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Abstract: Surface functionalization of magnesium (Mg) alloys is desired to obtain the surfaces with both improved corrosion 

resistance and antibacterial property. A corrosion-resistant and antimicrobial coating was prepared on Mg alloy surface by 

layer-by-layer (LbL) assembly of chitosan (CHI) and poly-L-glutamic acid (PGA) by electrostatic attraction. The functionalized 

surfaces of the Mg alloys were characterized by field-emission scanning electron microscopy (FE-SEM), Fourier transform infrared 

(FT-IR) spectroscopy and electrochemical tests. The bactericidal activity of the samples against Staphylococcus aureus was assessed 

by the zone of plate-counting method. The obtained coating on the Mg alloy substrates exhibits good corrosion resistance and 

antibacterial performance. 
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1 Introduction 
 

Magnesium (Mg) and its alloys hold promise in the 

biomedical metal materials owing to their unique 

biodegradability, good biocompatibility and bio- 

mechanical compatibility [1−5]. However, the potential 

clinical applications of Mg alloys are hindered by their 

poor corrosion resistance in the human body [6−10]. And 

the antibacterial performance is also desired for the 

biomedical applications of the Mg alloys [11]. 

Surface modification on Mg alloys is highly 

desirable to improve their biocompatibility by reducing 

the corrosion rate and enhancing the antimicrobial 

properties [12]. Among all the surface modification 

methods, the layer-by-layer (LbL) self-assembly 

technique is a versatile and simple method for the 

incorporation of polyelectrolytes into biomedical 

coatings by the principle of electrostatic attractive forces 

between the oppositely charged building blocks [13−16]. 

Previously, we constructed a (poly(sodium 4-styrene 

sulfonate)/gentamicin sulfate)n coating [17] and a 

polysiloxane/(poly(acrylic acid)/gentamicin sulfate)20/ 

Mg composite coating [18] via LbL self-assembly to 

enhance the corrosion resistance and antimicrobial 

function. However, it is the main limitation that more 

and more kinds of bacteria show resistance and side- 

effects to antibiotics on mammal cells or tissues [19]. 

The polyelectrolytes, e.g., poly-L-glutamic acid 

(PGA) and chitosan (CHI), are both useful biological 

materials [20]. PGA, a synthetic polypeptide (solution 

pKa=4.4 [21]), is a promising material in tissue 

engineering because of its good hydrophilicity, 

biodegradability and non-toxic features [22]. CHI 

(pKa=6.5 [23]) is a cationic natural polymer that carries 

positive charges with a molecular structure of (1 and 

4)-linked 2-amino-2-deoxy-β-d-glucan [24]. CHI is also 

reported to exhibit inherent antimicrobial properties and 
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antibiofilm behaviors [19], which leads to the wide usage 

in drug formulations [25], tissue engineering [26] and 

antibacterial treatments [25]. 

The purpose of this work is to assess the feasibility 

of constructing antibacterial multilayer films with CHI as 

polycation and PGA as polyanion on Mg alloy AZ31. 

CHI can be positively charged when the solution pH is 

lower than its pKa and PGA can be negitively charged 

when the solution pH is higher than its pKa. Thus, the 

polyelectrolyte-multilyers (PEMs) can be fabricated 

through the electrostatic forces between CHI and PGA. 

The corrosion resistance and antimicrobial properties of 

the PEMs are investigated. The biocompatible CHI and 

PGA are chosen due to the fact that they offer the 

opportunities to design new antimicrobial materials 

without using the antibiotics. 

 

2 Experimental 
 

AZ31 alloy (composition in mass fraction, %:    

Al 2.5−3.0, Zn 0.7−1.3, Mn >0.20, Si ≤0.3, Cu ≤0.05, Ni 

≤0.005, Fe ≤0.005 and balanced Mg, size: 20 mm × 20 

mm × 3 mm) specimens were ground with sand papers 

up to 1500 grit followed by wash with deionized (DI) 

water and alcohol solution and dried by warm air. The 

treated substrates were then soaked in a 1 mol/L NaOH 

solution for 20 min to obtaine hydroxylate surface with 

stirring, followed by thorough cleaning with DI water 

and drying with warm air. The prepared samples were 

denoted as NaOH-treated AZ31. 

The PEMs were prepared using a dip-coating 

method. Layers were generated in the following 

sequence: “ABCBCBCBCBC”. Solutions A and B 

contained the cationic polyethyleneimine (PEI) (5 g/L, 

pH 9.0, relative molecular mass 600, 99.0%) and the 

anionic PGA (3 g/L, pH 6.2). And solutions C contained 

the cationic CHI (3 g/L, pH 5.0, 99%) and acetic acid 

(1%, volume fraction). The substrate was dipped into 

solution A for 30 min, and solution B and solution C for 

5 min. Five cycles were performed during the deposition 

experiment to obtain (CHI/PGA)5/AZ31 samples. The 

preparation process and the chemical structures of the 

PEI, PGA, and CHI were schematically illustrated in  

Fig. 1. 

The surface morphologies of the films were studied 

using field-emission scanning electron microscopy 

(FE-SEM, Nova NanoSEM 450, USA). The possible 

chemical bondings formed in the coatings were 

confirmed using a Fourier transform infrared (FTIR) 

spectrophotometer (Nicolet380, Thermo Electron 

Corporation, USA), and the coating was detached from 

the alloy surface before the test. 

The potentiodynamic polarization curves and 

electrochemical impedance spectra (EIS) were obtained 

using an electrochemical analyser (PAR Model 2273, 

Princeton, USA). A three-electrode cell set-up was used, 

in which the prepared samples were the working 

electrode and a saturated calomel electrode and a 

platinum sheet were used as the reference and counter 

electrodes, respectively. The polarization started from 

approximately −2000 to −1000 mV at a scan rate of    

1 mV/s. EIS studies were performed at open-circuit 

potential for a 10 mV sinusoidal amplitude over a 

frequency range of 100 kHz to 0.01 Hz. A stable 

open-circuit potential about 600 s was established   

prior to testing. The experiment was conducted in a 

simulated body fluid (SBF) solution (8.035 g/L NaCl, 

0.225 g/L KCl, 0.292 g/L CaCl2, 0.335 g/L NaHCO3, 

0.423 g/L MgCl2·6H2O, 0.272 g/L Na2SO4, 0.231 g/L 

KH2PO4·3H2O, and 6.228 g/L Tris·HCl buffer). 

The antibacterial effects of the samples were 

evaluated by plane-counting method. Gram-positive 

Staphylococcus aureus (S. aureus) were cultured in agar 

plates at 37 °C overnight. The agar plates (pH 7.2−7.4) 

were composed of 5 g/L beef extract powder, 10 g/L 

tryptone, 5 g/L NaCl and 20 g/L agar. Then, the AZ31, 

(CHI/PGA)5/AZ31 samples were placed on the 

inoculated agar plates and incubated at 37 °C for 24 h. 

Bacterial colonies can be easily captured and countable. 

 

3 Results and discussion 
 

3.1 Surface morphology 

Figure 2 shows the SEM morphologies of the 

NaOH-treated AZ31 and (CHI/PGA)5/AZ31 coatings. 

The  pristine  Mg  alloy  displays  visible  scratches 
 

 

Fig. 1 Preparation process and chemical structures of PEI, PGA, and CHI 
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Fig. 2 SEM morphologies of NaOH-treated AZ31 (a) and 

(CHI/PGA)5/AZ31 coatings (b) 

 

(Fig. 2(a)), which are attributed to the grinding process. 

While for the (CHI/PGA)5/AZ31 coating (Fig. 2(b)), the 

rough surface with deepening scratches implies the 

combination of dissolution of Mg and deposition of a 

thinner film. 

FT-IR was utilized to analyze the chemical 

composition of the (CHI/PGA)5/AZ31 surface (Fig. 3). 

For a comparison, the FT-IR spectra of pure PGA and 

CHI were also measured. And the spectra of the 

CHI/PGA multilayers feature similar characteristic peaks 

to those of their parent polymers. For the spectra of the 

(CHI/PGA)5, the characteristic saccharide peaks of CHI 

in the 960−1180 cm−1 region were observed: the C—O 

stretching absorption band at 1097 and 1032 cm−1 and 

the C — O — C asymmetric stretching vibrations at  

∼1154 cm−1 [27]. On the other hand, the peaks of amide 

I and II groups of PGA are located at 1637 and     

1590 cm−1, respectively. And in the assembled films, 

higher frequency shifts of amide I, amide II and C—O 

are found, ascribed to the strong electrostatic interaction 

between the —COOH of PGA and the —NH2 of CHI 

[28]. Thus, the results of FTIR analysis clearly prove the 

successful fabrication of the (CHI/PGA)5 multilayers. 

 

3.2 Corrosion resistance 

Figure 4(a) shows the polarization curves using 

Tafel extrapolation. The corrosion potential (φcorr) shifts 

to a more negative value from −1.47 V (vs SCE) of the 

substrate to −1.67 V (vs SCE) of the multilayer surface, 

which is ascribed to the formation of the hydroxide film 

 

 

Fig. 3 FT-IR spectra of pure CHI, (CHI/PGA)5/AZ31 coating 

and pure PGA 

 

after immersion of the alloy samples in the NaOH 

solution. Accordingly, the corrosion current density (Jcorr) 

of the (CHI/PGA)5/AZ31 coating surfaces is   

4.04×10−7 A/cm2, which decreases by more than one 

order of magnitude compared to that of the substrate 

(6.85×10−6 A/cm2). The decreased Jcorr reveals that the 

(CHI/PGA)5/ AZ31 coating improves the corrosion 

resistance of AZ31 alloy. Figure 4(b) shows the Nyquist 

plots for the EIS studies. Two capacitive loops were 

observed for the plots of both the substrate and 

(CHI/PGA)5/AZ31 sample. It is well known that the 

capacitive loop in the high frequency range can be 

attributed to the charge transfer reaction and the diameter 

of the loop is proportional to the value of the transfer 

resistance. The larger value the transfer resistance has, 

the better the corrosion resistance is. The diameter  

(8.32 kΩ) of the loop for the (CHI/PGA)5/AZ31 is more 

than 20 times larger than that (0.38 kΩ) of the substrate, 

indicating an increase in corrosion resistance of the 

(CHI/PGA)5/AZ31 coating. Moreover, the low-frequency 

impedance modulus |Z| is one of the parameters used to 

evaluate the corrosion resistance of different samples in 

Bode plots [29,30] (Fig. 4(c)). A larger |Z| indicates a 

better corrosion protection performance. It can be 

observed that the |Z| increases with surface modification 

on the AZ31 substrate, indicating the beneficial effect of 

the multilayer in improving the corrosion resistance of 

the Mg alloy. The results are in agreement with the 

polarization curves. 

These experimental data can be accurately fitted to 

the equivalent circuit Rs(Q1(Rc1(CRct))) and 

Rs(Q1(Rc1(Q2(Rc2(CRct))))) (Figs. 4(d) and (e)) [3,15]. In 

these models, Rs represents the solution resistance 

between the reference and working electrodes, Rct is the 

charge transfer resistance relating to the electrochemical 

reaction, and Rc is the coating resistance paralleled with a 

constant phase element (CPE). Based on the proposed 
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equivalent circuit models and the properties of the 

coating, EIS curves are best fitted, and the corresponding 

values of the equivalent circuit parameters are listed in 

Table 1. Generally, a higher Rct value implies a lower 

dissolution rate. The lower Rct of the Mg substrate 

(approximately 0.36 kΩ) suggests a high corrosion rate. 

The increased value of Rct (approximately 24.27 kΩ) for 

the LbL-assembled films emphasizes the beneficial effect 

of the (CHI/PGA)5/AZ31 coating. 

The improvement in the corrosion resistance may be 

ascribed to the fact that weak-weak polyelectrolytes pair 

can provide pH buffering action due to their ability to 

dissociate in either acidic or basic conditions [31]. 

Extraordinarily, it is demonstrated that the CHI possesses 

the function as a reservoir for active species for corrosion 

protection [32]. The capacity of CHI to form good films 

and the reversibility of charging CHI amine groups 

provide foundations for further development of 

active/‘smart’ coatings, and extend the application of this 

polymer to other active metal substrates. 

 

3.3 Antibacterial effect 

The antibacterial effect of the substrate and (CHI/ 

PGA)5/AZ31, evaluated by the plate-counting method is 

shown in Fig. 5. Compared with the bare AZ31 alloy 

(411±17 CFU), the (CHI/PGA)5/AZ31 (11±2 CPU) shows 

better antibacterial activity due to the fact that the PGA/ 

CHI inhibits the growth of S. aureus. The scenario may 

be ascribed to the contact-killing strategy. The coating 

surfaces are capable of killing bacteria through a   

direct contact [19,33]. Thus, the PEMs, targeting 

bacterial membranes, are promising routes for preventing 

immune rejection of implanted Mg alloys, as they    

are less likely to lead to bacterial resistance compared  

to protein-targeting antibacterial agents such as 

antibiotics [34,35]. 

 

 

Fig. 4 Electrochemical measurements of substrate and (CHI/PGA)5/AZ31 surfaces: (a) Polarization curves; (b) Nyquist plots;      

(c) Bode plots; (d, e) Equivalent circuits 

 

Table 1 Parameter values of electrical circuits of samples 

Sample 
Rs/ 

(Ω·cm2) 

Q1/ 

(Ω−1·sn·cm−2) 
n1 

Rc1/ 

(Ω·cm2) 

Q2/ 

(Ω−1·sn·cm−2) 
n2 

Rc2/ 

(Ω·cm2) 

C/ 

(F·cm−2) 

Rct/ 

(Ω·cm2) 

Substrate 75.57 2.79×10−5 0.82 1028 − − − 2.19×10−3 359.30 

(CHI/PGA)5/AZ31 79.03 1.30×10−5 0.72 135.5 7.96×10−7 0.97 1249 5.88×10−7 2.43×104 
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Fig. 5 Comparison of antibacterial effect of substrate (a) and 

(CHI/PGA)5/AZ31 sample (b) evaluated by plate-counting 

method 

 

4 Conclusions 
 

1) The positively charged CHI and the negatively 

charged PGA were successfully alternatively 

immobilized onto the surface of Mg alloys via LbL 

self-assembly technique. 

2) The morphologies of LbL films coated Mg alloys 

were greatly influenced by the polyelectrolyte immersion 

process. Compared with the bare AZ31 alloy, the 

obtained surface showed a good corrosion resistance 

when immersed in SBF solution, due to the pH buffering 

action of the weak-weak polyelectrolytes pair. 

3) The good antibacterial property was obtained, 

which can be ascribed to the contact-killing strategy. 
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摘  要：镁合金表面功能化需要获得具有良好耐蚀性和抗菌性的表面。基于壳聚糖与聚谷氨酸之间的静电吸附作

用，利用层层组装方法在镁合金 AZ31 表面获得一种既耐蚀又抗菌的涂层。利用高分辨扫描电子显微镜、傅里叶

红外光谱仪以及电化学测试对这种功能涂层进行了表面形貌、化学成分以及耐蚀性能表征。通过平板计数法评定

该涂层耐金黄葡萄球菌的性能。结果表明，该涂层具有良好的耐蚀性与抗菌性。 

关键词：镁合金；腐蚀；层层组装；壳聚糖；抗菌性能 
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