1.30 

Cu 0.76  

Others 0.20  

 

Figure 1. XRD pattern of the five kinds of OCP powders doped with different 

content of copper. 

3.2. XRF 

As shown in Table 1, the XRF results showed that the five 

copper-doped OCP powders were still mainly composed of 

Ca, P and O, and the molar fraction of copper in the powders 

were 0.1Cu-OCP: 0.02%, 0.5Cu-OCP: 0.08%, Cu-OCP: 

0.23%, and 5CU-OCP: 0.76%, respectively. It was indicated 

that with the increase of the doping concentration of copper, 

the molar fraction of copper in each powder also increased, 

but overall, the proportion of copper was very little. 

3.3. SEM 

The crystal structure of five kinds of powders was long 

strip flake like wood chips under SEM. The copper-doped 

OCP crystal structure became smaller and finer with the 

increasing of copper content. When the copper content 

reached 5%, the crystal structure of 5Cu-OCP powder was 

very fine (Figure 2). 

 

Figure 2. SEM images of five different copper-doped OCP powders. 

3.4. Ions Release 

The results of ICP showed that the concentrations of Ca, P 

and Cu released by 5 kinds of powders after 24 hours in Tris 

solution were shown in Table 2. It was indicated that the 

copper ions released from various copper-doped powders in 

24 hours were trace, and copper ions were slowly released in 
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the Tris liquid environment after being doped into OCP. 

Table 2. ICP determination of Ca, P and Cu ions released from powders. 

 

Compounds 

Average concentration (ppm) 

Ca P Cu 

copper acetate (10 µmol/L) 0.013 0.003 0.527 

OCP (1 mg/mL) 0.016 0.192 0.008 

0.1Cu-OCP (1 mg/mL) 0.012 0.178 0.027 

0.5Cu-OCP (1 mg/mL) 0.015 0.221 0.132 

Cu-OCP (1 mg/mL) 0.014 1.313 0.285 

5Cu-OCP (1mg/mL) 0.013 1.597 1.496 

3.5. CCK8 assay and Live/Dead Staining 

 

Figure 3. Five kinds of powders were cocultured with mBMSCs for 1, 3 and 

5 days, the results of CCK-8 assays.*** p < 0.001, compared to the control 

group. 

 

Figure 4. Five kinds of powders were cocultured with mBMSCs for 1, 3 and 

5 days, the results of live/dead staining. 

After mBMSCs were co-cultured with 5 kinds of powders 

for 1,3 and 5 days, the results of CCK-8 showed that the OD 

values in each experimental group were higher than those in 

the control group, it was obvious on day 3 and 5, and 

significantly in group 0.5Cu-OCP (Figure 3). 

Similarly, live/dead staining showed that mBMSCs 

survived well with various copper-doped OCP powders. With 

the increase of time, the cells of each group proliferated 

steadily, and the proliferation of each experimental group 

was promoted compared to the control group, among which 

0.5Cu-OCP and Cu-OCP Group were significantly promoted 

(Figure 4). 

3.6. ALP Activity 

The ALP activity was detected after 5 kinds of powders 

were cocultured with mBMSCs for 7 and 14 days. The ALP 

activity of mBMSCs increased over time. And it was 

significantly higher in group OCP, 0.1Cu-OCP, 0.5Cu-OCP, 

and Cu-OCP compared to the control group on the 14
th

 day, 

among which, group 0.5Cu-OCP, and Cu-OCP were most 

obviously (Figure 5). 

 

Figure 5. The ALP activity of mBMSCs was detected after 7 and 14 days 

cocultured with 5 kinds of powders. * p < 0.05,** p < 0.01, *** P<0.001, 

compared to the control group. 

4. Discussion 

As a precursor of bone and dental apatite minerals, OCP 

plays an important role in the formation of bone minerals and 

initial intramembrane osteogenesis, with good bone 

conductivity, biodegradability and bioactivity. After 

implantation, it has no stimulation and rejection to the tissue. 

It can form a strong chemical bond with bone and degrade 

faster than TCP. It is a good material for bone defect 

regeneration and repair [16]. Kouketsu A et al. [17] 

Fabricated two kinds of porous scaffolds, OCP/COL 

(composed of octacalcium phosphate and collagen) and 

TCP/COL (composed of tricalcium phosphate and collagen). 

Then, they implanted the scaffolds into the calvarial defects 

of Twelve‐week‐old male Wistar rats and fixed for 2 or 4 

weeks. The results of radiographic and µ-CT examination 

showed the regeneration of the calvarial defects much more 
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better in the OCP/COL group than that in the TCP/COL 

group. And all the osteogenic biomarkers expression, such as 

osteopontin, osteocalcin, Runt-related transcription factor 2, 

type 1 collagen, vascular endothelial growth factor, and ALP, 

were higher in the OCP/Col group than in the TCP/COL 

group at 2 and 4 weeks after surgery. The experiment 

indicated that OCP exhibited good osteoconductive activity 

and osteoinductive capacity. 

As a cofactor of enzyme and non-enzyme copper 

dependent protein, copper participates in mitochondrial 

respiration, neurotransmitter synthesis, peptide amidation, 

connective tissue formation and iron metabolism. Therefore, 

copper is an indispensable trace element in human body 

[18-20]. Based on the biological functions and benefits of 

copper, more and more biomaterial researchers are 

committed to developing new copper containing biomaterials, 

which have unique properties in protecting the cardiovascular 

system, promoting fracture healing, and playing antibacterial 

role. Copper can also be used to promote wound healing, kill 

cancer cells, positron emission tomography (PET) imaging, 

radio immunotherapy and cancer radiotherapy [21]. Copper 

has been widely used in repairing bone and vascular tissue 

[22]. Previous studies have shown that copper can promote 

the osteogenic differentiation, new bone formation and 

angiogenesis of BMSCs in vivo. Materials containing copper, 

such as copper stainless steel or copper-coated bioactive 

glass scaffolds, have been successfully developed for bone 

repair [23-28]. 

Therefore, doping copper ions into inorganic biomaterials 

and slowly releasing them from the materials are expected to 

better promote the formation of new bone. In this study, we 

successfully doped different concentrations of copper into 

OCP. XRD results showed that the doping of copper did not 

significantly change the phase of OCP. The increase of 

copper content could make the peak value of OCP decrease 

slightly. XRF showed that the main composition of 

copper-doped OCP powder were still Ca, P and O. And the 

molar fraction of copper in the powder was trace. The results 

of ICP showed that the copper ions released from 

copper-doped OCP powder in 24 hours was trace, which 

reflected that copper could be released slowly in Tris liquid 

environment after doping into OCP. The slow release of 

copper from the powder was the important theoretical basis 

for the nontoxicity of copper to mBMSCs in vitro and to the 

body in vivo. In this study, OCP and copper-doped OCP 

powders were cocultured with mBMSCs. CCK-8 and 

live/dead staining results showed that all the powders doped 

with copper and without copper had good biocompatibility, 

and 0.5Cu-OCP powder could significantly promote the 

proliferation of mBMSCs. 

ALP is an important marker of osteogenic differentiation 

[29]. In this study, the ALP activity of mBMSCs in OCP, 

0.1Cu-OCP, 0.5Cu-OCP and Cu-OCP groups were 

significantly increased after 14 days of coculture, especially 

in 0.5Cu-OCP group. The results showed that 0.5Cu-OCP 

might promote the osteogenic differentiation of mBMSCs. 

Based on the fact that copper-doped OCP powders could 

significantly promote the proliferation and osteogenic 

differentiation of mBMSCs, it is expected to be used together 

with other organic materials such as silk fibroin and sodium 

alginate to prepare composite scaffolds to promote the repair 

of bone defects. 

5. Conclusion 

In this study, copper was successfully doped into the OCP 

powders, and the physical and chemical properties of the 

OCP powders doped with copper were characterized. In vitro 

cell experiments confirmed that the powder has good 

biocompatibility, and was non-toxic to mBMSCs, and could 

promote the proliferation of mBMSCs. In addition, it had the 

potential to promote the osteogenic differentiation of 

mBMSCs. The synthesis of the copper-doped powder is 

expected to introduce copper ions into the construction of 

bone repair biomaterials, which provides a new idea for the 

application of trace elements in bone repair research. 
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