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 A Biodegradable Coating Based on Self-
Assembled Hybrid Nanoparticles to Control 
the Performance of Magnesium  

   Jiadi    Sun     ,        Ye    Zhu     ,        Long    Meng     ,        Tiantian    Shi     ,        Xiaoya    Liu     ,   *     Yufeng    Zheng   

 A new biodegradable nanocomposite coating to control the biocompatibility and anticorrosion 
property of Mg is reported in this work. The key feature of this strategy is to equip the Mg sur-
faces with poly( γ -glutamic acid)- g -7-amino-4-methylcoumarin/hydroxyapatite ( γ -PGA- g -AMC/
HA) hybrid nanoparticles via electrophoretic deposition in ethanol. The microstructures of 
the resulting nanocomposite coating are characterized by Fourier transform infrared spec-
troscopy, X-ray diffraction, and scanning electron microscopy. The results of standard electro-
chemical measurements along with immersion tests indicate that the nanocomposite coating 
has preferable in vitro degradation and corrosion resistance behavior than bare Mg. In addi-
tion, cytocompatibility is conducted using NIH3T3 cells and the coated sample shows better 
cell viability and cell adhesion than pure Mg substrate over the whole incubation period. The 
favorable anticorrosion behavior and cytocom-
patibility of the nanocomposite coating sug-
gest that the newly developed  γ -PGA- g -AMC/
HA biodegradable nanocomposite coating may 
have a potential to improve the biological per-
formance of Mg-based biomedical implants.    
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long-term complications risk associated with permanent 
implants, such as foreign-body caused infl ammatory 
response, delayed type hypersensitivity, and painful sec-
ondary removal surgery. [ 4–6 ]  However, the most challenge 
of biodegradable Mg-based implants is their fast degra-
dation rate in human ambient. [ 7,8 ]  Although improving 
microstructure and composition of Mg-based implants by 
alloying and manufacturing methods are possible ways to 
control the corrosion behavior of Mg alloys, surface coating 
and modifi cation techniques have become more promising 
because of the relative simpler approach with reasonable 
good results. [ 9,10 ]  

 In general, coatings on Mg surfaces include two cat-
egories, conversion coatings and degradable polymer 
coatings. [ 11 ]  For Mg alloys, the most studied conversion 
coatings are calcium phosphate based, [ 12 ]  although the 
biocompatibility of calcium phosphate coatings is gen-
erally higher than other conversion coatings (oxides, 
phosphates, or fl uorides), the corrosion protection of 
these poor fi lm-forming coatings is low because they 

  1.     Introduction 

 Magnesium and its alloys have recently been consid-
ered as promising biodegradable bone fi xation and repair 
implants because they are able to degrade on demand in 
vivo environment with the completion of their intended 
functions. [ 1–3 ]  Moreover, Mg-based implants can lower 
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often display cracks or pores which result in unfavorable 
corrosion levels. Thus, sealing the pores of calcium phos-
phate based coatings is critical for their practical applica-
tion. For coatings of degradable polymers, [ 13,14 ]  they can 
not only act as a corrosion barrier but can be prepared 
with a wide range of properties and functions because 
of the infi nite variability of their chemical composi-
tion and structures. However, although providing good 
protection and enhancing surface biocompatibility for 
the Mg stents, the polymer coatings did not maintain a 
reduction in corrosion rate over the long term due to their 
poor mechanical strength and inhomogeneous coating 
durability. 

 An ideal anticorrosion coating for Mg implants should 
not only provide corrosion resistance for the underlying 
alloys but also possess some additional functions, such 
as the enhancement of biocompatibility, bioactivity, and 
promoting tissue growth and healing. [ 15,16 ]  Considering 
all these aspects, polymer-inorganic composite coat-
ings appear especially interesting because of the diver-
sity of their chemical and physical properties. The inor-
ganic parts contribute to corrosion barrier ability of the 
resulting coatings. [ 17 ]  And the bulk polymer constituents 
in the coating can provide good fi lm-forming property, 
biological functions, and also corrosion barrier. [ 18,19 ]  In the 
last few years, several polymer-inorganic coating were 
deposited onto Mg surfaces using different methods. 
Abdal-hay et al. [ 20 ]  adopted a spraying approach to fab-
ricate composite coating materials using hydroxyapa-
tite (HA)-doped poly(lactic acid) on AZ91 Mg alloys. Wei 
et al. [ 21 ]  combined plasma electrolytic oxidation and dip-
ping techniques to create a polydopamine-assisted hep-
arinized plasma electrolytic oxidation/poly( L -lactic acid) 
composite coating on biodegradable AZ31 alloy. Hahn 
et al. [ 22 ]  utilized an aerosol deposition method to prepare 
hydroxyapatite-chitosan composite coatings on Mg alloy 
substrate. However, certain issues such as weak bonding 
to metallic substrates, maldistribution inorganic parts, 

and multistep coating fabrication process still exist which 
limit their practical applications. 

 Herein, one-step electrophoretic deposition (EPD) tech-
nique was used to fabricate protective nano composite 
coatings on Mg substrates. The EPD approach has 
attracted considerable attention, especially for biological 
applications, because it exploits the principle of charged 
particles or molecules in an applied electric fi eld. [ 23–25 ]  
These advantages made EPD a versatile, simple method 
for incorporation of synthetic and natural biodegradable 
polymers and particles into biomedical coatings with 
strong interfacial bonding strength. [ 26,27 ]  Since Mg alloys 
have high reaction rate with aqueous solutions during 
EPD process, which would prevent coating formation, to 
prepare desirable composite coatings on Mg surfaces, we 
performed an EPD process of self-assembled hybrid nano-
particle in ethanol solutions. In our previous work, [ 28,29 ]  
we applied this method to prepare good initial corro-
sion resistance and drug release functional nanostruc-
tured polymer coatings on Mg–Ca alloy surfaces. In this 
study, we further proposed a coating strategy of com-
bining additional inorganic materials with self-assem-
bled biopolymer particles to prepare better performance 
Mg-based composite coating surfaces. And HA was used 
as the inorganic part of the combination coating because 
of its excellent biocompatibility, bioactivity, and oste-
ocoductivity. The overall fabrication procedure is illus-
trated in Figure  1 . The inorganic HA, which is similar to 
native mineralized tissues, [ 30,31 ]  were encapsulated into 
photocross-linking poly( γ -glutamic acid)- g -7-amino-4-
methylcoumarin ( γ -PGA- g -AMC) copolymers, forming 
 γ -PGA- g -AMC/HA self-assembled hybrid nanoparticles. 
The nanostructured composite coating was fabricated by 
electrophoretic deposition of the particles. The successful 
deposition of  γ -PGA- g -AMC/HA hybrid nanoparticles on 
the surfaces of Mg and phase compositions of the coated 
Mg samples were examined. The degradation process of 
bare and coated Mg samples was confi rmed in simulated 
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 Figure 1.    Schematic illustration of the Mg-based nanocomposite coating fabrication using self-assembled hybrid nanoparticles and EPD 
technique.
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body fl uid (SBF). And the activity and adhesion mor-
phology of NIH3T3 normal cells on bare and coated Mg 
surfaces were also estimated.   

  2.     Experimental Section 

  2.1.     Materials 

 Photocross-linking  γ -PGA- g -AMC copolymers were prepared 
according to our reported procedure. [ 28 ]  HA and fl uorescein 
diacetate (FDA) were obtained from Aladdin Reagent Co., Ltd. 
(Shanghai, China). Konjac fl our was acquired from Wanfeng 
Food Additive Co., Ltd. (Zhengzhou, China). Dimethyl sulfoxide 
(DMSO), absolute ethanol, and triethylamine were acquired 
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 
Mouse NIH3T3 cells were purchased from Cell Resource Center 
of Chinese Academy (Shanghai, China). Dulbecco’s modifi ed 
Eagle’s medium (DMEM: Gibco), fetal bovine serum (Hyclone), 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT: biotopped), and antibiotics (Gibco) were purchased from 
Wuxi Trivd Biotechnology Inc. (Wuxi, China). These chemical 
agents and solvents were used without further purifi cation. The 
Mg substrate (composition: 100% Mg, diameter 9.5 mm, 1.5 mm 
thick) were donated by Zheng and co-workers. [ 32 ]   

  2.2.     Preparation of  γ -PGA- g -AMC/HA Hybrid 
Nanoparticles 

 HA powders (3 mg) were added into 5 mL DMSO in 10 mL glass 
beaker and ultrasonically treated for 3 h to ensure its homoge-
neous distribution. The  γ -PGA- g -AMC (25 mg) was dissolved in 
5 mL DMSO to form copolymer solution. After these, the two 
kinds of solutions mentioned above were mixed and stirred for 
1 h at 25 °C and we got  γ -PGA- g -AMC/HA composite solution. To 
prepare  γ -PGA- g -AMC/HA hybrid nanoparticles, double volume of 
absolute ethanol was added dropwise into the composite solution 
to promote self-assembled process of the system. The resulting 
particle solution was dialyzed against ethanol to remove DMSO 
and a stable  γ -PGA- g -AMC/HA hybrid nanoparticle solution was 
obtained. 

 The hybrid nanoparticles were characterized for particle size 
using dynamic light scattering (DLS) with a combination BIC 
90Plus and ZetaPALS instrument (Brookhaven Instruments Corp., 
USA). Prior to the measurement, the sample was fi ltered through 
0.8 μm Millipore fi lters and each measurement was conducted 
in triplicate. Morphology of the particles was obtained on a JEOL 
JEM-2100 transmission electron microscope (TEM) at a 200 kV 
accelerating voltage. The TEM sample was prepared by dropping 
diluted particle solution onto copper grids and then drying it at 
room temperature.  

  2.3.     Fabrication of Nanostructured Composite Coating 
Using EPD 

 The Mg plate was polished by SiC paper to 1200 grit, ultrasoni-
cally cleaned in 20 mL alcohol, and 20 mL acetone, respectively, 
and then dried at room temperature. Prior to the deposition, the 

pH value of the  γ -PGA- g -AMC/HA hybrid nanoparticle solution 
was adjusted to 7–8 by triethylamine. The EPD process was con-
ducted in a 50 mL EPD cell at a 150 V constant voltage and 30 min 
deposition time, with an Mg substrate (anode) and a Pt electrode 
(cathode). After this, the coated sample was removed carefully 
from the EPD cell and dried horizontally in air at room tempera-
ture overnight. 

 The presence of the nanocomposite coating was confi rmed 
by attenuated total refl ectance Fourier transform infrared 
spectroscopy (ATR-FTIR) ranging from 400 to 4000 cm −1  (Nicolet 
6700, Thermo Electron Corp., Madison, WI, USA). X-ray diffraction 
(XRD) instrument (D8, Bruker, Karlsruhe, Germany) with a Cu Kα 
radiation was carried out to probe the structure of coated and 
bare Mg samples, the measurement was operated from 3° to 90° 
with steps of 0.02° at a scan rate of 4° min −1 . The microstructural 
observations of the coating surface were studied by scanning 
electron microscopy (SEM) at 2.0 kV (model S-4800, Hitachi, 
Tokyo, Japan).  

  2.4.     Electrochemical Corrosion Analysis 

 Before conducting the measurement, the coated Mg sample 
was irradiated for 30 min with a UV curing system (1000 W, 
365 nm), in order to fabricate a photocross-linked smooth 
surface of the coated sample. The corrosion test was con-
ducted in a standard SBF (NaCl: 8.036 g L −1 , NaHCO 3 : 
0.352 g L −1 , KCl: 0.225 g L −1 , K 2 HPO 4 ·3H 2 O: 0.230 g L −1 , MgCl 2 ·6H 2 O: 
0.311 g L −1 , 1.0  M  HCl: 40 mL L −1 , CaCl 2 : 0.293 g L −1 , Na 2 SO 4 : 
0.072 g L −1 , tris(hydroxylmethyl) aminomethane: 6.063 g L −1 ) at 
a pH of 7.4, and the temperature was controlled at 37 ± 0.5 °C. [ 33 ]  
A three-electrode cell system was used to carry out the measure-
ments (CS350, Wuhan Corrtest Instrument Co., Ltd, China). The 
coated and photocross-linked samples, a platinum plate, and a 
saturated calomel electrode were used as working, counter, and 
reference electrodes, respectively. The recording range was from 
−0.6 to 0.6 V of the open-circuit potential at a scanning rate of 
1 mV s −1 .  

  2.5.     Immersion Test 

 The in vitro degradation characteristics of bare Mg and coated 
Mg substrates were carried out at different time points. Before 
the experiment, the coated Mg sample was irradiated with UV 
light to improve the coating barrier property. The treated and 
untreated Mg samples were individually immersed into sealed 
bottle containing 30 mL SBF and then incubated at 37 ± 0.5 °C 
for a total of 2 months. [ 19 ]  The experiments for the treated and 
untreated Mg samples were performed independently in trip-
licate, respectively. The release amount of Mg ions from each 
sample was measured at predetermined time intervals using 
atomic absorption spectrophotometer (TAS-990NFG, China). The 
correlation between Mg ion dissolution and immersion time 
was subsequently established. In addition, the pH values of dif-
ferent samples were also measured with a pH measuring instru-
ment. The surface morphology of different immersed samples 
were investigated using ultradepth of fi eld 3D microscope (VHX-
1000C, Keyence, Hong Kong) and XRD was carried out to probe 
the phase structure of each immersed sample. 
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 To simulate the corrosion process of bare and coated Mg in 
human tissue, different samples were embedded into konjac 
fl our gels. At different time (1, 3, 5, and 10 d), photographs of 
uncoated and coated samples were obtained. The process was 
described as follows: 15 g konjac fl our and 200 mL SBF solutions 
were added to a 500 mL beaker. The konjac fl our SBF solution 
was boiled for 5 min with a heating device. The bare and coated 
Mg were placed into six-well plates, and then the above boiled 
solution was poured into each well. After the samples were 
cooled down at room temperature, the gels containing bare and 
coated Mg substrates were obtained, respectively.  

  2.6.     Cell Culture 

  2.6.1.     Cell Viability Test of the Immersion Extracts 

 The MTT assay was used to determine the cell viability of the 
coated and uncoated Mg. The measurement was conducted 
using an indirect method, where the immersion extracts col-
lected from the immersion test were used for cell culture. [ 34 ]  
Before cell incubation, the immersion extracts were sterilized 
using 0.2 μm Millipore fi lters. NIH3T3 cells were seeded into 
96-well plates with a density of 6 × 10 3  cells per well in 100 μL 
DMEM medium supplemented with 10% fetal bovine serum 
and 1% antibiotics. The cells were cultured for 1 d in a humidi-
fi ed atmosphere of 5% CO 2  at 37 °C. On the second day, the cul-
ture medium in each well were replaced with 50 μL immersion 
SBF extracts and 50 μL DMEM medium containing 10% fetal 
bovine serum and 1% antibiotics. Culture medium without the 
extract served as the negative control and 5% DMSO containing 
culture medium as the positive control. After incubating for 
2 d, cell morphologies of different samples were obtained using 
an inverted optical microscope (CKX41, Olympus, Olympus 
America Inc.). Then, 10 μL of 5 mg mL −1  MTT solution was added 
into each well. The 96-well tissue culture plates were incu-
bated for a further 4 h. After incubation, formazan was formed 
and dissolved in 100 μL of DMSO per well. The absorbance was 
measured with a multimode detector (Tecan Infi nite M200 PRO, 
Shanghai DoBio Biotech. Co., Ltd) at a wavelength of 570 nm ref-
erenced to 630 nm. The cell viability was calculated using fol-
lowing equation: cell viability (%) = (OD sample /OD negative control ) × 
100%.  

  2.6.2.     Cell Adhesion with Direct Incubation on Various 
Surfaces 

 NIH3T3 cells were maintained in DMEM medium supplemented 
with 10% fetal bovine serum and 1% antibiotics at 37 °C. Before 
cell seeding, bare Mg substrate was sterilized under UV light for 
1.5 h on each side and the coated sample was sterilized by UV 
cross-linking process. NIH3T3 cells were seeded onto the sur-
faces of different samples in a 24-well plate at a density of 6 × 
10 4  cells per well with 500 μL of DMEM medium containing 10% 
fetal bovine serum and 1% antibiotics in a humidifi ed atmos-
phere of 5% CO 2  at 37 °C. The cells were cultured for 5 and 24 h, 
respectively. 

 At different culturing time, 1 μL of 5 mg mL −1  FDA acetone 
solution was added in each well to stain the cells for 15 min. The 
stained samples were then rinsed twice with sterile phosphate 

buffered saline (PBS) and the cell images were captured with a 
fl uorescence microscope under green fi lter (Nikon 80i, Japan). In 
addition, after being cultured for 24 h, the cells were fi xed using 
a 2.5 vol% glutaraldehyde solution for 2 h at 37 °C. Subsequently, 
the samples were washed with PBS for twice and then immersed 
in 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100% (v/v) 
ethanol/water solutions for 10 min, respectively. [ 35 ]  The adhesion 
morphologies of NIH3T3 on each sample were observed by an 
ultradepth of fi eld 3D microscope (VHX-1000C, Keyence, Hong 
Kong) after drying. 

 The cell viability of NIH3T3 cells on the various sample 
surfaces was also evaluated using MTT assay. After 24 h 
cultivation, samples were rinsed with PBS for two times. A 500 μL 
fresh DMEM medium containing 5 vol% MTT (5 mg mL −1  in PBS) 
replaced the previous culture medium. After being incubated 
for another 4 h, the culture media were removed and 500 μL 
DMSO was added to each sample to dissolve the formazan. 
The absorbance of different sample solutions was measured at 
570 nm referenced to 630 nm using a multimode detector (Tecan 
Infi nite M200 PRO, Shanghai DoBio Biotech Co., Ltd).  

  2.6.3.     Statistical Analysis 

 All of the biological measurements were conducted indepen-
dently in quadruplicate ( n  = 4), and three replicates were per-
formed for each experimental point. Statistically signifi cant 
differences ( p ) between the various groups were measured using 
one-way analysis of variance and all the data were expressed as 
the mean ± standard deviation.    

  3.     Results and Discussion 

  3.1.     Preparation of  γ -PGA- g -AMC/HA Hybrid 
Nanoparticles 

 To study the self-assembly behavior of  γ -PGA- g -AMC and 
HA,  γ -PGA- g -AMC/HA hybrid nanoparticles were prepared 
by slowly adding ethanol dropwise into DMSO mixture 
solutions of  γ -PGA- g -AMC and HA under vigorous stirring. 
The hydrodynamic diameter ( D  h ) and distribution index 
of the hybrid nanoparticles were measured. The size and 
its distribution of the particles are shown in Figure  2 A, 
the average  D  h  value of the hybrid nanoparticle was deter-
mined to be around 180 nm with low polydispersity, and 
the particle solution shown classic blue opalescence of col-
loidal particle solution. The morphology and size of the 
particles in dry state were observed by TEM. As shown in 
Figure  2 B, the  γ -PGA- g -AMC/HA hybrid nanoparticles were 
aggregates with an average diameter of 90 nm, which 
was smaller than the size measured by DLS. This reduced 
diameter can be attributed to the difference between the 
dried and hydrated states of the nanoparticles. In addi-
tion, the HA particles were encapsulated into the nano-
particles as clearly seem from TEM image. The formation 
process of these nanoparticles may be described as follows 
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(Figure  2 C):  γ -PGA- g -AMC is negative charged because of 
containing plenty of  – COOH groups, and HA was posi-
tive charged. [ 30 ]  When they were mixed together, HA can 
absorb on the  γ -PGA- g -AMC main chains due to the pres-
ence of electrostatic force. [ 36 ]  With the addition of eth-
anol,  γ -PGA- g -AMC/HA main chains started to collapse 
into insoluble complexes because of hydrogen bonding 
between polymer chains, thus forming  γ -PGA- g -AMC/HA 
hybrid nanoparticles.   

  3.2.     Fabrication of Nanocomposite Coating Using EPD 

 Nanocomposite coating onto Mg was obtained by EPD in 
the  γ -PGA- g -AMC/HA hybrid nanoparticle ethanol solu-
tion. The proposed coating formation mechanism was 
based on the classical Derjaguin–Landau–Verwey–Over-
beek theory of colloidal particle stability. Simply put, as 
shown in Figure S1 (Supporting Information), the hybrid 
nanoparticles were stable dispersion in ethanol medium 
because of the energy barrier between particles. When 
an electric fi eld was applied, the negatively charged 
 γ -PGA- g -AMC/HA hybrid nanoparticles would migrate, and 
the migration can induce a particle concentration gradient 
around the Mg surfaces. While the energy barrier between 
these nanoparticles around the Mg anode was overcome in 
the applied electric fi eld, coagulation became possible and 
the nanocomposite coating would be formed. [ 37–39 ]  

 ATR-FTIR was used to verify the presence of the nano-
composite coating on the metal surface. The original Mg 

sample demonstrated a chemical inertness surface as dis-
played in Figure  3 A. The characteristic peaks of symmetric 
C = O stretching for  – COOH and  – CO – NH –  groups, and C = C 
stretching of AMC groups in raw  γ -PGA- g -AMC spectrum 
were clearly visible at 1726, 1655, and 1534 cm −1 , respec-
tively. Meanwhile, from the ATR-FTIR spectrum of pristine 
HA, the characteristic peak of PO 4  3−  vibrations appeared 
at 562 and 1030 cm −1 . [ 40 ]  More importantly, these men-
tioned peaks have been shown in the spectrum of the 
nanocomposite coating. The results provided good evi-
dence that the  γ -PGA- g -AMC/HA hybrid nanoparticles 
were embedded on Mg surfaces. XRD patterns of the 
selected products including the original HA, bare Mg, and 
nanocomposite coating modifi ed Mg sample were shown 
in Figure  3 B. Compared to bare Mg, the coated Mg sample 
also displayed major characteristic diffraction peaks of 
Mg phase, and as expected, the peak intensity decreased 
due to the formation of nanocomposite coating on Mg 
surfaces. These results indicated that the  γ -PGA- g -AMC/
HA nanocomposite coating was prepared successfully 
and the original Mg could be coated by  γ -PGA- g -AMC/HA 
hybrid nanoparticles through EPD process in ethanol.  

 The surface observations for different samples were 
investigated by SEM. The results are shown in Figure  4 . 
The bare Mg surfaces were roughness, which caused by 
the polishing process of pretreatment. The morphology 
of nanocomposite coating was uniform and the particle 
stacking morphology could be clearly seen before UV 
irradiation (Figure  4 B). This indicates that homogeneous 
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 Figure 2.    Hydrodynamic diameter A), TEM image B), and illustration of the proposed mechanism C) for the self-assembly of  γ -PGA- g -AMC/
HA hybrid nanoparticles.
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nanocomposite coating was fabricated by EPD of self-
assembled hybrid nanoparticles. In addition, there are 
some pores on the surfaces of coated Mg sample, it may be 
caused by the evaporation of ethanol and the shrinkage of 
nanocomposite coating during the coating drying process 
in air. After UV irradiation for 30 min, the coating surface 
became fl at and smooth because of the photocross-linking 
properties of the coumarin (AMC) groups in the coating 
(Figure  4 C). [ 41–43 ]  And coating thickness was determined 
by light microscope image at cross-section of the coated 
Mg, the outcome displayed that the coating thickness was 
around 100 μm (marked by the arrows in Figure  4 D). The 
above results clearly showed that nanocomposite coating 
formed on the Mg and further UV irradiation process 
could smooth the surface morphology 
of the resultant coating materials.   

  3.3.     Corrosion Analysis 

 The corrosion resistance of the coatings 
on Mg-based materials is critical for their 
applications. As partial swelling of nano-
composite coating may occur in aqueous 
solution because of water absorption, 
further UV cross-linking modifi cation 
may have a benefi cial effect on corrosion 
resistance of the nanocomposite coating, 
because the barrier property of the 
coating were improved. [ 44–46 ]  Figure  5  
shows the potentiodynamic polarization 
curves of bare Mg, coated Mg, and sur-
face UV cross-linked Mg sample in SBF, 
the inset table summarizes the corrosion 
potential ( E  corr ) and corrosion rate ( R  corr ) 
calculated from extrapolation of the 
Tafel plots. All of the coated samples pre-
sented better corrosion resistance, while 
the bare Mg exhibited high chemical 

reactivity in SBF with low corrosion potential (−1.80 V) and 
high corrosion rate (24.69 mm y −1 ). After being coated with 
nanocomposite coating, the sample showed much more 
positive corrosion potential (−1.55 V) and lower corrosion 
rate (16.96 mm y −1 ). As expected, the photocross-linked 
nanocomposite coating showed better protection for the 
Mg substrate with relatively positive corrosion potentials 
(−1.46 V) and lower corrosion rate (10.98 mm y −1 ). There-
fore, both the  E  corr  and  R  corr  indicated that the initial cor-
rosion resistance of Mg was affected by the composite 
coating and further UV irradiation process. These observed 
differences in electrochemical data among the tested 
samples are a consequence of difference in the coating 
chemical structure. Before UV irradiation, molecular 

Macromol. Chem.  Phys. 2015,  216,  1952−1962

 Figure 3.    ATR-FTIR spectra A) and XRD patterns B) of bare Mg, coated Mg sample, raw  γ -PGA- g -AMC, and raw HA.

 Figure 4.    SEM images of bare Mg A), coated Mg before B), and after C) UV irradiation. 
The cross-section light microscope picture D) of coated sample after UV irradiation. The 
UV irradiated time is 30 min (1000 W, 365 nm).
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chains in the coating are mainly hydrogen and electro-
static bonding. With UV irradiation, additional chemical 
bonding networks were formed in the coating, resulting 
in a more stable coating layer and a stronger anticorrosion 
ability. [ 45,46 ]    

  3.4.     Immersion Test 

 The degradation behaviors of bare Mg and coated Mg after 
UV irradiation were observed by immersion different 
samples in SBF. While the pure Mg sample is degraded 
only due to the corrosion reaction of Mg, the degradation 
of coated sample was related to both the Mg corrosion 
and dissolution of coating layers. [ 47,48 ]  Figure  6  shows the 

concentration of Mg ions released and pH values of bare 
and coated Mg samples, respectively. During the whole 
immersion time, the higher Mg ion concentrations were 
released form bare Mg sample, compared to that of the 
coated sample. And the pH values of the SBF solution was 
measured up to 60th day as pH data could also refl ect 
the corrosion behavior of Mg samples, and the result was 
shown in the inset picture. The in vitro corrosion of bare 
Mg followed the general reaction, thus causing an alkaline 
atmosphere which led to higher pH values over the whole 
testing period, compared to that of the coated Mg sample. 
This means that nanocomposite coating provided good 
corrosion protection to the Mg matrix during the immer-
sion period. It attributed to the fact that the coating on 
Mg surface could isolate the underlying substrate from 
SBF erosion at the initial immersion time, and inhibit 
the shedding and dissolution of corrosion products in the 
latter part of immersion time. [ 49 ]  Meanwhile, compared 
to our previous results, [ 28,29 ]  this nanocomposite coating 
material can act as better anticorrosion layers of Mg-based 
implants.  

 The life of the coating according to the morphology was 
identifi ed by a light microscope at different immersion 
days and the XRD patters were also obtained. As shown 
in Figure  7 , light microscopy images of the uncoated Mg 
sample (A1 and A2) showed the characteristic corrosion 
surface morphology of Mg after immersing in SBF for 
30 and 60 d, respectively. However, the coated substrate 
displayed various levels of corrosion progression, the 
bulk of Mg sample were still coated in nanocomposite 
coating with some underlying corrosion products after 
the immersion time of 30 d (B1). The portion of nanocom-
posite coating remained and the bulk of corrosion prod-
ucts on Mg surfaces were exposed after 60 d (B2). These 
results confi rmed that the nanocomposite coating could 
inhibit the shedding and dissolution of corrosion prod-
ucts during immersion process. The XRD patterns (C1 
and C2) indicated that the main corrosion products were 
inorganic oxide, and compared to bare Mg, the coated 
Mg could maintain nearly complete cylindrical shape as 
refl ected from the inset digital photographs. In addition, 
the compressive strengths of bare and coated samples 
were ≈109 ± 5.7 and 164 ± 4.8 MPa after immersing in SBF 
for 60 d, respectively. The results displayed that the nano-
composite coating not only improved the corrosion resist-
ance of Mg but also protected mechanical strength of Mg 
substrate, while the mechanical integrity of Mg-based 
stents is critical for their performance as bone implants.  

 To visualize the degradation process of bare and 
coated Mg, the samples were encapsulated into gels fab-
ricated by SBF and konjac fl our, the results were shown 
in Figure  8 . As the images shown, there are many bub-
bles around bare Mg sample during 1 d encapsulation 
in gels. It indicated that the pure Mg was corroded by 
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 Figure 5.    The polarization curves for different samples in 37 ± 
0.5 °C SBF, pH = 7.4. The inside is the corrosion potential ( E  corr ) 
and corrosion rate ( R  corr ) values for different samples.

 Figure 6.    Released Mg ion concentrations from uncoated and 
coated Mg samples in 37 °C SBF at different immersion days, the 
inside is the pH values.
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SBF gels and the corrosion product H 2  gas was released. 
The H 2  bubbles around bare Mg continued to increase in 
3 d. However, the released H 2  bubbles of bare Mg sample 
slightly increased from 3 to 10 d, it was due to the fact 
that the produced gas separated the Mg substrate from 
the SBF gels. For coated Mg sample, the released bubbles 
were inconspicuous until 10 d. The digital photographs 
of different samples encapsulated in SBF gels after 10 d 
were shown in Figure S2 (Supporting Information), the 
result showed that some white corrosion products have 
formed on bare Mg surfaces, but for the coated sample, 

the coating still completely existed on the Mg surfaces. 
From these results, we can predict that the nanocom-
posite coating would alleviate the damage of subcuta-
neous bubbles while using it in live body, especially in the 
initial period.  

 The protection mechanism of the coated Mg sample can 
be summarized as partial degradation of the coating (a), 
localized corrosion of the substrate (b), formation of cor-
rosion products (c), and shedding of the coating (d), which 
are schematically illustrated in Figure S3 (Supporting 
Information). [ 50,51 ]  At the initial immersion period, the 
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 Figure 7.    Light microscope images A1,A2,B1,B2) and XRD patterns C1,C2) of bare Mg A1,A2) and coated Mg sample B1,B2) after immersion of 
30 d A1,B1,C1) and 60 d A2,B2,C2) in SBF at 37 °C with pH = 7.4.

 Figure 8.    Digital photographs of bare Mg and coated Mg sample after embedding the samples in konjac fl our gels for different days.
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nanocomposite coating could physically isolate the 
underlying Mg substrate from the SBF corrosive solution. 
With an extension of immersion time, the weak points 
of the coating would produce microcracks under the ero-
sion of SBF solution. Then SBF permeated into the coating 
through these cracks and corroded Mg substrate with the 
release of Mg 2+ , OH − , and H 2 . This release behavior of Mg 
substrate resulted in more cracks and pores through the 
outer layer coating, which would accelerate the degrada-
tion rate of the coated sample. When the released OH −  
achieved high concentrations, corrosion products would 
form due to the sedimentation reaction of calcium, Mg, 
and phosphate ions. At this stage, the coating could slow 
the diffusion of the underlying corrosion products and 
decrease the corrosion rate of the coated Mg. During the 
latter part of immersion time, the surface coating would 
be stripped because of stress acts, which induced by cor-
rosion process.  

  3.5.     Cell Culture 

  3.5.1.     Cell Viability Test of the Immersion Extracts 

 Cell viability is a critical aspect in the cytocompatibility 
evaluation of new biomaterials. Figure S4 (Supporting 
Information) shows the cell morphology and viability of 
positive group, negative group, bare Mg, and coated Mg 
sample. After incubation with the extracts for 2 d, the mor-
phology of cells cultured with immersion extracts of bare 
(C) and coated (D) Mg exhibit an elongated and fl attened 
spindle shape, which similar to that of the negative group 
(B). The cell viability for different samples was further 
evaluated by MTT assay, as Figure S4E (Supporting Infor-
mation) shown, compared to negative group, the extracts 
of bare and coated Mg showed higher cell viability, because 

the released Mg 2+  ions from corrosion process of Mg sub-
strates could promote the cellular metabolism and growth. 
However, the cell viability for extracts of coated Mg sample 
was signifi cantly ( p  < 0.05) improved relative to that of 
bare Mg, which might be ascribed to the corrosion resist-
ance increased by nanocomposite coating modifi cation. 
As corrosion resistance increased, few ions (OH −  and Mg 2+ ) 
would be released into the culture medium, thus resulting 
in a more suitable environment for cell growth. [ 52–54 ]  These 
results show that the concentrations of corrosion product 
were related to cell viability and confi rm that the nano-
composite coating presented better cytocompatibility.  

  3.5.2.     Cell Adhesion on Various Surfaces 

 Cell adhesion on the scaffolds is essential to the develop-
ment and remodeling of biomedical engineering tissues. 
Adhesive interactions play a critical role in cell survival, 
proliferation, matrix mineralization, and tissue forma-
tion. To determine the cytocompatibility and cell adhe-
sion capability of the nanocomposite coating, NIH3T3 cells 
were seeded and cultured for 24 h on bare and coated Mg 
samples, then cells were imaged using fl uorescence and 
light microscopy. The results are shown in Figure  9 , a few 
cells were found to attach on bare (A1) and coated (B1) Mg 
samples after culturing for 5 h. However, when the incuba-
tion time increased to 24 h, the NIH3T3 cells on coated Mg 
sample (B2 and B3) exhibited better adhesion and spread 
compared with those on bare Mg surfaces (A2 and A3). 
This phenomenon was attributed to the reason that bare 
Mg was chemically active and easily reacted with DMEM 
medium, which had a negative infl uence on cell attach-
ment and spread. [ 55 ]  As demonstrated in Figure S5 (Sup-
porting Information), the proliferation of NIH3T3 cells on 
various surfaces revealed the same trend as that observed 
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 Figure 9.    Fluorescent images A1,A2,B1,B2) and light microscope images A3,B3) of NIH3T3 cells after culturing for 5 h A1,B1) and 24 h 
A2,A3,B2,B3) on bare Mg A1,A2,A3) and coated Mg samples B1,B2,B3).
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for cell morphology. Thus, compared with bare Mg, the 
coating modifi ed surfaces were more suitable for cell pro-
liferation. Generally, cell adhesion, spreading, proliferation, 
and migration on substrates were the fi rst sequential reac-
tions while cells came into contact with material surfaces. 
Therefore, the observed extensive spread and attachment 
of NIH3T3 cells on the nanocomposite coating illustrated 
that the coating modifi ed sample had a better biological 
property than bare Mg sample.     

  4.     Conclusion 

 A biodegradable nanocomposite coating was deposited 
onto Mg substrate by electrophoretic deposition of self-
assembled  γ -PGA- g -AMC/HA hybrid nanoparticles. The 
particles could form a smooth, dense, and continuous 
coating layer on Mg substrate, which masked the groove 
feature on the Mg substrate surfaces. Standard electro-
chemical measurements (corrosion potential and corro-
sion rate) demonstrated that the nanocomposite coating, 
especially the photocross-linked coating layers, had an 
advantage in corrosion resistance behavior. Further-
more, the level of retention of surface morphology integ-
rity, pH value change as well as the amount of Mg ions 
released in a controlled manner in vitro environment 
also indicated that the nanocomposite coating improved 
the corrosion resistance performance of Mg sample. In 
addition, NIH3T3 cells showed better cell viability and 
cell function adhered onto the coated Mg substrate than 
bare Mg. Therefore, the current in vitro data suggested 
that the developed biodegradable  γ -PGA- g -AMC/HA 
nanocomposite coating may have the potential as sur-
face coating materials for Mg-based biomedical implants 
to improve their anticorrosion property and biological 
performance.  
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