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Abstract: The purpose of this work is to improve the cytocompatibility and corrosion resistance of 
magnesium alloy in the hope of preparing a biodegradable medical material. The aminated 
hydroxyethyl cellulose-induced biomimetic hydroxyapatite coating was successfully prepared on 
AZ31 magnesium alloy surface with a sol-gel spin coating method and biomimetic mineralization. 
Potentiodynamic polarization tests and electrochemical impedance spectroscopy showed that the 
hydroxyapatite/aminated hydroxyethyl cellulose (HA/AHEC) coating can greatly improve the 
corrosion resistance of AZ31 magnesium alloy and reduce the degradation speed in simulated 
body fluid (SBF). The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium bromide] 
method and cell morphology observation results showed that the HA/AHEC coating on AZ31 
magnesium alloy has excellent cytocompatibility and biological activity. 

Keywords: biomaterials; corrosion; coatings; aminated hydroxyethyl cellulose; magnesium alloy; 
hydroxyapatite; cytotoxicity 

 

1. Introduction 

Metals and their alloys are widely used in dentistry, orthopedics and cardiovascular medicine 
because of their good mechanical properties and good biocompatibility as implant materials [1–4]. 
Magnesium is a necessary element to human nutrition, and some scholars believe that magnesium 
and magnesium alloys are suitable as a biodegradable implant material [5,6]. Magnesium alloys are 
recoverable, light, and thermally conductive. They have excellent mechanical strength and good 
anti-electromagnetic wave properties [7,8]. However, magnesium alloys also suffer from a low 
corrosion resistance in chloride solutions, and this greatly limits their applications in biomedical 
fields [9,10]. To guarantee the excellent mechanical properties of magnesium alloys, some scholars 
have performed the surface treatment of magnesium alloys by using osteo-integration or 
osteo-conductive performance of biomaterials to increase the corrosion resistance of magnesium 
alloys [11]. 

Hydroxyapatite has good performance in bone repair, and it is the main calcium and phosphate 
phase of natural bone and teeth [12,13]. Recently, thermal spraying, sputtering coating, pulsed laser 
deposition, sol-gel, biomimetic coating, electrophoretic deposition, and many other methods are 
used to prepare hydroxyapatite coatings of magnesium alloy [14–18]. Biomimetic mineralization is 
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environmentally friendly, cheap, simple, and biocompatible, thus has attracted much attention and 
investigation [14]. However, direct formation of hydroxyapatite on the magnesium alloy results in 
defects in mechanical and chemical stability [19]. Due to a lack of nucleation centers on 
hydroxyapatite growth, direct biomimetic deposition of hydroxyapatite is very difficult [20,21]. To 
overcome these shortcomings, a good tool is the preparation of inorganic/organic composite 
coatings because the organic phase in the coating can increase the stability of the inorganic phase 
[22,23]. Hence, organic derivatives are used to induce and promote the nucleation of hydroxyapatite 
and crystal process [20,21]. 

Cellulose is the most abundant natural polysaccharide in nature. It has many excellent features 
that make it helpful as a component in hybrid materials: it is a renewable homopolymer that is 
biodegradable, sustainable, nontoxic and highly biocompatible [24–26]. Cellulose derivatives have 
been described as corrosion inhibitors including carboxymethyl cellulose, hydroxypropyl cellulose, 
hydroxypropyl methyl cellulose, and aminated hydroxyl ethyl cellulose (AHEC) [27–31]. Sangeetha 
et al. shows that AHEC exhibits higher corrosion inhibition efficiency than other cellulose 
derivatives [31]. 

However, the preparation of hydroxyapatite/aminated hydroxyethyl cellulose (HA/AHEC) 
composite coatings on magnesium alloys is rarely reported. The purpose of this work is to study the 
feasibility of preparing hydroxyapatite/aminated hydroxyethyl cellulose composite coating on 
magnesium alloy by biomimetic mineralization and to evaluate its cytocompatibility and corrosion 
resistance in the hope of preparing a biodegradable medical material. 

2. Materials and Methods  

2.1. Materials 

The AZ31 magnesium alloy was purchased from Hongxing Metal Materials Co., Ltd., 
Dongguan, China. Analytical grade chemical reagents were used in these experiments. 

2.2. Synthesis of AHEC 

The 0.5 g hydroxyl ethyl cellulose (HEC), 0.7 g (2-chloroethyl) diethylamine hydrochloride 
(DEH), and 0.3 g NaOH were successively added to 30 mL of deionized water. To prevent the 
oxidation of the HEC, 0.05 mg of sodium borohydride was added to the above solution. The reaction 
was completed at 50 °C for 30 min under stirring. AHEC was precipitated twice in acetone and then 
used in anhydrous ethanol washing after air drying [32]. 

2.3. Sample Preparation 

The AZ31 magnesium alloy is 10 mm × 10 mm × 1 mm. The samples were mechanically 
polished using 600–2000 grit SiC abrasive papers. The samples were ultrasonically cleaned in 100% 
acetone and ethanol for 5 min each. All samples were rinsed twice by deionized water and dried  
in air. 

2.4. Preparation of AHEC Films on AZ31 Surfaces 

The sol-gel was prepared with 0.45 g AHEC dissolved in 15 mL of deionized water at 50 °C with 
stirring. The AHEC film was spun on the surface of the AZ31 with a spin coater (Model kw-4 
desktop, Xin Youyan Electronic Technology Co., Ltd., Beijing, China). The coating solution was 
dripped into onto the AZ31 substrate surface, and this sample was rotated at 2000 rpm for 6 s for S1 
and 5000 rpm for 12 s for S2 using a spin coater, and the operation was repeated 8 times at the same 
surface. After waiting for the coating film to dry in air, we used the same method to prepare the 
coating as on the other surface. 
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2.5. Preparation of HA Coating on AHEC/AZ31 

The CaP solution was prepared according to Cui et al. [33]: 1.652 g Ca(NO3)2, 0.6552 g NaH2PO4, 
and 0.168 g NaHCO3 were added to 500 mL demonized water. To prepare the hydroxyapatite (HA) 
coating, AHEC-coated AZ31 magnesium alloy was immersed in calcium phosphate solution and 
stored at 37 °C for 2 days. The calcium phosphate solution was replaced every 24 h. Finally, all 
samples were rinsed with distilled water and dried at room temperature in air [34]. Furthermore, the 
bare AZ31 was directly soaked in the calcium phosphate solution with the above method to prepare 
HA coating on the AZ31 (HA/AZ31) as control group. 

2.6. Surface Characterization 

The microstructure observation, evaluation of the crystal structure, and determination of 
material characteristic functional groups used scanning electron microscopy (SEM, MIRA3, Tescan, 
Brno, Czech Republic), X-ray diffractometer (XRD, D/MAX-2400, Rigaku Co., Ltd., Tokyo, Japan) 
and Fourier-transform infrared (FT-IR) spectroscopy (Nicolet, Madison, WI, USA), respectively. The 
X-ray diffractometer used Cu-Kα radiation (λ = 1.54181 nm) at room temperature, test angle (2θ) 
from 20° to 80°, test voltage of 40 kV, current of 150 mA, and step size of 0.02°. The Fourier test range 
was 4000–500 cm−1 at room temperature. 

2.7. Corrosion Evaluation 

2.7.1. Electrochemical Measurements 

The corrosion resistance of the uncoated and coated magnesium alloy was tested by common 
detection methods such as potentiodynamic polarization tests and electrochemical impedance 
spectroscopy in simulated body fluid (SBF) [35]. SBF was prepared as described by Kokubo and 
Takadama [36]. A three-electrode cell and electrochemical workstation was used to complete the 
electrochemical measurement. The working electrode, reference electrode and counter electrode 
were samples, Ag/AgCl electrode (saturated with KCl) and platinum plate, respectively. Before the 
start of the electrochemical measurement, the sample was soaked in SBF for 180 s to establish the 
open circuit potential. The constant scan rate was 1 mV/s, and the exposed area of samples in SBF 
was 0.5 cm2. The electrochemical impedance spectrum frequency range was 0.01 to 100,000 Hz, and 
the results were analyzed by ZView2 software (version 2.9c, Scribner Associates, Southern Pines, 
NC, USA, 2005) [37]. The electrochemical measurement of each group was repeated three times to 
confirm the repetition rate of the result. 

2.7.2. Immersion Test 

To evaluate the sample’s corrosion resistance, a hydrogen evolution test was done using a 
special device according to the description of Bakhsheshi-Rad [35]. After recording the hydrogen 
evolution volume of the sample, a new preparation of SBF was replaced the original solution every 
24 hours for a total of 7 days. Samples were repeated in triplicate.  

2.8. Cell Viability Assay and Cell Morphology Examination 

MC3T3-E1 cells were cultured with Dulbecco’s modified Eagle’s medium (DMEM) at 37 °C 
under an atmosphere of 5% CO2 in a wet incubator; 10% (v/v) fetal bovine serum, 1% streptomycin 
and penicillin was added to DMEM. The extraction media was prepared using DMEM and an 
extracting ratio of 1 cm2/mL [34]. Cells were cultured (104 cells per well) in the 96-well plates for 24 
hours. The MC3T3-E1 cells were cultured in the DMEM as the negative group. DMEM was then 
replaced with extraction medium. The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium 
bromide] method was used after 1, 4 and 7 days of culture. This experiment was independently 
repeated three times. The proliferation rate of MC3T3-E1 cell was determined with MTT method. 
The absorbance at 570 nm was then recorded with a microplate reader (Elx 800, Bio-Tek, Winooski, 
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VT, USA), and the data were also subjected to unpaired single tailed Student’s t-test. A value of  
p < 0.05 was considered as significant. We also used an inverted optical microscope (IX2-Olympus, 
Tokyo, Japan) to obtain cell culture photos. 

3. Results and Discussion 

3.1. Characterization of the Samples Surfaces 

Figure 1 shows the surface morphology of AZ31 (Figure 1a), the AHEC (Figure 1b) and 
HA/AHEC (Figure 1c) coated substrates. It is clear that the surface morphology of AHEC coated 
AZ31 is a uniform and dense structure compared with the untreated of AZ31. Scratches are not 
observed in AHEC/AZ31 surface, which contrasts Fragal’s result [38]. The surface of the 
HA/AHEC-coated AZ31 samples is flower-like and homogeneous. It is composed of porous and 
consistent flake-like crystals. The porous structure is good for the promotion of bone cell biology 
reaction such as induction of bone apatite formation, which stimulates the osteoblast proliferation 
[39]. According to the Laurencin et al. [39], the porous structure may be caused by hydrogen release. 
The surface morphologies of AZ31, AHEC/AZ31, and HA/AHEC/AZ31 samples after immersion in 
SBF for 7 days are shown in Figure 1d–f. The surface of uncoated AZ31 samples has many wide and 
deep cracks and pits, but with little HA. On the AHEC coating, the cracks and pits become smaller 
with many dense and spherical HA particles. This may be the AHEC inducing HA formation in SBF 
[38]. However, the surface of HA/AHEC/AZ31 shows the fewest cracks and pits with a more narrow 
and shallow structure. These cracks are caused by water loss of the corrosion products and surface 
shrinkage [40]. Thus, we infer that HA/AHEC double coating can promote the corrosion resistance 
of AZ31 and protect AZ31 from SBF corrosion. The cross-section morphologies of the HA, AHEC, 
and HA/AHEC coating are presented in Figure 1g–i. No obvious dividing line is seen in the 
HA/AHEC-coated AZ31. Thus, we infer that the AHEC coating could induce the formation of HA 
coating on the AZ31 magnesium alloy surface. 

 
Figure 1. Scanning electron microscopy (SEM) images of AZ31, aminated hydroxyethyl cellulose 
(AHEC)/AZ31, and hydroxyapatite/aminated hydroxyethyl cellulose (HA/AHEC)/AZ31 specimens: 
before (a–c); and after (d–f) immersion in simulated body fluid (SBF) for 7 days; and the 
cross-sections of: (g) HA/AZ31; (h) AHEC/AZ31; and (i) HA/AHEC/AZ31. 
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XRD patterns of all specimens are shown in Figure 2. Except for the characteristic peak of 
magnesium alloy on AZ31 substrate, the peaks of magnesium hydroxide is also detected at 2θ = 58°. 
This may be due to the formation of Mg(OH)2 in the polishing process. Compared to the uncoated 
AZ31, the AHEC coating of AZ31 shows no obvious differences. This may be because the AHEC 
film is relatively thin with amorphous crystallinity [41]. However, in addition to the characteristic 
peak of magnesium alloy, the HA/AHEC/AZ31 produces a new sharp and narrow characteristic 
peak. The new peaks are located at 2θ = 25.9°, 32°, 32.6° and 54° from the (002), (211), (300) and (002) 
reflection of HA, respectively [34,42]. However, compared with the pure HA, some peaks of HA are 
not observed in the HA/AHEC/AZ31. These results show that the coating on the AHEC/AZ31 
surface might be Ca-deficient HA [43,44]. 

 
Figure 2. X-ray diffractometer (XRD) pattern of AZ31, HA/AZ31, AHEC/AZ31, HA/AHEC/AZ31, 
and Pure HA specimens. 

The FT-IR spectra of AZ31, AHEC, AHEC/AZ31, HA/AHEC/AZ31, and pure HA are presented 
in Figure 3. The spectrum of AHEC has a broad peak at 3417 cm−1 indicating hydroxyl groups. The 
bands at 1370, 1409 and 1456 cm−1 represent the –CH, –CH2 and –CH3 groups of AHEC, respectively 
[32]. The amino peak at 2847 cm−1 is small [32]. These results confirm that we successfully synthesize 
AHEC. In the spectrum of AHEC coated on AZ31, the characteristic band of AHEC is consistent with 
the synthesis of AHEC. Thus, the hydroxyl and amine groups are involved in the adsorption of 
AHEC on AZ31. The HA/AHEC/AZ31 samples have a broad peak for the hydroxyl group at  
3500 cm−1. Compared to other groups, new sharp peaks are seen at 1094, 604 and 566 cm–1. This may 
be due to the phosphate groups [33]. Additionally, the peaks of HA/AHEC/AZ31 are consistent with 
the pure HA. These results indicate that hydroxyapatite is successfully prepared on the surface of 
AHEC/AZ31. However, we also see the existence of carbonate bands (CO32−) at 1658 cm−1, and this 
may be attributed to small amounts of carbonate groups in hydroxyapatite [34]. 
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Figure 3. Fourier-transform infrared (FT-IR) spectrum of AZ31, AHEC, AHEC/AZ31, 
HA/AHEC/AZ31, and Pure HA. 

The material characterization results confirm the hydroxyapatite coating is formed on the AZ31 
magnesium alloy. Some scholars [38,45] suggest that the formation is due to the hydroxyl groups of 
AHEC adsorbing Ca2+ in solution. This forms positively charged groups of the surface. Thus, many 
negatively charged groups in the solution combine with calcium ions such as OH−, PO43−, etc. As a 
result, the AZ31 magnesium alloy surface forms the hydroxyapatite coating. 

3.2. Corrosion Resistance Analysis 

3.2.1. Polarization Studies 

The potentiodynamic polarization curves for AZ31, HA/AZ31, AHEC/AZ31, and 
HA/AHEC/AZ31 in SBF at room temperature are displayed in Figure 4, and the relative 
electrochemical parameters are listed as the inset. The corrosion potential (Ecorr) of 
HA/AHEC/AZ31 is −1.229 V, which is higher than that of bare AZ31 (−1.414 V), HA/AZ31 (−1.391 V) 
and AHEC/AZ31 (−1.316 V). In addition, the corresponding corrosion densities (Icorr) from Tafel 
fitting are 2.09 × 10−7, 2.23 × 10−6, 3.93 × 10−6 and 7.09 × 10−7 A/cm2 for HA/AHEC/AZ31, AZ31, 
HA/AZ31, and AHEC/AZ31, respectively. Compared to bare AZ31, the Ecorr for HA/AHEC/AZ31 
increases about 185 mV, and the Icorr value reduces 10 times. This shows that the HA/AHEC coating 
significantly promotes corrosion resistance of AZ31. The corrosion rate is decreased, and this 
decreases the corrosion ion concentration of direct contact with the surface of the AZ31 substrate 
[31]. 
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Figure 4. The potentiodynamic polarization curves for AZ31, HA/AZ31, AHEC/AZ31, and 
HA/AHEC/AZ31 in SBF at room temperature; the relative electrochemical parameters are listed in 
the inset. 

3.2.2. EIS Test 

Electrochemical impedance is a perturbative signal technology and slight damage on the 
surface of the sample [35]. Figure 5a is a Nyquist curve of bare AZ31, AHEC and HA/AHEC coated 
samples soaked in SBF solution with a fitting curve for all groups. It is clear that both uncoated and 
coated samples are only a capacitive reactance arc at high frequency area. A significantly larger 
diameter is observed on coated samples than the AZ31 substrate. Hu et al. showed a capacitive 
reactance arc of coated specimens showed that the electrochemical reaction area of coating and metal 
interface is small during soaking [46]. The electrochemical impedance spectroscopy (EIS) of AZ31 
and coated substrates are fitted using the equivalent circuit of Model A and Model B in Figure 5, 
respectively. In this circuit, Rs, C1, R1 and R2 represent the solution resistance, the coating 
capacitance, the coating pore resistance and the charge transfer resistance, respectively. Generally 
speaking, a good impedance sample can show a high charge transfer resistance. The charge transfer 
values are 5855 Ω cm2, 3281 Ω cm2 and 1259 Ω cm2 for HA/AHEC/AZ31, AHEC/AZ31, and AZ31, 
respectively. It is obvious that the charge transfer impedance of HA/AHEC/AZ31 is biggest, and this 
shows that the HA/AHEC coating can significantly improve corrosion resistance of AZ31 by 
preventing corrosion ions direct contact with the substrate [47]. 

 
Figure 5. (a) Nyquist curve; and (b,c) the equivalent circuit of all samples soaked in SBF. 
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3.2.3. Immersion Test Studies 

The line chart of cumulative hydrogen gas for the uncoated and coated samples in the SBF for 
seven days are shown in Figure 6. The mean hydrogen evolution rate of HA/AHEC/AZ31, 
AHEC/AZ31, HA/AZ31, and AZ31 are 0.31, 0.44, 0.64, and 0.92 mL/cm2/day, respectively. Compared 
to other groups, the average hydrogen release rate of the HA/AHEC-coated sample is the smallest, 
and this indicates that the coating can effectively reduce the degradation rate of AZ31 in SBF. Thus, 
the HA/AHEC coating can significantly improve the corrosion resistance of the AZ31 substrate. This 
acts as a protection layer. 

 
Figure 6. The line chart of cumulative hydrogen gas for the uncoated and coated samples in SBF for 
seven days. 

3.3. Cytotoxicity Evaluation 

Cell proliferation is measured with the MTT assay and MC3T3-E1 cells. Cell morphology 
observations evaluate the cytotoxicity of all samples. The cell viability values of AZ31, HA/AZ31, 
AHEC/AZ31, and HA/AHEC/AZ31 specimens are displayed in Figure 7. The cell proliferation rate 
of all leaching solution cultured cells is higher than 80% for one, four and seven days, which shows 
that none of the samples have cytotoxicity—they are non-toxic. We conclude that all samples possess 
good cytocompatibility. In addition, the cell proliferation rate of HA/AHEC-coated AZ31 for 
different period is the highest, and it is more than the negative control group (p < 0.05). It can be 
concluded that the HA/AHEC coating is a bioactive film, which can apparently promote the 
proliferation of MC3T3-E1 cells. It may be that the hydroxyapatite dissolved liquid has acceleration 
for MC3T3-E1cell proliferation and differentiation [38]. 
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Figure 7. The cell viability of AZ31, HA/AZ31, AHEC/AZ31, and HA/AHEC/AZ31 specimens. 

Inverted microscope images (20×) for the MC3T3-E1 cells cultured with extracts originated from 
AZ31 (Figure 8a), AHEC/AZ31 (Figure 8b), and HA/AHEC/AZ31 (Figure 8c) specimens, and the 
negative control group (Figure 8d) for 7d are presented in Figure 8. The cell number increased in the 
coating group relative to the negative control group. In addition, the cell number of the HA/AHEC 
coating is the highest. The cell morphology is generally similar across samples, but the HA/AHEC 
coating group is more regular, consistent, and closer to the negative control group. These data 
suggest that the HA/AHEC-coated AZ31 has good cytocompatibility. 

 

Figure 8. Inverted microscope images (20×) for the MC3T3-E1 cells cultured with extracts originating 
from: AZ31 (a); AHEC/AZ31 (b); and HA/AHEC/AZ31 (c) specimens; and the negative control group 
(d) for 7d. 
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4. Conclusions 

A homogeneous HA/AHEC double coating with AHEC as the nucleation center is successfully 
prepared on AZ31 magnesium alloy surface using a sol-gel spin coating method and biomimetic 
mineralization. Corrosion resistance analysis shows that the HA/AHEC coating could greatly 
improve the corrosion resistance of AZ31 magnesium alloy and reduce the degradation speed in 
simulated body fluid. In vitro cytotoxicity evaluation results show that the HA/AHEC double 
coating composite material has not cytotoxic reaction to MC3T3-E1 cells and significantly enhances 
the cellular responses. Finally, these results suggest that the good corrosion resistance and 
cytocompatibility of HA/AHEC composite-coated AZ31 magnesium alloy has potential utility as a 
medical implant material. 
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