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ABSTRACT: A novel biomedical coating was prepared from self-
assembled colloidal particles through direct electrodeposition. The
particles, which are photo-cross-linkable and nanoscaled with a high
specific surface area, were obtained via self-assembly of amphiphilic poly(γ-
glutamic acid)-g-7-amino-4-methylcoumarin (γ-PGA-g-AMC). The size,
morphology, and surface charge of the resulting colloidal particles and their
dependence on pH, initial concentrations, and UV irradiation were
successfully studied. A nanostructured coating was formed in situ on the
surface of magnesium alloys by electrodeposition of colloidal particles. The
composition, morphology, and phase of the coating were monitored using
Fourier transform infrared spectroscopy, energy-dispersive X-ray spectros-
copy, scanning electron microscopy, and X-ray diffraction. The corrosion
test showed that the formation of the nanostructured coating on
magnesium alloys effectively improved their initial anticorrosion proper-
ties. More importantly, the corrosion resistance was further enhanced by chemical photo-cross-linking. In addition, the low
cytotoxicity of the coated samples was confirmed by MTT assay against NIH-3T3 normal cells. The contribution of our work lies
in the creation of a novel strategy to fabricate a biomedical coating in view of the versatility of self-assembled colloidal particles
and the controllability of the electrodeposition process. It is believed that our work provides new ideas and reliable data to design
novel functional biomedical coatings.

1. INTRODUCTION

Poly(γ-glutamic acid) (γ-PGA) is a kind of bacterial-secreted
polypeptide.1,2 γ-PGA and its derivatives have been widely used
in many fields, such as drug delivery,3 tissue engineering,4 and
wound dressing, because of their biodegradability and bio-
compatibility.5 γ-PGA has abundant free carboxyl groups that can
be modified by functional groups or polymers to prepare desired
polymers.6−8 With these excellent properties of γ-PGA, it is
desirable to develop various γ-PGA-based multifunctional
materials for wider applications.
Self-assembly has been demonstrated to be a powerful

technology to make nanoscaled particles from synthetic or
natural amphiphilic polymers.9,10 As reported in previous works,
amphiphilic γ-PGA derivatives can self-assemble into micellar
aggregates with various morphologies, such as spheres, rods, and
vesicles.11,12 The attractive advantages of these nanoparticles
include a high specific surface area, green nature, nontoxicity,
biodegradability, and flexibility in internal or surface function-
alities. Although γ-PGA-based particles have potential applica-
tions as drug delivery, protein, gene, and vaccine carriers because
of these outstanding properties,13−16 research that expands the
application of γ-PGA-based particles in biomedical coating
systems is lacking.

The substrates used in this work are magnesium alloys, which
have physical, mechanical, and biological properties very similar
to those of natural bones and are promising implant materials in
clinical applications.17,18 However, the widespread use of
magnesium alloys has been limited because these alloys are
highly susceptible to corrosion in physiological environments,
especially during the initial period of implantation.19,20 To
improve these weaknesses, the application of coatings is a general
strategy to delay initial degradation of the alloy.21 Accordingly, a
broad range of surface modification techniques, including spin-
coating,22 electroless plating,23 plasma electrolytic oxidation,24

physical vapor deposition,25 spraying,26 and dipping,27 have been
adopted to fabricate coatings.
In addition to all of the techniques mentioned above,

electrodeposition has also obtained considerable attention for
making coatings because of the controlled integration of its
application and the capability to produce uniform films on
regularly or irregularly shaped metal substrates at ambient
temperature.28−31 Furthermore, the procedure is simple and uses
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inexpensive equipment. The formation of the coating can be
controlled by the deposition time, bath concentration, and
applied potential. In previous reports, however, the use of
electrodeposition to prepare coatings on magnesium alloys still
has been relatively infrequently explored because of the high
corrosion rate of magnesium alloys in aqueous solution.
Moreover, some nondegradable oxides, such as Mg(OH)2 and
MgO, may be produced during the procedure.32,33 In order to
avoid these drawbacks, we fabricate a Mg-based biomedical
coating by conducting electrodeposition in organic solution. It is
another advantage of our investigation, since the magnesium
alloy can maintain its original surface composition without a
chemical reaction with an electrolyte during the electro-
deposition procedure.
The present study attempted to fabricate a biomedical coating

of γ-PGA particles on magnesium alloy by combining the
techniques of polymeric self-assembly and electrodeposition. In
our previous work,34,35 we used a similar approach to prepare a
molecular-imprinted polymeric (MIP) sensor coating in a water
system. In this study, we expand the technique to the fabrication
of a biomedical coating. The entire strategy is described in Figure
1. A photosensitive amphiphilic poly(γ-glutamic acid)-g-7-

amino-4-methylcoumarin (γ-PGA-g-AMC) was prepared by
modification of γ-PGA with 7-amino-4-methylcoumarin. Neg-
atively charged colloidal particles were prepared by self-assembly
of γ-PGA-g-AMC. Then the colloidal particles were deposited on
the magnesium alloy to form a nanostructured coating through
direct electrodeposition. To our best knowledge, this is the first
example of the preparation of biomedical coatings with
photosensitive γ-PGA-based particles by electrodeposition. The
photosensitivity, anticorrosion properties, and cytotoxicity of the
alloys were investigated in detail.

2. EXPERIMENTAL SECTION
2.1. Materials. γ-PGA (Mw = 200000−500000) was purchased from

Wako Pure Chemical Industries Co., Ltd. (Osaka, Japan). 7-Amino-4-
methylcoumarin (AMC), 1-ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide hydrochloride (EDC·HCl), and 1-hydroxybenzotriazole
(HOBt) were obtained from Aladdin Reagent Co., Ltd. (Shanghai,
China). Dimethyl sulfoxide (DMSO), absolute ethanol, triethylamine,
and acetic acid were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco), fetal bovine serum (FBS) (Hyclone), and penicillin
streptomycin (Gibco) were purchased from Wuxi Trivd Biotechnology
Inc. (Wuxi, China). All of the reagents and chemicals were used without
further purification.

Magnesium alloys (1 wt % Ca with the balance being Mg, 16 mm
diameter, 1.5 mm thickness) were donated by Zheng and co-workers36

and used as the substrate. The magnesium plates were ground with no.
1200 abrasive paper and ultrasonically cleaned with ethanol and acetone
for 10 min.

2.2. Preparation of γ-PGA-g-AMC Copolymer. The photo-
sensitive γ-PGA-g-AMC copolymer was prepared as follows: γ-PGA (1
unit mmol) was dissolved in 40 mL of DMSO by stirring and gently
heating to 70 °C for 2 h, and then the solution was cooled to room
temperature. EDC·HCl (1 mmol), HOBt (2 mmol), and AMC (2
mmol) were added. The reaction mixture was kept at room temperature
for 24 h. The resultant γ-PGA-g-AMC copolymer was purified by dialysis
(molar mass cutoff 14 000) against water to remove unreacted chemicals
and DMSO. Finally, the washed γ-PGA-g-AMC copolymer was frozen
and lyophilized. The purified copolymer was characterized by 1H NMR
spectroscopy to determine the degree of grafting of AMC.

2.3. Preparation and Characterization of Colloidal Particles.
UV−vis measurements were used to determine the content of ethanol as
a precipitating agent, which was added in order to induce the self-
assembly process of colloidal particles. The colloidal particles were
prepared as follows: γ-PGA-g-AMC copolymers were dissolved in
DMSO, forming solutions with different initial concentrations of γ-
PGA-g-AMC (2, 3, 5, 8, and 10 mg mL−1). Then absolute ethanol was
dropwise added into the above solutions at a rate of 20 μL/min to yield
translucent solutions. The resulting translucent solutions were dialyzed
against ethanol for 3 days to remove the DMSO solvent, and then the
colloidal particle solutions (0.33, 1.00, 1.66, 2.66, and 3.33 mg mL−1)
were obtained. The concentrations of the colloidal particle solutions
were calculated using the original mass of the copolymer divided by the
resulting particle solution volume.

Since the colloidal particles contain many carboxyl groups, which
easily respond to pH, the effect of pH on the particle size and surface
charge was investigated. Acetic acid and triethylamine were used to
adjust the pH of the γ-PGA-g-AMC colloidal particle solutions, and the
pH values were determined using a pH instrument (Metrohm, Shanghai
Nano Instrument Co., Ltd).

UV light (λ > 310 nm; a spot UV curing system with an intensity of
200 W) was utilized to irradiate the colloidal particle solution (30 mL),
preparing photo-cross-linked colloidal particles. At predetermined time
intervals of UV irradiation, 5 mL of particle solution was collected from
the original sample, and the particle size was determined.

TEM images of colloidal particles were obtained using a JEOL JEM-
2100 transmission electron microscope with an accelerating voltage of
200 kV. The TEM samples were prepared by dipping the copper grids
into colloidal particle solution and then drying the grids at room
temperature.

The particle size and its size distribution were characterized by
dynamic light scattering (DLS) with ALV-5000/E DLS software (ALV/
DLS/SLS-5000, Germany) at a fixed scattering angle of 90°. The size
distributions of the colloidal particles are reported by the scattering
intensity of the particle fraction, and the measurement was conducted
three times for each sample. All of the particle solutions were filtered
using 0.8 μm Millipore filters to remove dust before the DLS
measurements.

The surface charge of the colloidal particles was measured by
electrophoretic mobility measurements with a BIC PALS zeta potential
analyzer (Brookhaven Instruments Corp., USA). The measurement for
each sample was conducted at least five times, and each time contained
20 cycles. The results are indicated as mean ± standard deviation (SD).

2.4. Electrodeposition of Colloidal Particles. The concen-
trations of the 0.33 and 1.00mgmL−1 colloidal particle samples were too
low to conduct electrodeposition. The 1.66, 2.66, and 3.33 mg mL−1 γ-
PGA-g-AMC particle solutions were used as electrolytes for electro-
deposition. A small amount of triethylamine was added to control the
pH of the electrolyte at approximately 7.5 in order to promote the
deprotonation of the−COOH group. The magnesium alloy was used as
the working electrode (anode), and a Pt electrode was used as the
counter electrode (cathode). After electrodeposition was carried out at
150 V for 30 min, the magnesium alloys were covered with the
nanostructured coating. Then the photo-cross-linked surface was

Figure 1. Schematic illustration of the magnesium-based coating
fabrication using self-assembled colloidal particles and the electro-
deposition technique.
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fabricated by UV irradiation of the coated sample for 1.5 h on each side
(UV light was generated by a spot-curing system with a wavelength of
365 nm and a power of 200 W). The coated samples were marked as
coated-Mg-CP1.66, coated-Mg-CP2.66, and coated-Mg-CP3.33.
2.5. Physical and Chemical Properties of the Coatings. The

surface morphologies of the obtained samples were determined by
scanning electron microscopy (SEM) at 2.0 kV (model S-4800, Hitachi,
Tokyo, Japan). X-ray photoelectron spectroscopy (XPS) (PerkinElmer,
Waltham,MA, USA), and attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR) (Nicolet 6700, Thermo Electron
Corp., Madison, WI, USA) were used to investigate the chemical
composition of the coatings. The phase compositions of the prepared
samples were studied by X-ray diffraction (XRD), and the instrument
(D8, Bruker, Karlsruhe, Germany) was operated from 3° to 90° in steps
of 0.02° at a scan rate of 4 deg min−1.
2.6. Corrosion Resistance of the Coating. Electrochemical tests

were performed to evaluate the anticorrosion properties of the colloidal
particle coating and bare magnesium alloys in simulated body fluid
(SBF) at 37 ± 0.5 °C. The constituents of the SBF solution were the
same as in a previous report.37 A three-electrode cell was used to carry
out the measurements. The sample, a platinum plate, and a saturated
calomel electrode (SCE) were used as the working, counter, and
reference electrodes, respectively. The scanning range was from −0.6 to
0.6 V of the open-circuit potential at a rate of 1 mV s−1.
2.7. Cytotoxicity Tests. NIH-3T3 normal cells (a mouse

embryonic fibroblast cell line) were cultivated in sterile tissue culture
flasks containing DMEM supplied with 10% FBS and 1% penicillin
streptomycin at 37 °C in a humidified atmosphere containing 5% CO2,
and the cells were passaged by trypsinization before confluence. Cells at
the third to seventh passage were used in these experiments.
These measurements were carried out using an indirect method in
which the immersion extracts were used to culture cells.38 Before the
measurements, bareMg−Ca alloys were sterilized under UV light for 1.5
h on each side, and the coated samples were sterilized under UV light
during the cross-linking process. The immersion extracts were collected
from 10mL of extractionmedium (DMEM) in a humidified atmosphere
with 5% CO2 at 37 °C on day 2. NIH-3T3 cells were seeded into 96-well
plates with a density of 6 × 103 cells per well in 100 μL of medium. After
1 day of incubation, the culture medium was removed and replaced with
100 μL of supplemented immersion extracts. The cells were cultured for
another 2 days in a humidified atmosphere with 5% CO2 at 37 °C. In
addition, cells cultured in wells with DMEM served as control groups in
this study.36

The morphologies of the cells were visualized using an inverted
optical microscope (CKX41, Olympus America Inc., Center Valley, PA,
USA). For each sample, images were taken at least from three to six
different locations to obtain an overview of the cell attachments. Then
10 μL of 5 mg mL−1 MTT assay stock solution in phosphate-buffered
saline was added to each well of the culture plate. After the cells were
incubated for 4 h, blue formazan crystals were formed and dissolved in
100 μL of DMSO per well. The absorbance was measured with a
multimode detector (Tecan Infinite M200 PRO, Shanghai DoBio
Biotech Co., Ltd) at a wavelength of 570 nm. The cell viability was
calculated using following equation: cell viability = (ODexperimental/
ODcontrol) × 100%.
The per-sample MTT experiments were performed independently in

quadruplicate, and three replicates were tested for each experimental
point. The data were expressed as mean ± SD. The statistical analysis
was based on one-way analysis of variance using Origin 8.6 software, and
a p value of less than 0.05 was considered to be statistically significant.

3. RESULTS AND DISCUSSION
3.1. Preparation of γ-PGA-g-AMC Copolymer. AMC was

grafted to γ-PGA chains through the reaction between carboxylic
groups on the linear γ-PGA chains and the amino groups of
AMC. In our work, EDC·HCl and HOBt were used to activate
carboxylic groups, which were then attached to the amino groups
of AMC to produce the γ-PGA-g-AMC copolymer. The 1H
NMR spectrum of the resulting copolymer is shown in Figure S1

in the Supporting Information. The degree of grafting was
calculated by comparing the peak areas of aromatic ring protons
in the coumarin group and CH protons in the PGAmain chain;39

the results showed that nearly 20% of AMC was grafted to the γ-
PGA chains.

3.2. Self-Assembly of Colloidal Particles. To prepare the
self-assembled colloidal particles, absolute ethanol was gradually
added dropwise to γ-PGA-g-AMC copolymer solutions. The
changes in the absorbance of the different solutions were studied
using UV−vis measurements. The morphology of colloidal
particles in the dried state was observed by TEM.
Figure 2 shows the absorbance changes when ethanol was

added to the γ-PGA-g-AMC solutions. As the results show, the

absorbance of all of the samples initially decreased with
increasing ethanol amount because the copolymer solutions
were diluted by the addition of ethanol. When the ethanol
content attained a certain value, the absorbance began to
increase, indicating that the γ-PGA-g-AMC copolymer chains
started to aggregate and form self-assembled particles, except for
the sample with an initial copolymer concentration of 1 mg
mL−1, as the driving force for the self-assembly in the 1 mg mL−1

sample was too low to form colloidal particles. The ethanol
content at this point is defined as the critical ethanol content
(CEC). After the addition of more ethanol, the absorbance
continued to increase because of the aggregation of self-
assembled particles. In order to make a uniform distribution of
colloidal particles, twice the volume equivalent of ethanol with
respect to the initial copolymer solution was used to make the
self-assembled colloidal particles. In the self-assembly process,
the driving force is mainly related to the amount of precipitating
agent (ethanol) added and the initial copolymer concentration.
Since the concentration of 1 mg mL−1 is dilute, the interaction
and chain entanglement between the copolymer segments are
very weak compared with other higher concentrations. There-
fore, when ethanol was added, the copolymer chain could not
aggregate effectively and form particles.
The morphology and size of colloidal particles in the dried

state were observed by TEM. As shown by the picture in the
Figure 2 inset, the self-assembly of γ-PGA-g-AMC occurred and
the aggregated colloidal particle size was almost 100 nm in the

Figure 2. Changes in absorbance of γ-PGA-g-AMC solutions against
ethanol content for different initial copolymer concentrations at λ = 621
nm. The inset is the TEM image of a 1.66 mg mL−1 colloidal particle
sample that was fabricated by adding ethanol to 5 mg mL−1 copolymer
solution (ethanol/copolymer solution = 2:1 v/v) and then dialyzing in
ethanol for 3 days to remove the copolymer solvent DMSO.
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dried state. Compared with the size determined by DLS (Rh =
115.6 nm at 1.66mgmL−1; see Figure 3), the TEM results show a
smaller particle size. This result is understandable because the
swelling of the particles in solution comes from the larger amount
of absorbed solvent. As solvent is evaporated, the particles would
shrink. These results imply that adding ethanol as a precipitating
agent could induce self-assembly of the γ-PGA-g-AMC
copolymer. The mechanism can be explained as follows: the
copolymer molecular chains contain abundant −COOH groups,
which attract each other by hydrogen bonding,40 thus decreasing
their affinity for ethanol. When precipitating agent is added, the
chain segments containing−COOH groups start to collapse into
insoluble complexes because of interpolymer hydrogen bond-
ing.41,42 However, those containing −COO− groups experience
mutual electrostatic repulsion and are mainly distributed in the
shell of resulting particles during the process of ethanol addition,
thus forming stable colloidal particles.
3.3. Effect of Initial Copolymer Concentration and pH.

Self-assembly is a dynamic equilibrium process. The polymer
concentration can affect the interaction of macromolecular
chains and the aggregate degree of self-assembled particles in the
resulting colloidal particles. As shown in Figure 3, the average

hydrodynamic radii (Rh) of 0.33, 1.00, 1.66, 2.66, and 3.33 mg
mL−1 colloidal particles increase from 78.8 to 134.9 nm with
increasing initial concentration of γ-PGA-g-AMC from 2 to 10
mg mL−1. This implies that the particle size can be controlled by
adjusting the initial concentration of the copolymer solution. As
the initial concentration of the copolymer solution increases, the
interaction and chain entanglement between copolymer chains
should also increase, and thus, more copolymer chains would be
entrapped in each particle during the self-assembly process. In
addition, a higher copolymer concentration induces higher
particle content, and the aggregate degree of self-assembled
particles in the resulting colloidal particles would increase in the
self-assembly process. Therefore, increasing the concentration of
the copolymer can increase the size of the self-assembled
colloidal particles.
As γ-PGA-g-AMC colloidal particles contain plenty of carboxyl

groups, which easily respond to pH, the effect of pH on the
particle size and surface charge was investigated. Figure 4 shows
the variations of surface charge and average Rh of colloidal
particles as a function of pH. Obviously, the surface charge
became more negative with increasing pH from 6 to 10. As the
pH increased from 6 to 9.5, the average Rh increased from 95.5 to

227.3 nm, and then the particle size dramatically increased for pH
>9.5. These results indicate that the particle size and surface
charge in ethanol are both influenced by the pH of the solution.
In our work, the self-assembled colloidal particles can keep their
particle state at pH 6−10. For pH <6, the samples formed
precipitates as a result of protonation of−COO− groups. For pH
>10, the solutions became transparent, demonstrating that the
particles changed into soluble molecular chains or a random coil
state. These results demonstrate that electrodeposition of
colloidal particles can be conducted at pH 6−10 in order to
fabricate the nanostructured coating.

3.4. Photoresponsive Properties. It is well-known that
direct irradiation (λ > 310 nm) of coumarin and its derivatives
leads to photochemical dimerization.43,44 Because the colloidal
particles contain many coumarin units that are photoresponsive
to alternative irradiation with UV light, the photo-cross-linking
properties of coumarin are expected to be reflected in the self-
assembled particles. To monitor this property, the photo-
sensitivity of the colloidal particles was demonstrated using DLS.
As shown in Figure 5, with increasing irradiation time (365

nm, total intensity 200 W, 4 mL of solution), Rh decreased from
115.6 to 71.3 nm. The photoinduced decrease in average Rh due
to photo-cross-linking is around 52%. It is implied that under UV
irradiation, the interchain photo-cross-linking leads to shrinkage
of whole colloidal particles. A similar diameter-decreasing

Figure 3. Average sizes and size distributions of 0.33, 1.00, 1.66, 2.66,
and 3.33mgmL−1 colloidal particles fabricated from 2, 3, 5, 8, and 10mg
mL−1 initial γ-PGA-g-AMC copolymer solutions, respectively.

Figure 4. Effect of pH on (a) the surface charge and (b) the average
hydrodynamic radius of the colloidal particles. The concentration of the
particle solution was 1.66 mg mL−1.

Figure 5. Hydrodynamic radius and distribution of the colloidal
particles irradiated with a spot curing system (200 W, 365 nm) at
different times. The concentration of the colloidal particle solution was
1.66 mg mL−1.
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phenomenon has also been obtained in other coumarin-
containing self-assembled systems.45,46 It is believed that this
photo-cross-linking property of the particles can also affect the
properties of coating systems. As reported in previous work,47

UV cross-linking of colloidal particles at the oil−water interface
can make a dense shell of colloidosomes and lock the interfacial
particles in a Pickering or Mickering emulsion. Thus, we
hypothesize that when the photo-cross-linkable colloidal
particles are electrodeposited on the Mg−Ca alloy surface, a
dense coating surface can be fabricated by further UV irradiation
of the electrodeposited particles.
3.5. Electrodeposition of Colloidal Particles. γ-PGA is a

naturally biodegradable and nontoxic biomaterial. It consists of
alternating units of D-glutamic acid and L-glutamic acid.48 The
negative charge of the γ-PGA colloidal particles in solution is
attributed to deprotonated −COOH groups.49 The nano-
structured coating on the magnesium alloy can be obtained by
anodic electrodeposition in ethanol. The proposed mechanism
of coating formation is based on the classical Derjaguin−
Landau−Verwey−Overbeek (DLVO) theory of colloidal
stability.50,51 This theory states that the total pair interaction
between colloidal particles consists of two parts, the Coulombic
double-layer repulsion and the van der Waals attraction. As
reported by Lyklema,52 these forces promote the stability of
colloidal particles in nonaqueous media. The DLVO theory
describes the potential energy curve for pair interaction, as shown
in Figure S2 in the Supporting Information. We can assume that
coagulation of the colloidal particles would occur when the
energy barrier is overcome. When an electric field is applied, the
negatively charged γ-PGA-g-AMC colloidal particles would
migrate, and this migration can induce a particle concentration
gradient around the magnesium alloy surface. As determined by
previous work,53 the potential energy peak decreases as the
electrolyte concentration increases, and thus, there exists a
critical electrolyte concentration (flocculation value) for
coagulation in an applied electric field. While the energy barrier
between colloidal particles disappears around the Mg−Ca anode
in the applied field, coagulation becomes possible and the
nanostructured coating forms. As shown in Figure S3a−c in the
Supporting Information, some particles are immobilized onto
the substrate at short deposition times. This behavior indicates
that charged colloidal particles can move toward the anode in the
electric field within a given time. After 15 min, the nano-
structured surface was formed as a result of accumulation of

colloidal particles (Figure S3d). This demonstrates that coating
formation can be controlled by electrodeposition.
FTIR and XPS were used to confirm the presence of

nanostructured coatings on the Mg−Ca alloy. In the FTIR
spectrum of the nanostructured coating (spectrum c in Figure
6A). The characteristic peak at 3258 cm−1 is related to O−H
stretching vibrations of −COOH groups. The peaks at 1725 and
1645 cm−1 are attributed to CO stretching vibrations of the
−COOH and −CO−NH− groups, respectively. The observed
band at 1545 cm−1 is assigned to CC. The peak at 1155 cm−1 is
attributed to C−N stretching. These bands are well in
accordance with vibrational peaks of native colloidal particles
(spectrum b in Figure 6A). As expected, no such peaks are seen
on bare metal substrates devoid of the nanostructured coating
(spectrum a in Figure 6A). Moreover, the observed band at 1006
cm−1 in the FTIR spectrum of the nanostructured coating is
related to the absorption of triethylamine. The XPS results imply
that main elements on the surface of the coated sample are C, N,
and O (Figure 6B). The results indicate the formation of
nanostructured coatings on the surface of magnesium alloys.
The surface microstructure of the coated samples was

investigated by SEM (Figure 7). The results show that the
morphologies of the nanostructured coatings are uniform, and
some colloidal particles can be clearly seen before UV irradiation
(Figure 7A1−C1). This indicates that homogeneous nano-
structured coatings are fabricated by electrodeposition of self-
assembled colloidal particles. After UV irradiation for 1.5 h, the
surfaces of the cross-linked coatings (Figure 7A2−C2) are denser
and smoother as a result of the photo-cross-linking properties of
self-assembled particles. Photo-cross-linking of the particles is
demonstrated to improve the homogeneity and also the
sealability of the nanostructured coating. Generally, a denser
coating on the magnesium alloy provides better physiological
corrosion resistance of the substrate. Therefore, photo-cross-
linking of the nanostructured coating supposedly contributes to
the anticorrosion performance of the magnesium alloy, and we
will discuss this topic in detail in section 3.7.

3.6. XRD Analyses of the Coated Samples. The XRD
patterns of the bare and coated magnesium alloys are shown in
Figure 8. The intensity of the Mg phase of the bare substrate
(curve a) is very strong. As the concentration of the colloidal
particle electrolyte for electrodeposition increases, the intensity
of the Mg phase of the coated sample decreases accordingly
(curves b−d). The increase in the electrolyte concentration is
suggested to result in the increase in deposited mass. In addition,

Figure 6. (A) ATR-FTIR spectra of (a) bare Mg−Ca alloy, (b) native colloidal particles, and (c) the nanostructured coating on the Mg−Ca alloy. (B)
XPS survey spectrum of the coated-Mg-CP1.66 sample.
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the phases of oxides, such as Mg(OH)2 and MgO, are not
observed in the XRD patterns. This result implies that non-
biodegradable oxides are barely formed in our organic systems.
Furthermore, similar experiments were also performed in water
systems, and the Mg(OH)2 phase was observed in the XRD
patterns (Figure S4 in the Supporting Information). These
results obviously identify that the original properties of the
magnesium alloys are maintained throughout the electro-
deposition process in our organic systems. This observation is
good news for magnesium alloys as implant materials because
non-biodegradable oxides are not formed and the original
biocompatibility and biodegradability of the magnesium alloys
have been protected.

3.7. Corrosion Properties of Samples. The protective
properties of the coatings were evaluated through potentiody-
namic polarization tests in SBF: the more positive the corrosion
potential (Ecorr) (or the lower the polarization current), the
better the corrosion resistance. Generally, the cathodic polar-
ization curves are assumed to represent cathodic hydrogen
evolution through water reduction, whereas the anodic polar-
ization curves represent the dissolution or destruction behaviors
of the protective coating.54

As shown in Figure S5 in the Supporting Information, Ecorr for
the nanostructured-coating-modified sample is more positive
than that for the bare magnesium alloy. The corrosion current
density (Icorr) of the coated magnesium alloy correspondingly
decreases. In addition, the corrosion resistance is further
enhanced by 1.5 h of UV irradiation because photo-cross-linking
induces the dense and smooth surface of the coated sample (as
shown in the SEM measurements). These results indicate that
photo-cross-linking of nanostructured coatings provides good
corrosion resistance to the magnesium alloy.
The polarization curves for the bare magnesium alloy, coated-

Mg-CP1.66, coated-Mg-CP2.66, and coated-Mg-CP3.33 after 1.5 h
of UV photo-cross-linking on each side are shown in Figure 9.

The Ecorr and Icorr values are summarized in Table 1. The results
imply that all of the coatings exhibit a better protective function
as reflected from their more positive Ecorr and lower Icorr values.
Compared with the value for the bare magnesium alloy (−1.80
V), Ecorr increases by 15.6% for coated-Mg-CP1.66, 27.8% for
coated-Mg-CP2.66, and 42.8% for coated-Mg-CP3.33. The shift of
Ecorr in the positive direction can be attributed to the protective
properties provided by photo-cross-linking of the nanostruc-
tured coatings formed on magnesium alloys. Icorr decreases by
62.0%, 88.5%, and 94.7% for the coated-Mg-CP1.66, coated-Mg-

Figure 7. SEM images of the coated magnesium samples [(A1) coated-
Mg-CP1.66; (B1) coated-Mg-CP2.66; (C1) coated-Mg-CP3.33] and photo-
cross-linked samples [(A2) coated-Mg-CP1.66; (B2) coated-Mg-CP2.66;
(C2) coated-Mg-CP3.33]. The photo-cross-linking time was 1.5 h with a
spot curing system (200 W, 365 nm) on each side.

Figure 8. XRD patterns of (a) bare magnesium alloy, (b) coated-Mg-
CP1.66, (c) coated-Mg-CP2.66, and (d) coated-Mg-CP3.33.

Figure 9. Polarization curves of (a) bare magnesium alloy, (b) coated-
Mg-CP1.66, (c) coated-Mg-CP2.66, and (d) coated-Mg-CP3.33 in 30mL of
SBF at 37 ± 0.5 °C, pH 7.4.

Table 1. Corrosion Potential (Ecorr) and Current Density
(Icorr) Values for Uncoated and Coated Samples

sample Ecorr (V) Icorr (A cm−2)

bare magnesium alloy −1.80 8.71 × 10−4

coated-Mg-CP1.66 −1.52 3.31 × 10−4

coated-Mg-CP2.66 −1.30 9.98 × 10−5

coated-Mg-CP3.33 −1.03 4.63 × 10−5
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CP2.66, and coated-Mg-CP3.33 samples, respectively. These results
illustrate that the protective properties of the nanostructured
coatings can be adjusted by controlling the concentration of the
colloidal particle electrolyte in the electrodeposition process.
These results support the conclusion that nanostructured
coatings fabricated by electrodeposition of the colloidal particle
electrolyte can act as protective layers and improve the initial
anticorrosion properties of magnesium alloy substrates in an SBF
environment.
3.8. Cytotoxicity Assay. The morphology of NIH-3T3 cells

was examined by inverted optical microscopy with a digital
camera. Figure 10 shows that viable cells were observed on
culturing plates after 2 days, and higher magnification images are
shown in Figure S6 in the Supporting Information. Compared
with the control group, the majority of NIH-3T3 cells cultured in
the medium with immersion extracts exhibit a healthy
morphology of cells with an elongated and flattened spindle
shape. More importantly, the cells cultured with immersion
extracts of the coated samples show good cell spread and cell
densities in contrast to those of the uncoated one, suggesting that
better cytocompatibility is obtained with coated magnesium
alloys.
The cell viability for different samples was evaluated by the MTT
assay using NIH-3T3 cells through an indirect method in which
immersion extracts were used to conduct the assay. The MTT
assay is based on the ability of a mitochondrial dehydrogenation
enzyme in viable cells to cleave the tetrazolium rings of pale-
yellowMTT and form formazan crystals with a dark-blue color.55

Figure 11 shows cell viability after 2 days of incubation with
immersion extracts of uncoated and coated Mg−Ca samples; the
group cultured in DMEM without immersion extracts was used
as a control. The results demonstrate that cells cultured in the
extracts show significant differences (p < 0.05) in the average cell
viability relative to the control. Also, all of the extracts of coated
samples (c−e) were well-tolerated by the NIH-3T3 cells with
average cell viabilities ranging from nearly 112.2% to 151.5%, in
contrast to that of control group. Instead, the cells cultured with
immersion extracts of uncoated Mg−Ca alloy showed relatively
low viability. Therefore, all of the coated samples exhibited low
cytotoxicity toward NIH-3T3 cells, revealing improved cyto-
compatibility after surface treatment. As reported by previous

work,56 the viability of cells grown in extracts is strongly
correlated with the corrosion products of the magnesium alloy
sample. The main corrosion products of immersion extracts used
in the cell experiment areMg2+ andOH−; the ion contents would
influence the cellular ion balance, cellular metabolism, and other
features, thus influencing the viability of cells. The low viability of
cells cultured with immersion extracts of uncoated Mg−Ca alloy
may be caused by the damage due to higher Mg2+ and OH−

concentrations produced through the rapid corrosion process of
magnesium alloy, while the higher viability of cells cultured with
those of coated magnesium alloys is probably due to the fact that
appropriate ion contents can promote the cellular metabolism
and growth.57−59

4. CONCLUSION
In this work, we have presented a new and efficient way to
fabricate biomedical coatings via electrodeposition of self-
assembled colloidal particles of an amphiphilic photo-cross-
linkable copolymer on magnesium alloys. The resulting self-
assembled colloidal particles are responsive to initial copolymer
concentration, pH, and UV irradiation, as indicated by DLS

Figure 10. Light microscope images of NIH-3T3 cells: (a) bare Mg−Ca alloy; (b) coated-Mg-CP1.66; (c) coated-Mg-CP2.66; (d) coated-Mg-CP3.33; (e)
control group. The scale bars are 200 μm.

Figure 11. Cell viability of NIH-3T3 cells after culturing for 2 days with
different immersion extracts and control group: (a) control group; (b)
bare Mg−Ca alloy; (c) coated-Mg-CP1.66; (d) coated-Mg-CP2.66; (e)
coated-Mg-CP3.33. Values are expressed as mean± SD (n = 4). Asterisks
(*) denote statistically significant differences at p < 0.05 vs the control.
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analysis, TEM characterization, and zeta potential measure-
ments. In addition, the obtained coatings show more favorable
corrosion resistance, and the coated samples exhibit low
cytotoxicity toward NIH-3T3 cells compared with bare
magnesium alloy. The whole strategy, which combines the
advantages of self-assembled particles and electrodeposition, is
novel, simple to control, and inexpensive. More importantly, this
work demonstrates a general and promising approach for the
development of functional biomedical coatings for not only
magnesium alloys but also a wide range of metals using inmedical
applications.
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