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Abstract: The commercial zinc aluminum alloy (ZA6-1) surface was functionalized with poly-(lactic-co-glycolic) acid 
(PLGA) containing sodium dodecyl sulfate (SDS) and levulinic acid (LA) for gaining antibacterial activity. A 
polymerized 3-aminopropyltriethoxysilane (APTES) layer was initially fabricated on the surface of ZA6-1 alloy to gain 
amino group, and the PLGA mixed with SDS/LA was subsequently immobilized on the as-treated surface through the 
electrostatic interaction between amino group and carboxyl group. The PLGA−SDS/LA coating on zinc alloy showed 
extremely good corrosion resistance with the degradation rate of 0.005 mm/a, which can be adjusted by varying the 
coating thickness. Furthermore, besides the good biocompatibility to osteoblasts, the PLGA−SDS/LA coating exhibited 
excellent antibacterial property, and the bactericidal rates against Staphylococcus aureus and Escherichia coli were  
98.9% and 99.8%, respectively. 
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1 Introduction 
 

In order to eliminate the need for follow-up 
surgery to remove the implant when patients are 
completely recurred from diseases or accidents, 
materials scientists and doctors have recently   
paid significant attention to the application of 
biodegradable metals in biomedical area [1]. Zn  
and Zn-based alloys with moderate corrosion  
rates between Mg-based and Fe-based alloys,  
have demonstrated a promising potential for 
manufacturing biodegradable implants [2]. Zinc   
is a necessary trace element for human body, 

participating in basic life processes such as protein 
synthesis and energy metabolism [3]. Studies have 
shown that in the process of bone formation, zinc 
plays a two-way role in inhibiting bone resorption 
of osteoclasts and promoting osteogenesis of 
osteoblasts [4]. Zinc also promotes various processes 
of osteoblasts, including their proliferation, 
differentiation and collagen synthesis [5]. Thus, 
zinc and its alloys can provide potential biological 
applications as bone implants. 

Compared with pure zinc, zinc alloys possessed 
significantly improved mechanical properties and 
biocompatibility [6]. Among those, zinc−aluminum 
alloys (ZA group) have displayed comprehensive 
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physical and mechanical properties, including 
excellent casting properties, high strength and  
good plasticity [7]. Recently, WANG et al [8] 
reported zinc aluminum alloys ZA6-1 with better 
biocompatibility compared with pure zinc, implying 
the possible application of ZA6 in the biomedical 
area. 

On the other hand, postoperative bacterial 
infection could bring huge health problems to 
mankind. Although the antibiotics have miraculous 
effects on bacterial infection, the abuse and 
overdose of traditional antibiotics could lead to  
the yield of drug-resistant bacteria [9]. Therefore, 
metal implants with no bacterial drug resistance, 
biological adaptation and broad spectrum anti- 
bacterial properties are a hotspot for clinical 
application. It was reported that the mixed solution 
of sodium dodecyl sulfate (SDS) and levulinic acid 
(LA) has good bactericidal effect [10,11]. However, 
such widely used chemicals in food industry were 
seldom used for biomedicine. 

The direct bonding between SDS/LA and alloy 
metal substrate is an impractical challenge, as the 
solid chemical bond is difficult to be formed at  
the interface. Fortunately, 3-aminopropyltriethoxy- 
silane (APTES) has been confirmed to provide 
grafted functional groups for anchoring nano/  
micro particles [12−14]. Furthermore, polylactic 
acid glycolic acid (PLGA) loading SDS/LA can be 
coupled through the interaction between carboxyl 
groups and amino groups, and subsequently be 
immobilized on the surface [15], ensuring a 
long-term effective antibacterial activity. 

In this study, a polymerized APTES layer  
was initially fabricated on the surface of ZA6-1 
alloy, and the PLGA mixed with SDS/LA was 
subsequently immobilized on the as-treated surface 
to form a PLGA−SDS/LA coating. The morphology, 
chemical composition, corrosion performance, anti- 
bacterial properties and biocompatibility of the 
as-deposited coating were systematically studied 
and evaluated, aiming at building a novel 
biocompatible coating with excellent antibacterial 
activity for bone repair and tissue engineering 
applications. 
 
2 Experimental 
 
2.1 Material preparation 

The surfaces of zinc alloy ZA6-1 (ZA6) foils 

(10 mm × 10 mm × 2 mm) were activated using 
plasma enhanced chemical vapor deposition 
(PECVD) method in argon plasma with power of 
20 W for 1 min. The activated ZA6 was then 
immersed in ethanol solution containing 10% 
APTES for 30 min, and then was dried at 100 ℃ 
for 3 h. The APTES-treated samples were labeled  
as APTES functionalized ZA6. Afterwards, the 
solutions of PLGA and PLGA with 4 wt.% sodium 
dodecyl sulfate and 6 wt.% levulinic acid were 
spinning-coated on the APTES functionalized 
samples, respectively. 
 
2.2 Characterization 

Surface morphology was identified using 
scanning electron microscopy (SEM, JEOL, JSM− 
7800F). The surface roughness was observed  
using tapping mode atomic force microscope      
(AFM, Being Nano-Instrument Ltd., CSPM5500). 
The functional groups and elements were 
characterized and analyzed by Fourier transform 
infrared spectroscopy (FTIR, Perkin Elmer, Frontier) 
and Raman spectroscopy (Raman, HORIBA, Lab 
RAM HR Evolution). The chemical state and 
composition were measured by means of X-ray 
photoelectron spectroscopy (XPS, Thermo Fisher 
Scientific, ESCALAB 250Xi). 
 
2.3 In vivo degradation behavior 

The electrochemical tests, including electro- 
chemical impedance spectroscopy (EIS) and 
potentiodynamic polarization tests, were performed 
in an electrochemical station (AUTOLAB，model 
PGSTAT 302 N). The corrosion rate (vCR) was 
calculated according to the following equation:  
vCR=3.27×10−3mEJcorr/𝜌𝜌=14.98×10−3 Jcorr.  
where Jcorr is corrosion current density (μA/cm2), 
ρ is the density of corroding materials (g/cm3), and 
mE is the corresponding equivalent mass (g). 
 
2.4 In vivo zinc ions release 

The samples deposited with different coatings 
were immersed in the culture medium of Minimum 
Essential Media Alpha (MEM-α, Hyclone, USA) 
including 10 vol.% fetal bovine serum (FBS, NTC, 
Argentina) and 1 vol.% penicillin−streptomycin 
(Gibco, USA). For every 1 cm2 of sample, 1.25 mL 
of culture medium was used and the samples were 
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soaked under 5 vol.% CO2 humidified atmosphere 
at 37 ℃ for 3 d. Afterwards, the extracts were 
investigated using an inductively coupled plasma 
emission spectrometer (ICP, Optima 8000dv, ABI). 
 
2.5 Antibacterial properties 

The antibacterial properties of the samples 
were evaluated by a diffusion plate method [16]. 
100 μL of bacterial suspension with a concentration 
of 1×106 CFU/mL was evenly distributed on agar 
dishes, and then the samples were placed in the 
middle and incubated in an incubator at 37 °C for 
24 h. The antibacterial ability of the sample was 
evaluated by observing the size of the inhibition 
zone. 

In addition, the method of co-culture of 
bacteria and samples [5] was used to evaluate the 
antibacterial ability. The samples were placed in a 
24-well plate with the bacterial suspension with a 
concentration of 1×107 CFU/mL at 37 ℃ for 24 h. 
The adhesion of bacteria on the sample surface was 
observed by SEM, and the antibacterial rate was 
calculated by ImageJ software. 
 
2.6 Hydrophilicity measurements 

The static water contact angle (WCA) was 
measured using a contact angle goniometer 
(JC2000D, China) at a constant ambient 
temperature and humidity. A droplet (4 μL) of 
deionized water was put onto the sample surface to 
measure the WCA, and three measurements were 
performed on each surface of samples to obtain the 
average values along with the standard deviation for 
statistical accountability. 
 
2.7 Cell viability 

The MC3T3-E1 mouse pre-osteoblasts (MC3T3- 
E1 Subclone 14, Cell Bank of Chinese Academy of 
Sciences, China) were used to detect the 
cytotoxicity of coated and uncoated samples.    
For the indirect assays, cells were exposed to 
extract media from degraded samples according  
to ISO 10993— 5 and ISO 10993— 12. Briefly, 
Minimum Essential Media Alpha (MEM-α, 
Hyclone, USA) including 10 vol.% fetal bovine 
serum (FBS, NTC, Argentina) and 1 vol.% penicillin− 
streptomycin (Gibco, USA), was used as the culture 
medium for pre-osteoblasts. MTT assay was used to 
measure the cell viability. 

2.8 Fluorescence staining and cell morphology 
The cells were seeded in 24-well plates at    

a density of 1×104 cells/well, cultured for 24 h. 
Afterwards, the original medium was replaced with 
50% diluted extract media and the cells were further 
cultured for 3 d [5]. The morphologies of the cells 
cultured in the extract medium were observed by 
confocal laser scanning microscope (CLSM, Zeiss 
800). 
 
2.9 Cell adhesion and morphology 

Cells were seeded onto the coated and 
uncoated surfaces in a 6-well plate at a density of 
1×105 cells/well and cultured at 37 °C for 3 d. The 
morphology of cells on the surface of the samples 
was observed by SEM. 
 
2.10 Cell differentiation 

The differentiation of pre-osteoblasts was 
measured by alkaline phosphatase activity kit [17]. 
The pre-osteoblasts were seeded in a 24-well plate 
at a density of 1×104 cells/well for 24 h with culture 
media, and then replaced the culture media with  
50 vol.% diluted extract media for further culturing 
3 and 7 d, respectively. 
 
3 Results and discussion 
 
3.1 Characterization of coatings 

The surface morphology evolution and chemical 
composition of the films formed on the ZA6 surface 
were presented in Fig. 1. SEM micrograph shown 
in Fig. 1(a) indicated that before the coating 
deposition a rough surface with parallel scratches 
was seen on ZA6 samples. Figure 1(b) showed that 
the feature of the surface morphology hardly 
changed after the APTES functionalization. The 
high magnification image showed that plenty of 
white particles at nanoscale dispersed on the whole 
area of surface, indicating the existence of 
polymerized APTES layer. Figures 1(c) and (d) 
showed a clear and smooth surface after deposition. 
The change of both surface morphologies could 
correspond to the successful immobilization of 
PLGA or PLGA−SDS/LA using APTES as a grafting 
layer. 

AFM was used to measure the roughness of 
APTES functionalized ZA6, PLGA deposited  
ZA6 and PLGA−SDS/LA deposited ZA6 coatings, 
respectively, as shown in Fig. 2. It could be seen 
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Fig. 1 SEM images of different surfaces: (a) Untreated ZA6; (b) APTES functionalized ZA6; (c) PLGA deposited ZA6; 
(d) PLGA−SDS/LA deposited ZA6 
 

 

Fig. 2 AFM images of different surfaces: (a) Untreated ZA6; (b) APTES functionalized ZA6; (c) PLGA deposited ZA6; 
(d) PLGA−SDS/LA deposited ZA6 
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that the lowest roughness was obtained on the 
PLGA deposited surface. After the immobilization 
of SDS/LA, the roughness of surface was slightly 
decreased due to the corrosion of PLGA, which was 
consistent with the previous SEM results. 

Furthermore, FTIR spectra recorded on the 
surface of ZA6 samples deposited with different 
coatings were shown in Figs. 3(a) and (b). 
Compared with the reference of untreated ZA6 
samples, all the expected peaks of APTES were 
seen on the APTES functionalized surface as shown 
in Fig. 3(b): a strong absorption peak at about 
914 cm−1 corresponding to Si—O—C and/or Si— 
O—Si [18], was probably due to the long chain of 
polymerized APTES molecules [19]; the absorption 
peak at 1630 cm−1 was related to N—H from amino 
groups [20], the peaks at 2851 and 2918 cm−1 
corresponded to C—H from the alkyl groups [21], 
and the peak at 3358 cm−1 corresponded to N—H 
from amino groups. The spectrum of PLGA 
deposited surface presented in Fig. 3(a) showed 
different characteristics. The absorption band at 
1243 cm−1 could be assigned to C—O of carboxylate 

groups of PLGA, the peaks at 2920 and 
2999.7 cm−1 were contributed to —CH2 groups, 
and the peak at 1748 cm−1 was assigned to C=O of 
ester group. As the SDS and LA showed almost the 
same absorption peaks as PLGA, the spectrum of 
SDS/LA immobilized coating showed similar 
characteristics in Fig. 3(a). It could only be 
speculated that the appearance of peak at 1082 cm−1 

was due to the S—O of SDS. 
Similar to the FTIR results, the Raman spectra 

of the APTES functionalized surface showed 
Raman peaks at 600.2, 1380, 2219 and 3392 cm−1, 
corresponding to Si—O—Si, —CH3, C—N and  
N—H, respectively (see Fig. 3(d)), indicating a 
successful functionalization of APTES on the 
surface [21]. The peak characteristics varied on the 
PLGA deposited surface: a peak at 2978.2 cm−1 
corresponding to O — H vibration, a peak at 
1791 cm−1 corresponding to ester group vibration, a 
peak at 1648 cm−1 corresponding to C=O, a peak 
at 1070 cm−1 corresponding to C—O—C, and a 
peak at 905 cm−1 corresponding to C—COO [22], 
which confirmed the existence of PLGA on the as- 

 

 
Fig. 3 FTIR spectra (a), high magnification FTIR spectrum (b), Raman spectra (c), and high magnification Raman 
spectrum (d) 
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functionalized surface (Fig. 3(c)). However, there is 
no obvious difference shown in the Raman spectra 
after SDS and LA were immobilized. 

XPS was used for further investigation on the 
topmost surface composition. The survey scans and 
the high resolution spectra of C 1s, O 1s, N 1s, 
Si 2p, Na 1s and S 2p were shown in Fig. 4 and 
Table 1, respectively. As shown in Fig. 4(a), the 
survey spectra varied from each other, the presence 
of N 1s and Si 2p peaks could correspond to the 
existence of amino group and silyl group after 
APTES functionalization, while an additional Na 1s 
peak could contribute to the immobilization of 
SDS. 

The deconvoluted C 1s peaks of APTES 
functionalized ZA6 centered at 285.0, 285.9, 287.1, 
288.2 and 289.8 eV were attributed to C—C, C—N, 
C—O, C=O and C=O—O [23], respectively 
(Fig. 4(b)). The N 1s could be deconvoluted into 
two peaks: one at 400.7 eV corresponded to the 
amide functions of APTES; the other at 402.9 eV 

corresponded to the existence of — NH3
+ [24], 

indicating the existence of protonated amino groups 
for grafting (Fig. 4(d)). Two deconvoluted peaks 
were observed in Si 2p: a peak at 102.5 eV 
corresponded to the Si —O —Zn group [22], 
confirmed the successful bonding of APTES on the 
surface of ZA6; a peak at 104.8 eV corresponded to 
Si—O—Si [12], indicating the polymerization of 
as-deposited APTES monomers (Fig. 4(d)). The 
O 1s could also be deconvoluted into two peaks: a 
peak at 532.3 eV corresponded to the O—Si group, 
agreeing with Si 2p, and a peak at 533.8 eV 
corresponded to O—C/O=C [20], agreeing with 
C 1s (Fig. 4(c)). Therefore, the binding energy 
values shown in XPS spectra for C 1s, Si 2p, N 1s 
and O 1s verified the existence of the APTES layer 
bound to ZA6 surface with protonated amino 
groups. 

Figures 4(b) and (c) also displayed the    
high resolution C 1s and O 1s XPS spectra of 
PLGA deposited ZA6. Three peaks for C 1s were 

 

 
Fig. 4 XPS spectra: (a) Survey scan; (b) C 1s; (c) O 1s; (d) N 1s, Si 2p, Na 1s and S 2p 
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Table 1 Contents of element calculated from XPS (at.%) 
Sample Zn Al C O N Si S Na 

Untreated ZA6 9.93 10.91 39.1 40.06 − − − − 
APTES functional ZA6 4.99 10.86 40.32 37.48 3.81 2.54 − − 
PLGA deposited ZA6 − − 66.48 31.75 1.77 − − − 

PLGA-SDS/LA deposited ZA6 − − 68.04 27.05 − − 2.26 2.65 

 
subsequently deconvoluted, as shown in Fig. 4(b): a 
peak at 285.0 eV is assigned to C—C, a peak at 
287.2 eV to C—O, and a peak at 289.3 eV to C=O 
and C=O—O [25], which indicated the deposition 
of PLGA. Accordingly, the O 1s could be 
deconvoluted into two peaks at 532.3 and 533.8 eV, 
which were contributed to O—C/O=C [22]. It was 
also noticed that N 1s and Si 2p peaks were not 
observed on the surface of the PLGA deposited 
ZA6 (Fig. 4(a)). Concerning the detecting depth of 
XPS, such a result indicated that the thickness of 
as-deposited PLGA is much higher than 5 nm. 

Furthermore, Figs. 4(b), (c) and (d) displayed 
the high resolution C 1s, O 1s, S 2p and Na 1s XPS 
spectra of PLGA−SDS/LA deposited ZA6. There 
were a peak at 287.1 eV relating to C—O, a peak at 
285.0 eV relating to C—C and a peak at 289.3 eV 
relating to C=O and C=O—O [26] in C1s 
spectrum, agreeing with that of PLGA deposited 
ZA6. Differently, the O 1s peaks with binding 
energy values in the PLGA−SDS/LA deposited 
ZA6 surface at 531.3, 532.3, 533.1, 533.8 and 
534.3 eV were attributed to —SO3, O=C, O—H 
(coming from H2O of air), O=S and O—C/O=C, 
respectively [27]. Furthermore, the Na 1s peak with 
binding energy values in the PLGA−SDS/LA 
deposited ZA6 surface at 1071.3 eV was attributed 
to Na+. The S 2p could be deconvoluted into peaks 
at 168.9 and 170.2 eV, corresponding to the S—O 
and S=O groups, respectively [28]. Thus, all the 
results confirmed that the PLGA−SDS/LA coating 
was successfully deposited on the surface of ZA6. 
 
3.2 Degradation behavior 

The degradation behaviors of ZA6 samples 
deposited with different coatings were measured 
using a short-term polarization measurement 
including potentiodynamic polarization curves and 
Nyquist plots, presented in Fig. 5. The corrosion 
current density (Jcorr) and corrosion potential (φcorr) 
were evaluated by the Tafel extrapolation method, 
and the calculated electrochemical parameters were 

listed in Table 2. 
APTES layer, PLGA coating and PLGA- 

SDS/LA coating showed different effects on the 
corrosion behavior of ZA6 alloy. Compared with 
untreated ZA6, the corrosion potential (φcorr) of 
APTES functionalized ZA6, PLGA deposited ZA6 
and PLGA-SDS/LA deposited ZA6 moved to a 
positive direction (Table 2), indicating that the 
polarization reactions of coated samples were 
delayed. Thus, the coatings could decrease the 
degradation rate of ZA6. However, the corrosion 
potential of PLGA−SDS/LA deposited ZA6 moved 
forward in the positive direction less than PLGA 
deposited ZA6, so the polarization reaction of 
PLGA−SDS/LA deposited ZA6 is faster than that of 
PLGA deposited ZA6. Accordingly, the polarization 
current density (Jcorr) and corrosion rate (CR) of the 
three coated samples were lower than those of 
untreated ZA6. Although the polarization current 
density and corrosion rate of PLGA−SDS/LA 
deposited ZA6 were much lower than that of 
untreated ZA6 (0.33 μA/cm2 vs 35.48 μA/cm2; 
0.005 mm/a vs 0.52 mm/a), they were still higher 
than those of PLGA deposited ZA6, which could be 
attributed to that the PLGA was corroded in 
advance by sodium dodecyl sulfate and levulinic 
acid during the immobilization [29]. It was noted 
that the corrosion rate could be attributed to the 
thickness of coating. An apparent thickness 
decrease occurred after SDS/LA immobilization, as 
shown in Figs. 6(a) and (b). Moreover, the compact 
PLGA coating structure could also be destroyed due 
to the existence of SDS/LA (Figs. 2(a) and (b)). 
Thus, the corrosion rate of ZA alloy could be 
feasibly adjusted by varying the loading amount of 
SDS/LA for changing coating thickness and 
morphology in this work. 

The EIS Nyquist curves were shown in 
Figs. 5(b) and (c). There was only one capacitance 
ring in the impedance spectra of all the samples and 
the size was decreased as follows: PLGA−SDS/LA 
deposited ZA6≈PLGA deposited ZA6>APTES 
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Fig. 5 Electrochemical corrosion behavior: (a) Potentiodynamic polarization curves; (b) Nyquist curves; (c) High 
magnification Nyquist curves; (d) Zn ion concentration of different samples (*p<0.05, **p<0.005, and ***p<0.0005) 
 
Table 2 Electrochemical corrosion parameters of different samples in Hank’s solution 

Sample φcorr (vs Ag/AgCl)/mV Jcorr/(μA·cm−2) Corrosion rate/(mm·a−1) 

Untreated ZA6 −1020±1 35.48±1.7 0.52±0.007 

APTES functionalized ZA6 −967±4 33.26±2.8 0.50±0.011 

PLGA deposited ZA6 −950±3 0.20±0.01 0.003±0.0004 

PLGA−SDS/LA deposited ZA6 −989±4 0.33±0.02 0.005±0.0001 

 

 
Fig. 6 Cross section of coating: (a) PLGA deposited ZA6; (b) PLGA−SDS/LA deposited ZA6 
 
functionalized ZA6 >> untreated ZA6, according to 
the results of potentiodynamic polarization curves. 

The equivalent circuit (EC) models 

corresponding to EIS were shown in the circuit 
diagrams (1) and (2) in Fig. 5(b). Diagram (1) 
corresponds to the equivalent circuit model of 
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untreated ZA6, Rs is the tested electrolyte resistance, 
Rct is the charge transfer resistance of 
ZA6/electrolyte interface, and Qdl is the 
double-layer capacitance of ZA6/electrolyte 
interface [29]. Differently, when the coatings 
deposit on the untreated ZA6 surface contact 
Hank’s solution, electrochemical reaction will occur 
at the interface. As a consequence, the interface 
could be divided into two sub-interfaces, namely 
electrolyte/coating and ZA6/electrolyte interfaces. 
Therefore, the equivalent circuits of APTES 
functionalized ZA6, PLGA deposited ZA6 and 
PLGA−SDS/LA deposited ZA6 are composed of 
two resistors, as shown in diagram (2) in Fig. 5(b). 
The equivalent circuit consists of Rs (solution 
resistance) and constant phase element (Q), where 
Qc represents coating capacitance and Rcoating 

represents coating resistance [26]; Qdl is another 
component of Q, which represents the electric 
double-layer capacitance and charge transfer 
resistance Rct in the vulnerable area [30]. For ZA6 
substrate, Q and Rct are related to hydroxide on ZA6 
surface. 

Compared with untreated ZA6 alloy, the 
corrosion active area of coating-deposited samples 
is significantly reduced, which could benefit in 
promoting corrosion resistance. On the other hand, 
a good corrosion resistance depends on the defect- 
free coating and the comprehensive physical  
barrier performance of the coating to electrolyte 
penetration into the coating and even to the 
substrate. Concerning the SEM image shown in 
Figs. 1(b), (c) and (d), more defects can be 
observed on the APTES deposited surface, while a 
dense and thick coating was covered on the PLGA 
or PLGA−SDS/LA deposited surface. Thus, a better 
corrosion resistance was obtained on PLGA and 
PLGA−SDS/LA deposited ZA6. Nevertheless, the 
existence of sodium dodecyl sulfate and levulinic 
acid could corrode the PLGA during the immersion, 
which probably leads to low corrosion resistance. 

In terms of confirming the trend of corrosion 
resistance induced by coating deposition, the zinc 
ion concentrations in the extract for different 
samples immersed in Hank’s solution for 3 d were 
then detected using ICP-MS and the results were 
shown in Fig. 5(d). The concentrations of released 
zinc ions for the PLGA deposited ZA6 and 
PLGA−SDS/LA deposited ZA6 groups were  
greatly reduced, compared with that for the 

untreated ZA6 group. According to the previous 
results of corrosion test, the concentration of zinc 
ions for the PLGA− SDS/LA deposited ZA6 groups 
was also slightly higher than that for the PLGA 
deposited ZA6 group, which was contributed to the 
corruption of PLGA by SDS/LA. 
 
3.3 Antibacterial properties 

The antibacterial activity of ZA6 samples 
deposited with different coatings to bacteria 
(S. aureus) was investigated and zone of inhibition 
was presented in Figs. 7(a)−(d) and Fig. 8(a). A 
significant zone of inhibition (ZOI) against 
Staphylococcus aureus was seen for the PLGA− 
SDS/LA deposited ZA6 group, and the radial 
diameter of ZOI was (13.3±0.3) mm. 

Furthermore, the antibacterial activity of ZA6 
samples deposited with different coatings was 
estimated using the co-culture of gram positive 
bacteria (S. aureus) and gram negative bacteria 
(E. coli) with samples. The morphologies of surface 
and antibacterial rates were shown in Figs. 7(e)−(l) 
and Figs. 8(b) and (c), respectively. As compared  
to the untreated ZA6 samples (12.74×105/mm2), 
there was less S. aureus adhering and growing   
on the APTES functionalized ZA6 samples 
(10.40×105/mm2) and the PLGA deposited ZA6 
samples (3.78×105/mm2). Especially, S. aureus 
barely appeared on the surface of PLGA−SDS/LA 
deposited ZA6 samples (0.14×105/mm2) and the 
antibacterial rate of such samples was around   
98.9% compared with that of untreated ZA6 
samples. Accordingly, the surface of PLGA− 
SDS/LA deposited ZA6 samples showed the best 
antibacterial rate of 99.8% against E. coli, 
compared with the biofilm formed on the surface of 
the untreated ZA6 samples and the APTES 
functionalized ZA6 samples. 

It should be noticed that zinc ions have a broad 
spectrum of antibacterial properties to inhibit the 
adhesion and growth of bacteria. As ZA6 alloy is 
biodegradable in the physiological environment, 
zinc ions could possibly diffuse from substrate     
to culture medium and exhibit high effect in  
killing gram positive bacteria and gram negative 
bacteria [31]. However, the ZA6 that showed the 
highest corrosion rate (Table 2) and the highest Zn2+ 
concentration released to the complete medium 
(Fig. 5(d)) did not exhibit bacterial activity, while 
the PLGA−SDS/LA deposited ZA6 that showed 
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Fig. 7 Zone of inhibition and bacteria adhesion on surface: (a, e, i) Untreated ZA6; (b, f, j) APTES functionalized ZA6; 
(c, g, k) PLGA deposited ZA6; (d, h, l) PLGA−SDS/LA deposited ZA6 
 

 
Fig. 8 Zone of inhibition of samples (a), and antibacterial rates for S. aureus (b) and E. coli (c) (*p<0.05, **p<0.005, 
and ***p<0.0005) 
 
relatively low corrosion rate (Table 2) and the low 
Zn2+ concentration (Fig. 5(d)) exhibited excellent 
antibacterial performance, indicating that the 
release of zinc ions was not the essential reason for 
antibacterial activity in this work. 

SDS is reported to destroy cell membranes as 
it can chelate divalent cations and denature proteins. 
With the decrease of the pH value, the antibacterial 
effect of SDS could be enhanced [32]. When SDS 
and LA are combined, LA can decrease the 
cytoplasmic pH of microorganisms through the 

ionization of undissociated acid molecules. On the 
other hand, LA affects the electrostatic charge of 
SDS molecules and cell surface, interferes with 
substrate transport, reduces proton power, chelates 
metal ions, and releases lipopolysaccharide from 
the outer membrane of bacteria [33]. Subsequently, 
more LA and SDS molecules are absorbed onto  
the bacteria cells due to the increase of cell 
permeability, leading to the damage of cytoplasmic 
membrane. Moreover, sodium dodecyl sulfate could 
be considered as an antiadhesive due to its 
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amphiphilicity, which means that the bacteria  
cells can hardly adhere on the SDS deposited 
surface [34]. Thus, SDS and LA complement each 
other and a synergistic effect on enhancing 
antibacterial performance can be obtained by 
combining SDS and LA. 
 
3.4 Biomedical properties 

As shown in Fig. 9(a), the WCA of the 
PLGA−SDS/LA deposited ZA6 samples was 
(12.8±2.1)°, indicating a significant hydrophilic 
surface. As a hydrophilic surface could facilitate 
more cell adhesion than hydrophobic surfaces, it 
should result in better cell adhesion and attachment. 

The cell viability of MC3T3-E1 cells was 
displayed in Figs. 9(b)−(d). For 100% extracts, the 
relative cell viability of MC3T3-E1 osteoblasts 
cells after culturing for 1, 3 and 5 d was very low, 
for instance, (20.8±0.1)% and (29.4±0.5)% after 
culturing for 5 d for the untreated ZA6 and      

the PLGA−SDS/LA deposited ZA6 samples, 
respectively. The results indicated a larger 
cytotoxicity, in accordance with the previous 
studies that reported the presence of cytotoxic 
effects in original undiluted extracts of Zn-based 
alloys used in extract tests [2]. One possible 
explanation could be that the concentration of zinc 
ions in the extracts is much higher than the  
cellular tolerance of MC3T3-E1 for the Zn ion 
concentration [35]. It is well known that zinc ions 
are able to restrict the electron transport in the 
uncoupled mitochondrial [36], thus, a massive 
overdose of zinc ions could inhibit cell viability. 

All the relative cell viabilities exhibited a trend 
of increase with continuous dilution of the sample 
extracts. The relative cell viability was higher than 
80% and 100% when 50% and 25% extracts were 
cultured, respectively, implying no toxicity to 
MC3T3-E1 cells for ZA6 samples deposited with 
different coatings. Although, high doses of zinc ions  

 

 
Fig. 9 Hydrophilicity property (a) and cell viability (b−d) (*p < 0.05, **p < 0.005, and ***p<0.0005) 
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were reported to show negative effort for cell 
viability, the low doses could result in the opposite 
consequence, as an appropriate amount of zinc ions 
could benefit cell viability, adhesion, proliferation, 
migration of osteoblast-like cells [37]. WANG    
et al [8] confirmed that the ZA6 alloy exhibited 
good biocompatibility with 50% extracts. Similarly, 
a good cell viability was observed in the untreated 
ZA6 group in this work when the extract was the 
same. Nevertheless, the PLGA− SDS/LA deposited 
ZA6 group showed the best cell viability of 
MC3T3-E1 cells cultured with 25% and 50% 
extracts for 5 d, indicating a better biocompatibility 
than that of ZA6 group. 

As the Zn based alloys are biodegradable 
materials in physiological environment, it is 
suggested that a diluted extract must be applied for 
the biosafety evaluation in consideration of the 
distinct diversity between the in vitro and in vivo 
environment. FISCHER et al [38] suggested 10% 
extract to adjust the osmolality for cytotoxicity 
evaluation. WANG et al [8] used 20% and 50% 
extracts to carry out a good biocompatibility 
evaluation, respectively. In this work, both the   
25% and 50% extracts were evaluated and 
demonstrated an excellent biocompatibility of the 
PLGA−SDS/LA deposited ZA6 samples. 

Furthermore, the influence of ZA6 samples 
deposited with different coatings on the cell 
morphology was examined by means of 
cytoskeletal staining and the results were shown in 
Fig. 10. All the groups showed no significant 
difference for the number of viable cells. The 
morphology of MC3T3-E1 cells cultured with 
different extracts varied from each other. Several 
MC3T3-E1 cells displaying a round and unhealthy 
shape were observed for the untreated ZA6   
group, while massive MC3T3-E1 cells displaying 
elongated shape with F-actin filaments were 
observed for the PLGA−SDS/LA deposited ZA6 
group, suggesting that the PLGA−SDS/LA coating 
is favorable to the spreading of osteoblasts [39]. 

In vitro osteogenic differentiation activity  
was evaluated by quantitative analysis of alkaline 
phosphatase (ALP) activity, as shown in Fig. 11. All 
the groups of ZA6 samples deposited with different 
coatings showed good osteogenic differentiation 
activity. The ALP value was higher than 100%    
at 3 d and was close to 100% at 7 d, respectively. 
Especially, the PLGA−SDS/LA deposited ZA6 
group exhibited the best ALP activity at 3 d, while 
all the groups showed a similar ALP activity at  
7 d, indicating that PLGA−SDS/LA coating could 
benefit osteogenic differentiation. 

 

 
Fig. 10 Fluorescent images: (a, e, i) Untreated ZA6; (b, f, j) APTES functionalized ZA6; (c, g, k) PLGA deposited ZA6; 
(d, h, l) PLGA−SDS/LA deposited ZA6 
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The morphologies of MC3T3-E1 cells cultured 
on different surfaces were presented in Fig. 12. 
More adhered cells with a round shape were 
observed on the surface of untreated ZA6 samples 
and APTES functionalized ZA6 samples, indicating 
a less healthy state, while the cells displayed     
an elongated feature with several pseudopodia 
contacting the substrate after PLGA and 
PLGA−SDS/LA deposition. In general, a better  
cell adhesion often occurred on a rougher surface.  
 

 
Fig. 11 Relative ALP activity of samples incubated for  
3 and 7 d 
 

 
Fig. 12 Cell adhesion on surface: (a, e) Untreated ZA6; 
(b, f) APTES functionalized ZA6; (c, g) PLGA deposited 
ZA6; (d, h) PLGA−SDS/LA deposited ZA6 

However, a reversed phenomenon was observed in 
this work, as the surface of the untreated ZA6 
samples was rather rougher than that of the 
PLGA−SDS/LA deposited ZA6 samples. It could 
be possibly ascribed to the existence of SDS and 
LA and should be systematically investigated in the 
future work. 
 
4 Conclusions 
 

(1) A novel PLGA−SDS/LA coating was 
successfully fabricated on the commercial ZA6-1 
alloy surface by functionalizing the substrate with 
APTES through the electrostatic interaction. The 
corrosion rate of substrate was decreased as the 
PLGA in coating improved the corrosion resistance, 
and it could be increased by loading SDS and LA 
due to the decrease of the thickness of PLGA layer 
during immobilization. 

(2) The bactericidal rates of 98.9% against 
S. aureus and 99.8% against E. coli were achieved 
through a synergistic effect by combination of SDS 
and LA. 

(3) The PLGA−SDS/LA coating exhibited 
good biocompatibility for adhering, proliferating 
and differentiating osteoblasts, confirming its 
promising potential for the surface modification for 
Zn-based orthopaedic implants. 
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摘  要：通过在商用 ZA6-1 锌合金表面沉积负载十二烷基硫酸钠(SDS)和乙酰丙酸(LA)的聚乳酸羟基乙酸共聚物

(PLGA)赋予其抗菌性能。首先，在 ZA6-1 锌合金表面聚合化沉积 APTES 接枝层，获得氨基官能团；随后，利用

氨基官能团与羧基官能团的正负电荷吸引作用使与 SDS/LA 混合的 PLGA 负载于基体表面。所制备的

PLGA−SDS/LA 涂层具有良好的耐腐蚀能力，其腐蚀速率低至 0.005 mm/a，并且可通过改变涂层厚度对其进行调

控。该涂层除具有良好的成骨细胞相容性外，还具有优良的抗菌性能，其对金黄色葡萄球菌和大肠杆菌的抗菌率

分别达到 98.9%和 99.8%。 

关键词：锌合金；聚合物涂层；抗菌性能；生物相容性；腐蚀行为 
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