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CaP/chitosan/graphene coating on Mg alloy was obtained by electrophoretic deposition (EPD) and 

transformation in a phosphate buffer solution (PBS). The microstructures and compositions of the 

composite coatings were studied by scanning electron microscope (SEM), Fourier–transformed 

infrared spectroscopy (FTIR), X-ray diffraction (XRD) and Raman spectroscopy. The element 

concentration was investigated by inductively coupled plasma optical emission spectrometer (ICP-

OES) test. The degradation behavior of Mg based CaP/chitosan/graphene in m-SBF was researched by 

soaking experiment and electrochemical performance test. The cytotoxicity of the prepared material to 

SaOS-2 cells was determined by CCK assay. The results indicated that addition of graphene had a 

positive effect on improving the bioactivity and cell viability of the CaP/chitosan coating. 

CaP/chitosan/graphene coating could protect the Mg alloy from corroding in m-SBF. 
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1. INTRODUCTION 

Magnesium and its alloys were excellent implants due to their biodegradability 

and  biocompatibility. Further, the Young’s modulus of magnesium and its alloys (45 GPa) are closer to 

natural bone (10-15 GPa), which may minimize the stress shielding and avoid the second surgery [1,2]. 

The degradation products of magnesium and its alloys are non-toxic and the redundant Mg
2+

 can be 

harmlessly excreted in the urine [3]. As the fourth most abundant cation in the human body, 

magnesium is an essential element to human metabolism and can promote bone cell attachment and 

tissue growth [4]. However, magnesium and its alloys can be corroded in the human body environment 
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too fast to keep the mechanical integrity before sufficient recovery. Researchers have demonstrated 

that the bioactive ceramic coating on magnesium and its alloys might be an effective way to decrease 

their corrosion rate [5-7]. Hydroxyapatite (Ca10(PO4)6(OH)2, HA), having the similar chemical and 

crystallographic structures of natural bone, has been extensively used for bone substitutes and other 

biomedical implants due to its bioactivity, biocompatibility and osteoconductive properties [8]. Due to 

the brittleness of pure HA, the addition of CNTs as a secondary constituent into bioactive film has been 

extensively explored to improve the overall mechanical properties of composites, such as toughness, 

elastic modulus, hardness and bending strength [9]. However, the biocompatibility of CNTs is still 

contradictory, though its cytotoxic effect in some cases result from impurities or aggregation and is not 

itself [9]. In contrast to CNTs, graphene exhibits little cytotoxicity due to its single layer structure is 

very simple and it can be synthesized in a relative pure form. Some researches have revealed that 

graphene is not toxic for mesenchymal stromal cells (MSCs) and human osteoblasts, and it can 

stimulate their adhesion and proliferation and facilitate the formation of bone-like apatite [10,11]. On 

the other hand, graphene exhibits more significant toughing effect on brittle materials than do CNTs 

[11,12]. Chitosan is a partially deacetylated polymer of N-acetyl glucosamine and one of the most 

promising biopolymers for tissue engineering, and it has possible orthopedic applications due to its 

good biocompatibility, intrinsic antibacterial activity and the ability to bind to growth factors[13,14]. 

Bone consists of an organic collagen matrix and inorganic hydroxyapatite[15]. As we know, the perfect 

bone substitutes should have higher mechanical property, good biocompatibility, bioactivity and a 

suitable biodegradation rate. From the structure of natural bone, it was proposed in this work to 

develop a novel MAO-AZ91D based CaP/chitosan/graphene as bone tissue material. Based on the 

previous studies[16-18], the bioactivity, corrosion properties and cell toxicity of Mg based 

CaP/chitosan/graphene were studied.  

 

 

2. MATERIALS AND METHODS 

2.1 Pretreatment of Mg alloy[18]  

AZ91D Mg alloy (Dongqi Magnesium Alloy Products Co., Ltd., China) as the matrix 

material was cut into the quadrate samples with size of 1 cm×1 cm×0.5 cm. The quadrate samples 

welded with wires were packaged into the epoxy resin with one exposed surface of 1cm
2
. The 

obtained specimens were burnished by the sandpaper and were ultrasonically washed. 

A strong alkaline solution was used as the electrolyte of the MAO process. The treated Mg alloy 

sample was the anode and a stainless steel vessel with the electrolyte was the cathode. The MAO 

course was operated at a stable current of 0.1 A/cm
2
 for 10-15s. The obtained oxidation specimens 

were ultrasonically washed and dried under room temperature. 

 

2.2 preparation of Mg based CaP /chitosan/graphene  

Just as the preliminary work, nano-hydroxyapatite (nHA) particles for EPD was synthesized by 

the chemical precipitation technology [19]. CS (a deacetylation degree of about 85%, Mw =200,000)  
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was from Sigma-Aldrich Trading Co, Ltd., China. 0.25 g CS, 1.0 g nHA particles were added into 200 

ml of an acetic acid aqueous solution in the condition of agitation, respectively. The other solution was 

obtained by putting 1.5 g nHA particles into 300 ml absolute ethanol. At last, 0.01g of graphene was 

added into the mixture system of two solutions. The obtained mixture was sonicated for 1-2 h and aged 

for 24-30 h. Mg alloy was used as the cathode and the titanium alloy coated iridium tantalum was used 

as as the anode in the EPD. The EPD process was conducted under a voltage of 40 V for 20 min. After 

EPD, Mg alloy with the CaP/chitosan/graphene coating was immersed in a conical bottle with PBS at 

37 °C for 5 d. The PBS was replaced every day. The obtained specimen was washed with the distilled 

water and dried under the room temperature. 

 

2.3 Soaking into the m-SBF 

After soaking into the PBS, Mg based CaP/chitosan/graphene was placed into a conical flask 

with 250 ml of the m-SBF at 37°C for different time intervals, respectively [20,21]. The ratio of the m-

SBF volume (ml) to the specimen surface area (cm
2
) was 250: 1. At the each time point, the specimens 

were took out from the m-SBF, washed with  the ionized water, and dried under the room temperature. 

 

2.4 Specimens characterization 

After soaking into the m-SBF for the different periods, the surface morphologies of the 

composite coatings were observed by a SEM (S4800HSD, Japan). The composite coatings’ 

compositions were studied by the XRD ( Rigaku D/max-γB, Japan),  FTIR (AVATAR360, Nicolet 

Instruments, USA) and Raman spectrometer (DXR, Thermo scientific, America). The pH value and 

elements concentration in the m-SBF were measured with a pH meter (PHS-3C, Shanghai Leici, 

China) and an ICP-OES (5300DV, Perkin Elmer, America), respectively.  

Electrochemical impedance spectroscopy (EIS) test was conducted in m-SBF by using a Model 

CHI750D potentiostat (Chenhua Co., Ltd, Shanghai, China). Spectra of electrochemical impedance 

were recorded with the scan frequency ranging from 100 kHz to 10 mHz and a perturbation amplitude 

of 5 mV. The obtained Nyquist plots were fitted by the software Zsip Win 3.0. The scan rate of Tafel 

curve test was 5 mV/s, polarization time was 2 s. 

 

2.5 Cell viability test of the extracts from the immersion test 

The cytotoxicity of Mg based CaP/chitosan/graphene sample to SaOS-2 cells was determined 

by CCK assay. The soaking extracts collected from the soaking test were used to cultivate cells in this 

test. First day, 1×10
4
 cells/100μl SaOS-2 human osteoblasts were cultivated in 1640 medium (Sigma 

company) on the 96-well plates (Corning company) at 37 ℃ in an atmosphere of 5% CO2 and 95% air 

for one day. The medium in every well was substituted by 100 μl m-SBF extracts and 15% (v/v) fetal 

bovine serum (FBS, Hyclone, America) on the second day. The medium in every well was replaced 

with 90 μl m-SBF extracts and 10 μl CCK8 (Japanese), and incubated 37 ℃ in an atmosphere of 5% 
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CO2 and 95% air for 1-4 h on the third day. The absorbance was recorded by enzyme standard 

instrument at 450 nm to determine the cell viability. 

 

 

 

3. RESULTS AND DISCUSSION  

3.1 In vitro bioactivity of Mg based CaP/chitosan/graphene in m-SBF 

Fig.1 shows XRD pattern of the CaP/chitosan/graphene coating immersed in the m-SBF for 

different periods. It was clearly seen from Fig.1 that the diffraction peaks at 2θ=25.9, 31.8, 32.2, 32.9, 

39.8, 46.7, 49.5, 53.1 were attributed to the major peaks of hydroxyapatite (HA, Ca10((PO4)6(OH)2), 

and the characteristic peaks of bone-like apatite (HCA, Ca10(PO4)3(CO3)3(OH)2) were present at 

2θ=25.7, 29.3, 32.2, 33.4. In Fig.1(a), the main ingredients in the CaP/chitosan/graphene coating were 

DCPD, HA and HCA before soaking into m-SBF, and DCPD would change into HA and HCA after 

soaking into m-SBF as shown in the previous study [16]. Compared to the sample before soaking into 

m-SBF (Fig.1(a)), the peaks of HA and HCA strengthened after the CaP/chitosan/graphene coating was 

soaked in the m-SBF in Fig.1(b-i), which showed that the amounts of HA and HCA increased. It was 

found from Fig.1(b-i) that the peak strengths and widths of HA and HCA changed little with the 

increase of the immersion time in m-SBF, suggesting that the changes of crystalline and the growing 

amount of HA and HCA in the m-SBF at the adjacent interval were difficult to be tested within the 

sensitivity limit of XRD.  
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Figure 1. XRD patterns of the CaP/chitosan/graphene coating soaked in the m-SBF for different 

periods (a) 0 week (b) 1 week (c) 2 weeks (d) 3 weeks (e) 4 weeks (f) 6 weeks (g) 8 weeks (h) 

10 weeks (i) 12 weeks 
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Figure 2. FT-IR spectra of the CaP/chitosan/graphene coating soaked in the m-SBF for different 

periods (a) 0 week (b) 1 week (c) 2 weeks (d) 4 weeks (e) 6 weeks (f) 8 weeks (g) 10 weeks (h) 

12 weeks 

 

Fig.2 shows FT-IR spectra of the CaP/chitosan/graphene coating soaked in the m-SBF for 

different periods. A strong absorption at 1032 cm
-1

 was attributed to ν3 asymmetrical stretching of P-O. 

The peaks at 564 cm
-1

 and 602 cm
-1

 which referred to ν4 P-O bending in PO4
3-

 were observed. The 

bands at 3364 cm
-1 

and 1649 cm
-1

 corresponded to the hydroxyl group in the FT-IR spectra [22]. The 

peaks at 1424-1480 cm
-1

 and 874 cm
-1

 were assigned to the stretching vibrations of CO3
2- 

[23]. It could 

be seen from Fig.2 that the absorption peaks of PO4
3-

 and CO3
2-

 obviously increased after the 

CaP/chitosan/graphene coating were immersed in m-SBF from 0 week to 10 weeks, which suggested 

that HA or HCA grew on the coating with the increase of soaking time. It could be concluded that the 

incorporation of graphene into the CaP/chitosan coating facilitated the formation of phosphate on the 

coating [11]. Up to 12 weeks, the peak strengths of PO4
3-

 and CO3
2-

 decreased, indicating the 

deposition process of phosphate relatively became weak at this phase. 

Fig.3 is Raman spectra of the CaP/chitosan/graphene coating soaked in the m-SBF for different 

periods. The G-band at ~1597 cm
-1

 and the D-band at 1347 cm
-1

 were attributed to the Raman spectra 

of graphene, which showed that the graphene existed in the CaP/chitosan coating [24]. One sharp peak 

at 961 cm
-1

 was associated with the P-O stretching vibration of ν1 (PO4) mode, which was assigned to a 

typical feature of crystalline HA. A peak at 1085 cm
-1

 was attributed to ν3 (PO4) [25]. It could be seen 

from Fig.3 that a peak around 961 cm
-1

 became sharp with the soaking time increasing from 0 week to 

4 weeks, indicating that the amount of HA increased [26]. When the immersion time changed from 4 

weeks to 12 weeks, the strengths of HA peak dramatically decreased, indicating the deposition of HA 

changed into the dissolution process at this phase. It could be concluded from Fig.2 and Fig.3 that the 

graphene was more beneficial for the growth of bone-like apatite in m-SBF and its deposition process 

gradually strengthened as the immersion time from 0 week to 10 weeks. Moreover, a peak at 1083 cm
-1
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weakened after the coating was immersed in m-SBF, which could be attributed to DCPD turning into 

HA and HCA as stated in previous study[16].  
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Figure 3. Raman spectra of the CaP/chitosan/graphene coating soaked in the m-SBF for different 

periods (a) 0 week (b) 1 week (c) 4 weeks (d) 10 weeks (e) 12 weeks 

 

Fig.4 shows the changes of different element concentrations and pH value in m-SBF with the 

soaking time for Mg based CaP/chitosan/graphene. It could be seen from Fig.4(a)(b) that the element 

concentrations of Ca and P obviously decreased from 0 week to 4 weeks, which indicated that the 

deposition process of HA and HCA occurred. The element concentrations of Ca and P showed a slow 

decreasing trend during immersion phase from 6 weeks to 12 weeks, which suggested that the total 

deposition of phosphate became slow because the precipitation of HCA was accompanied by the 

dissolution of HA.  
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Figure 4. The changes of different elements concentrations and pH value in the m-SBF with the 

soaking time for Mg based CaP/chitosan/graphene (a) Ca (b) P (c) Mg (d) pH values 

 

These were in agreement with the results of FIIR in Fig.2 and Raman in Fig.3. From 

Fig.4(c)(d), the Mg element concentration and pH value constantly increased at all immersion phase, 

suggesting the CaP/chitosan/graphene coating could not prevent the corrosion of Mg alloy in m-SBF 

as shown previous study [18].  

Fig.5 shows SEM of the CaP/chitosan/graphene coating immersed in the m-SBF for different 

periods. It could be seen from Fig.5(a) that the morphology of the obtained coating showed the 

clubbed-like structure, which was attributed to the existence of HA and DCPD in the coating before 

soaking into m-SBF as shown in previous study [16]. Incidentally, the micropores in the coating 

resulted from the hydrogen release in EPD. Because the DCPD could turn into HA and HCA and a part 

of HA would dissolve when the obtained coating was immersed into m-SBF, a few graphene was 

exposed in the CaP/chitosan coating in Fig.5(b)(c).  
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Figure 5. SEM of the CaP/chitosan/graphene coating soaked in the m-SBF for different periods (a) 0 

week (b) 1 week (c) 4 weeks (d) 8 weeks (e) 10 weeks (f) 12 weeks 

 

As the immersion time extended, the graphene could induce the deposition of phosphate on the 

coating and the graphene was gradually covered by the phosphate in Fig.5(d). When the immersion 

time reached to the 10 weeks and 12 weeks in Fig.5(e)(f), the lamellar structure of graphene was 

totally covered by the new phosphate.  

 

3.2 Degradation behavior of Mg based CaP/chitosan/graphene in m-SBF 

3.2.1 Electrochemical impedance 

Table 1. Fitting results of Nyquist plots for Mg based CaP/chitosan/graphene soaked in m-SBF for 

different intervals 

 

Time 1 Week 3 Weeks 4 Weeks 6 Weeks 

Rct /Ω·cm
2
 

Rs / Ω·cm
2
 

χ
2 

46.96 

1403 

5.9×10
-4

 

54.94 

440.5 

1.60×10
-3

 

628.9 

898.4 

2.80×10
-3 

530.2 

 

4.72×10
-4
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Figure 6. Nyquist plots and equivalent circuits of Mg based CaP/chitosan/graphene soaked in m-SBF 

for different intervals (a) 1 week; (b) 3 weeks; (c) 4 weeks; (d) 6 weeks 

 

Figure 6 is Nyquist plots and the equivalent circuit of Mg based CaP/chitosan/ graphene in m-

SBF for different intervals. Nyquist plots for different intervals was fitted according to the 

corresponding equivalent circuits, the fitting results are shown in Table1. Nyquist plots in Figure 

6(a)(b)(c) are similar, they are composed of two capacitive reactance loops at the high-middle 

frequency region and a inductive impedance loop at low frequency region. Like the previous 

study[27], the capacitive reactance loop at high frequency area indicated the charge transfer resistance 

(Rct) and double-electric layer capacitance (Cd) at interface, the capacitive reactance loop at middle 

frequency area corresponded to the resistance and capacitance of electrolyte through the corrosion 

product, MAO film and CaP/chitosan/graphene coating on the surface of Mg alloy, and the inductive 

impedance loop at low frequency area showed the adsorption and falling of the corrosion products on 

the interface between the solution and metal substrate[28-31]. 

In Figure 6 (d), Nyquist plot of sample was composed of a capacitive reactance loop at high 

frequency area and a oblique line at the middle-low frequency area. Moreover, the capacitive reactance 

loop at high frequency area was also charge transfer process, and a oblique line at the middle-low 

frequency was caused by a semi-infinite diffusion process.  
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When the Mg based CaP/chitosan/graphene was soaked in m-SBF for 1 week, 3 weeks and 4 

weeks, it can be seen from Table 1 that Rct increased and Rs showed a rough decreasing tendency. This 

was because the m-SBF permeated the coating in contact with the metal matrix and reacted with Mg 

alloys, the generated corrosion products on the interface between MAO-AZ91D Mg alloy and the 

coating caused the electrochemical reaction to occur difficultly. At the same time, the MAO layer was 

corroded by electrolyte, the calcium phosphate in the composite coating not only existed the deposition 

process but also the dissolving process. As a result, the above-mentioned comprehensive results 

resulted in the increase of Rct and the decrease of Rf. When the soaking time was 6 weeks, the 

corrosion products on the metal substrate, MAO layer and the composite coating were all locally 

damaged, which would lead to the lack of protective layer of metal matrix, and the Rs reduced to zero 

(Table1), the corrosion behavior of the sample was controlled by the mixture process of 

electrochemistry and semi-infinite diffusion. 

In conclusion, with the increase of soaking time in m-SBF, the corrosion behavior of Mg based 

CaP/chitosan/graphene was similar with Mg based CaP/chitosan in previous study[27]. In addition, in 

comparison with Mg based CaP/chitosan, the CaP/chitosan/graphene coating on Mg alloy was not 

destroyed when the immersion time in m-SBF was about 4 weeks(Fig.6(c)), which showed that the 

bonding between the coating and metal substrate was improved after addition graphene into 

CaP/chitosan coating. 

 

3.2.2 Tafel curves 
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Figure 7. Tafel plots of Mg based CaP /chitosan/graphene soaked in m-SBF for different intervals 

 

Tafel curves and the corresponding analysis results for Mg based CaP/chitosan/graphene 

soaked in m-SBF at different intervals are shown in Figure 7 and Table 2. It can be seen from Figure 7 

and Table 2 that the icorr value of Mg based CaP/chitosan/graphene showed a rough decrease trend 
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when the soaking time increased from 1 week to 8 weeks. Specifically, the coating was intact and icorr 

value changed little from 1 weeks to 4 weeks, which indicated that the protective film made the 

electrochemical corrosion rate of samples be relatively stable. When the immersion time was greater 

than 4 weeks, the partial rupture of the coating and the direct contact between metal matrix and m-SBF 

caused the surface of Mg alloy to generate a dense layer of corrosion products, the icorr value decreased 

instead[27]. 

 

Table 2. Results of Tafel plots for Mg based CaP/chitosan/graphene soaked in m-SBF for different 

intervals 

 

Time 1 Week 3 Weeks 4 Weeks 8 Weeks 

Ecorr/V(vs·SCE) 

icorr /A·cm
-2

 

-1.554 

3.8×10
-5

 

-1.534 

7.7×10
-5

 

-1.48 

5.0×10
-7

 

-1.330 

1.9×10
-7

 

 

3.2.3 Immersion test 

Figure 8 is the change of Mg element concentration and pH value in m-SBF as the soaking time 

for Mg based CaP/chitosan/graphene soaked in m-SBF. Figure 8(a)(b) showed that Mg element 

concentration and pH value in the whole soaking period increased, indicating that 

CaP/chitosan/graphene coating could not prevent Mg alloy from corroding in m-SBF and just 

decreased the corrosion rate of Mg alloy, as a result, Mg alloy in the m-SBF would slowly be 

degraded[18,32]. 
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Figure 8. Changes of Mg concentration (a) and pH value (a) in m-SBF with the immersion time for 

Mg based CaP/chitosan/graphene 

 

3.3 Cell viability test of the extracts from the immersion test 

Fig.9 shows the SaOS-2 human cell viability that grew in the extracts from the soaking test. 

The extracts of Mg based CaP/chitosan/graphene were well tolerated by the osteoblasts with the cell 
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viability ranging from 123% to 103% until 16 days, which suggested that Mg based 

CaP/chitosan/graphene could not lead to the cell toxicity.  
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Figure 9. Cell viability of Mg based CaP/chitosan/graphene over time as derived from the absorbance 

reading at 450nm wavelength using the CCK assay 

 

The cell viability of sample decreased as the immersion time further increased from 24 to 60 

days, the cell viability was above 80% during this phase. The released amount of Mg
2+

 from Mg alloy 

and a rising pH value gradually increased as the increase of soaking time, which was connected with a 

decrease of cell viability. In this study, because the m-SBF in the soaking experiment was static, the 

concentration of Mg
2+

 and pH value were high in comparison with that in vivo environment. As a 

result, the cell viability was 28% when the soaking time reached to 90 days. Moreover, the cell 

viability of Mg based CaP/chitosan/graphene was higher than that of Mg based CaP/chitosan in 

previous study[32], which indicated that the addition of graphene contributed to improve the cell 

compatibility of Mg based CaP/chitosan. 

 

 

 

4. CONCLUSIONS 

In this paper, the CaP/chitosan/graphene coating has been successfully deposited on the Mg 

alloy. After Mg based CaP/chitosan/graphene was soaked in m-SBF,  the negative charge on graphene 

could cause coating surface to form a layer of calcium enrichment film, which was conducive to the 

growth of phosphate. With the increase of immersion time, the bone-like apatite in 

CaP/chitosan/graphene coating gradually mineralized, while HA dissolved and then deposited. The 

corrosion reactions of Mg based CaP/chitosan/graphene in m-SBF was orderly controlled by 

electrochemical and finite-layer diffusion process, electrochemistry and semi-infinite diffusion process 

and semi-infinite diffusion process with the increase of soaking time. The cell viability of Mg based 

CaP/chitosan/graphene was satisfactory, the cell viability was above 80% within 60 days of immersion 

time. 
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