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Magnesium (Mg) has recently received increasing attention due to its unique biological performance,
including cytocompatibility, antibacterial and biodegradable properties. However, rapid corrosion in
physiological environment and potential toxicity limits its clinical applications. To improve the corrosion
resistance meanwhile not compromise other excellent performance, self-assembled colloidal particles
were deposited onto magnesium surfaces in ethanol by a simple and effective electrophoretic deposition
(EPD) method. The fabricated functional nanostructured coatings were investigated using Fourier trans-
form infrared spectroscopy (FTIR), X-ray diffraction (XRD) analyses, and scanning electron microscopy
(SEM). The electrochemical test, pH value, and Mg ion concentration data show that the corrosion resis-
tance of Mg samples is enhanced appreciably after surface treatment. In vitro cellular response and
antibacterial capability of the modified Mg substrates are performed. Significantly increased cell adhesion
and viability are observed from the coated Mg samples, and the amounts of adherent bacteria on the
treated Mg surfaces diminish remarkably compared to the bare Mg. Furthermore, the bare and coated
Mg samples were implanted in New Zealand white rabbits for 12 weeks to examine the in vivo long-
term corrosion performance and in situ inflammation behavior. The experiment results confirmed that
compared with bare Mg substrate the corrosion and foreign-body reactions of the coated Mg samples
were suppressed. The above results suggested that our coatings, which effectively enhance the biocom-
patibility, antimicrobial properties, and corrosion resistance of Mg substrate, provide a simple and
practical strategy to expedite clinical acceptance of biodegradableMg and its alloys.

Statement of Significance

Biomedical Mg metals have been considered as promising biodegradable implants because of their
intended functions, such as cytocompatibility, antibacterial, and biodegradable properties. However,
rapid corrosion in physiological environment limits their clinical applications. Alloying and surface coat-
ings have been used to reduce the degradation rate. But this would compromise other excellent perfor-
mance of Mg samples, including antibacterial and anti-inflammatory activity. Thus, while the rapid
degradation of Mg samples must be solved, good antibacterial property and acceptable cytocompatibility
are also necessary. In this study, polymer-based coatings were fabricated on Mg surfaces by elec-
trophoretic deposition of poly(isobornyl acrylate-co-dimethylaminoethyl methacrylate)/tannic acid (P
(ISA-co-DMA)/TA) colloidal particles. It suggested that the coating materials effectively improved the bio-
compatibility, antimicrobial behavior, and corrosion resistance of biomedical Mg.

� 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, stainless steels, titanium and titanium alloys are the
most used artificial implant materials in orthopedic fields [1,2].
However, implant failures often occur on account of their high elas-
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tic modulus and implant-associated bacterial infection [3]. Mean-
while, a second surgical operation for implant removal is often
required due to their non-degradability, which increases costs to
the health care system and further morbidity to the patients [4].
Therefore, implant materials possessing biodegradability, antibac-
terial and anti-inflammatory ability, and low elastic modulus are
urgently needed. Among various biodegradable materials, magne-
sium (Mg) and its alloys have unique antibacterial, anti-
inflammatory properties, and similar elastic modulus to that of nat-
ure bone [5]. However, the rapid degradation rate in physiological
ambient impedes the clinical use of biodegradable Mg-based
implants [6]. To cater for the practical application, alloying and sur-
face coating techniques have been used to reduce the degradation
rate of Mg samples [7]. But better corrosion resistance of Mg-
based implants would result in a low alkaline pH, and the lower
alkaline pH may compromises the antibacterial or anti-
inflammatory activities of Mg and its alloys [8,9]. Thus, while issues
related to rapid degradation of Mg samples must be solved, good
antibacterial properties and acceptable cytocompatibility are also
necessary.

The cytocompatibility and antibacterial properties of Mg and its
alloy are usually improved by alloying and coating methods. Qin
et al. [10] introduced zinc (Zn) and zirconium (Zr) into Mg alloys
by alloying to improve the corrosion resistance, cytocompatibility,
and antibacterial activity. Zhao et al. [11] combined dual zirconium
and oxygen ion implantation to create a rough, hydrophobic and
ZrO2-containing surface film on Mg alloys. The surfaces effectively
enhance the corrosion resistance, in vitro biocompatibility and
antimicrobial properties of Mg alloys. Ryu et al. [12] prepared
silver-containing oxide coatings by a microarc oxidation (MAO)
method to decorate AZ31 Mg alloys with excellent corrosion resis-
tance and antibacterial activity. Although various good results were
obtained, the toxicity and pathopoiesis effects caused by an excess
amount of silver (Ag), Zn and Zr elements are still controversial
[13,14]. Considering the above aspects, polymeric-based coatings
appear interesting because of the diversity of chemical and physical
properties. Due to the variability in chemical composition and
structures, polymeric-based coatings could be preparedwith awide
range of functions [15]. However, using polymer-based coating to
simultaneously improve the corrosion protection, cytocompatibil-
ity, and antibacterial properties of Mg samples are rarely reported,
because of the multistep coating formation process and the weak
bonding between polymer coating and Mg sample surfaces [16].

In the previous study of our groups, polymer-based coatings
were prepared from self-assembled colloidal particles through
one-step electrophoretic deposition (EPD) process in ethanol
[17,18]. EPD is a well-known, cost-effective coating formation
process which requires only simple apparatus. In addition, this
kind of technic also benefits from high versatility, accepting differ-
ent materials, a short deposition time, and strong interfacial bond-
ing force [19]. Moreover, the particle ethanol bath used in EPD
procedure, could not only prevent the chemical reaction between
Mg and the solvent medium, but also contribute to deposition effi-
ciency and the integrity of the coating materials [20]. The results
indicated that this kind of coating materials fabricated by colloidal
particles could effectively enhance the corrosion resistance proper-
ties and biocompatibility of Mg samples. However, the antibacte-
rial property of the previous coating materials is very limited.
Since infection usually occurs within the first two weeks after sur-
gery, antimicrobial property should be introduced to the treated
polymeric-based coatings of Mg samples [21].

In this study, poly(isobornyl acrylate-co-dimethylaminoethyl
methacrylate) (P(ISA-co-DMA)) copolymers composed by ISA, a
well-known derivative product of natural borneol with excellent
anti-inflammatory analgesic effects [22], and DMA, which provide
the polymer with charged properties, were synthesized via free
radical polymerization. By using tannic acid (TA), a naturally
occurring water-soluble polyphenol dendroid, as the functional
assembly unit, colloidal particles were fabricated by self-
assembly process between P(ISA-co-DMA) and TA in ethanol. Then,
these particles were deposited on Mg substrate through EPD to
endow Mg surfaces with coating materials. The in vitro corrosion
resistance property, antibacterial capability, the in vivo long-term
corrosion performance and in situ inflammation behavior of the
coated Mg samples were investigated. The main goal of this paper
is to investigate the feasibility of polymer-based coatings in con-
trolling the cytocompatibility, antibacterial property, and degrada-
tion process of Mg substrate.
2. Materials and methods

2.1. Preparation of P(ISA-co-DMA)/TA colloidal particles

P(ISA-co-DMA) (Mn = 1.48 � 104) were synthesized and charac-
terized as described in details in the supplementary material.
Colloidal particles were prepared by a self-assembly method. The
P(ISA-co-DMA) copolymers were dissolved in absolute ethanol at
the concentration of 5 mg mL�1 solutions and stirred overnight.
TA was dissolved in absolute ethanol at the concentration of
3 mg mL�1. To induce self-assembly, TA solutions were added
dropwise into the above P(ISA-co-DMA) copolymer solutions with
volume ratio of 30% and 60% (v/v), respectively. The generated
colloidal particle solutions were then stirred for 12 h and named
as CP30 and CP60. Morphology of the particles were obtained using
a JEOL JEM-2100 (HR) LaB6 transmission electron microscope
(TEM) at a 200 kV accelerating voltage. The TEM samples were
prepared by dropping particle solutions onto copper grids and
drying them at room temperature without any further treatment.
The particle size and size distribution for particle samples were
statistically calculated using a Motic Images Advances software.
2.2. Fabrication of nanostructured coatings on Mg surfaces

EPD was used to deposit colloidal particles (CP30 and CP60). Mg
substrates were used as working electrodes (cathode), and a Pt
electrode was used as a counter electrode (anode). The distance
of electrodes was kept at 20 mm. The deposition voltage and time
are 30 V and 20 min, respectively. For improving the deposition
efficiency of colloidal particles, 0.02 mol L�1 CaCl2 was used as
additive to increase the conductivity of the particle solution
[23,24]. The resulting coated Mg samples were marked as MgCP30
and MgCP60, respectively. The surface roughness of Mg disk and
rod was determined using atomic force microscopy (AFM, Dimen-
sion ICON, Germany). The surface and cross-section morphologies
of MgCP30 and MgCP60 samples were measured by scanning
electron microscopy (SEM, Hitachi S-4800, Japan). The chemical
structure of the samples were investigated by attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR,
Nicolet 6700, USA) at the range of 4000–500 cm�1. X-ray diffrac-
tion (XRD, D8, Germany) operated with Cu Ka radiation was
applied to analyze the phase composition of the prepared samples,
each sample was scanned from 3� to 90� at a step of 0.02� with a
scan speed of 4�min�1.

Electrochemical corrosion tests were conducted on an electro-
chemical workstation (CS350, Wuhan Corrtest Instrument Co.,
Ltd, China) with a three-electrode system. Bare and coated Mg
samples acted as working electrodes, a platinum sheet acted as a
counter-electrode, and a saturated calomel electrode (SCE) was
used as a reference electrode. 30 mL of simulated body fluid
(SBF) incubated in a water bath at 37 ± 0.5 �C served as electrolyte
[25]. Potentiodynamic polarization curves were scanned from �0.4
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to 0.4 V with respect to the open-circuit potential (OCP) at a scan
rate of 1 mV s�1. The natural corrosion potential (Ecorr), corrosion
rate (Rcorr), and corrosion current density (icorr) for different sam-
ples were estimated by the Tafel method. Electrochemical impe-
dance spectroscopy (EIS) measurements were carried out at open
circuit potential for 10 mV sinusoidal amplitude in a frequency
range of 1 � 105 Hz to 1 � 10�2 Hz. A stable open circuit potential
was established prior testing.

2.3. In vitro immersion test

The in vitro degradation process of bare Mg and coated Mg
samples were carried out. The Mg, MgCP30, and MgCP60 were
individually immersed into 100 mL of SBF (pH = 7.4) and then incu-
bated in a water bath at 37 ± 0.5 �C for a total of 40 days [26]. Each
sample was experimented independently in triplicate. Atomic
absorption spectrophotometer (TAS-990NFG, China) was applied
to measure Mg2+ release amount from each sample, and the pH
values of different samples were obtained using a pH measuring
instrument at different immersion time points. SEM and XRD were
carried out to probe surface morphology and phase structure of
each sample immersed in SBF after 40 days.

2.4. Direct cell adhesion on various surfaces

Mouse fibroblast L929 cells were cultured in DMEM medium
supplemented with 10% fetal bovine serum and 1% antibiotics at
37 �C. Confluent cells were digested using 0.25% trypsin-0.02%
ethylenediamine tetraacetic acid, followed by centrifugation
(1000 r min�1 for 3 min) to harvest the cells. Before cell seeding,
the Mg, Ti alloy, MgCP30, and MgCP60 samples were sterilized
under UV lamps (1000 W, Xlite 600F, OPAS UV Curing Corporation)
for 10 min on each side. The L929 cells were seeded onto the spec-
imens at a density of 6.0 � 104 cells per sample by using a 24-well
tissue culture plate as a holder, cultivation was conducted for 12 h
and 36 h with 500 lL of DMEM medium containing 10% fetal
bovine serum and 1% antibiotics in a humidified atmosphere of
5% CO2 at 37 �C, respectively. At different culturing time, 1 lL of
5 mg mL�1 FDA acetone solution was added in each well to stain
the cells for 15 min. The samples were then washed twice with
sterile phosphate buffered saline (PBS) and placed on a glass slide
for fluorescence microscope examination under green filter (Nikon
80i, Japan). The bare Mg sample was used as a negative control
group, and Ti alloy was used as a positive group.

The cell viability of L929 cells on various sample surfaces was
determined by MTT assay [27]. After 12 h and 36 h cultivation,
samples were rinsed with PBS for two times. Then the above sam-
ples were placed in 500 lL DMEM medium containing 5 vol% MTT
(5 mg mL�1 in PBS). After incubating for 4 h, the culture media
were replaced by 500 lL DMSO per well to dissolve the formazan.
The absorbance of each sample solution was measured at 570 nm
referenced to 630 nm using a multimode detector (Tecan Infinite
M200 PRO, Shanghai DoBio Biotech Co., Ltd), and the obtained
values were reported as optical density (O.D.).

2.5. Antibacterial test in vitro

Antibacterial tests of Ti alloy, bare Mg, MgCP30, and MgCP60
samples were conducted qualitatively, Escherichia coli (ATCC
8739) and Staphylococcus aureus (ATCC 6538) were used as model
bacteria [28]. For in vitro, the inocula of the strains were prepared
to 1 � 106 colony forming units (CFUs) mL�1 in TSB. 3 mL prepared
bacteria suspension (1 � 106 CFUs mL�1) was added to each well in
6-well plate containing Ti alloy, bare Mg, MgCP30, and MgCP60,
respectively. The above samples were incubated at 37 �C for 72 h.
At the time point, they were gently washed twice using sterile
0.9% NaCl solution and stained with propidium iodide (PI) and
fluorescein diacetate (FDA) fluorescent dyes. Green-fluorescing
FDA is able to enter all live bacteria and red-fluorescing PI can
enter the dead bacteria. Then the adherent bacteria on each sample
surfaces were determined by fluorescence microscope examina-
tion (Nikon 80i, Japan). Furthermore, the dead bacteria on samples
were washed away using running water, and then the lived
adhered bacteria on each specimen were detached into 10 mL of
0.9% NaCl by ultrasonic vibration (200 W) for 20 min at 40 kHz,
the obtained bacterial suspension was used to investigate bacteria
adhered on the specimens. The turbidity of adherent bacteria
suspension were analyzed by UV–vis measurement at 600 nm. To
visualize the bacterial activity of the suspension, 100 lL of the
above solutions were plated in triplicate onto SBA plate and
incubated at 37 �C for 72 h, respectively.

2.6. In vivo animal experiment

2.6.1. Surgery
The surgical and post-operative care protocols were approved by

the Institutional Animal Care and Use Committee, and were carried
out according to the Jiangnan University Animal Experimentation
Regulation. To test implants similar to real implant devices used
in human bone environment, bare and coated Mg rods was chosen
for in vivo tests. Eight 6-to-7-month-old New Zealand white male
rabbits of 2.5–3.0 kg in weight were used in our study. The opera-
tion site was proximal tibia in hind legs of the rabbits. All rabbits
were randomly assigned into two groups, in which four rabbits
were implanted with one MgCP30 rod into the tibia bone cavity of
the right hind leg and one bare Mg rod into the tibia bone cavity
of the left hind leg. Then for the remaining four rabbits, one MgCP60
rodwas implanted into the tibia bone cavity of the right hind leg for
each rabbit while one bare Mg rod was implanted into the tibia
bone cavity of the left hind leg [26,29]. Each animal was generally
anesthetized with approximately 5 mL etomidate fat emulsion
injection for surgery, the anesthetic agent was injected into the rab-
bit using the ear-vein injection method. The operation sites of the
rabbits were shaved, and the exposed skin was scrubbedwith Aner-
dian III disinfectant. Then decortication was carried out and holes
were made at the proximal tibia region through a minimal invasive
approach. A 1.5 mmhand-operated drillerwas used to drill a hole in
the tibia bone cavity. Subsequently, different Mg rods were directly
implanted into the prepared holes in either the left or right leg of
the rabbits, the woundwas then sutured layer-by-layer. All animals
received a subcutaneous injection of penicillin post-operation. In
order to monitor the in vivo degradation of the coated and uncoated
Mg samples, serial time points of 0 week, 4 weeks, 8 weeks, and
12 weeks were set. Additionally, during the whole animal test pro-
cess, the surgeons and outcome assessors were blinded.

2.6.2. Radiographic and histological evaluations
At each particular time point (0 week, 4 weeks, 8 weeks, and

12 weeks), computed tomography (CT, Siemens, Germany) was
conducted at the operation site so as to monitor the degradation
process of the implants after surgery, before the conduct, each rab-
bit was anesthetized with appropriate amount of etomidate fat
emulsion injection. Then the rabbits were sacrificed by air embo-
lism. The tibia containing implants were harvested and fixed in
10% buffered formalin for 3 days. They were decalcified using a
10% ethylene diamine tetraacetic acid (EDTA) solution and dehy-
drated using 70%, followed by 90% then 100% ethanol. All the sam-
ples were embedded in paraffin and the tissue closed to the
implants were cut into sections with a thickness of 3–4 lm.
Hematoxylin-Eosin (HE) staining was applied to assess the mor-
phological and histological images of host tissue under a light
microscope [30].
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2.6.3. Characterization of retrieved pins
After implantation for 12 weeks, the tibia containing implants

were harvested, then Mg, MgCP30, and MgCP60 rods were removed
from tibia bone cavity and retrieved after drying in the air. Surface
morphology of the retrieved rods were characterized by the scan-
ning electron microscopy (SEM) technique under 2 kV accelerating
voltage. The rest bare and coated Mg rods were cleaned by
200 g L�1 chromic acid [10,26], the samples were then rinsed with
running distilled water and dried under vacuum. The residual
weight measurement for each sample was carried out.

2.7. Statistical analysis

All of the biological experiments were conducted independently
in triplicate, and at least three replicates were performed for each
experimental point. The data were expressed as means ± standard
deviation. The statistical analysis was based on one-way analysis of
variance, a p value of less than 0.05 was considered to be statisti-
cally significant. And the statistical power was carried out for
coated Mg samples against bare Mg using a GPOWER software.

3. Results and discussion

3.1. Fabrication of coating materials

The nanoparticles based on P(ISA-co-DMA) copolymers and TA
were prepared by a self-assembly process. The particle solutions
indicated blue opalescence as shown by the digital photographs
Fig. 1. The photographs (A1 and B1) and TEM images (A2 and B2) of CP30 (A1 and A2) and
images of MgCP30 (C1, C2 and C3) and MgCP60 (D1, D2 and D3) samples.
in Fig. 1(A1 and B1). To study the particle formation behavior,
the morphology of resulting colloidal particle samples were
observed by TEM, as the results shown (A2, and B2), the particles
have nanoscale morphology. The particle size and size distribution
were shown in Fig. S2, we can obtain that the average particle
diameter of both samples (CP30, and CP60) is approximately
70 nm. However, compared to CP30, the tendency of particle aggre-
gation for CP60 sample is more pronounced, it might be caused by
the higher TA concentration in the particles. As TA are polyphenols
and can form strong hydrogen binding [31], the force between par-
ticles of CP60 is stronger than that of CP30, thus leading to a higher
degree of particle aggregation.

The CP30 and CP60 colloidal particles were then deposited onto
bare Mg samples by electrophoretic deposition process, respec-
tively. As shown by Fig. S3, the average roughness (Ra) of disk
and rod is 81.5 nm and 83.7 nm, respectively. And for corrosion-
protective coatings on Mg, the efficacy strongly depends on the
quality of the coatings with regards to surface morphology, density
and integrity [6]. As shown by SEM results in Fig. 1, the images at
low magnification (C1 and D1) confirm the MgCP30 and MgCP60
sample surfaces appear apparently homogeneous, crack free, and
dense. This would help to protect the substrate from corrosion
by preventing effectively the electrolyte penetrating into the Mg
substrate. And at high magnification (C2 and D2), the typical
images of nanostructured coatings fabricated from colloidal parti-
cles were confirmed, the observations showed that the size of the
particles in the deposited coating is in a good agreement with the
data provided by TEM. The cross-section SEM images (C3 and D3)
CP60 (B1 and B2) particles. Surface (C1, C2, D1 and D2) and cross-section (C3 and D3)
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reveal the depth profile of the coating, and the results indicate
smooth and homogeneous morphology. Accordingly, the MgCP60
sample acquires a thickness of approximately 125 lm, whereas
MgCP30 obtains nearly 80 lm, thus we predict that the MgCP60
sample would present better corrosion-protective performance as
compared with MgCP30. The surface morphology as well as cross-
sectional observation proves the efficacy of colloidal particles to
fulfill the deposition of homogeneous, dense, and thick coatings.
In addition, to ascertain the chemical and phase composition of
MgCP30 and MgCP60, we obtained the FTIR spectra and XRD pattern
of different samples. As shown in Fig. S4, the characteristic peaks of
MgCP30 and MgCP60 coating materials are consistent with raw P
(ISA-co-DMA) and TA, and as expected, compared to bare Mg sub-
strate, the intensity of Mg characteristic peaks for MgCP30 and
MgCP60 samples decrease in XRD pattern, indicating the formation
of coatings on Mg surfaces. And it is also worth to mention that the
introduction of TA not only provide antimicrobial activity to the
coating material [32], but also can enhance the binding strength
between the coating and Mg substrate [33].

3.2. Degradation behavior in vitro

Degradation of biometals is essentially an electrochemical cor-
rosion process which is suitably deciphered by electrochemical
testing and analysis. Electrochemical potentiodynamic polarization
curves of different samples in SBF at 37 ± 0.5 �C were described in
Fig. S5(A). Corrosion potential (Ecorr), corrosion rate (Rcorr), and cor-
rosion current density (icorr) were obtained from polarization
curves by Tafel method. Compared to that of bare Mg (�1.80 V),
the corrosion potential (Ecorr) of MgCP30 (�1.51 V) and MgCP60
(�1.43 V) samples shifted to the positive direction, this would
Fig. 2. Released Mg2+ concentrations (A) and pH values (B) from bare Mg, MgCP30, and Mg
(C), MgCP30 (D), and MgCP60 (E) samples after immersion of 40 days in SBF at 37 ± 0
mechanism of coating on Mg surfaces by immersion in SBF at 37 ± 0.5 �C (F).
probably bring down the cathodic hydrogen evolution exchange
current density, and reduce the overall corrosion rate. Rcorr of
MgCP30 (13.21 mm y�1) and MgCP60 (7.03 mm y�1) are nearly dou-
ble lower and triple lower than that of pure Mg (24.69 mm y�1),
implying a protective effect of coating materials. The corrosion cur-
rent density (icorr) of Mg substrate is 2.1 � 10�3 A cm�2, while that
of MgCP30 and MgCP60 is 9.8 � 10�4 A cm�2 and 5.7 � 10�4 A cm�2,
respectively. It is seen that the icorr values of the coated samples
decreased compared to that of bare Mg substrate. These results
indicate that the coatings are able to provide homogeneously com-
plete coverage and tightly closed barriers of protective layers to
decrease Mg corrosion. Nyquist plots and equivalent circuits drawn
from the EIS spectra of bare and coated Mg in SBF solution were
also shown in Fig. S5(B and C). The EIS of bare Mg sample exhibits
an inductive loop in the low frequency region, which means that
serious pitting corrosion occurred. However, the MgCP30 and
MgCP60 samples show large capacitive loops, and there was no sign
of inductive loop for them, indicating that the coating materials
have protected the underlying Mg from pitting corrosion. And
compared to MgCP30, EIS spectrum of MgCP60 displays an increase
in the semi-circle diameter, which is representative of the resis-
tance to charge transfer occurring at the interface of Mg and the
SBF solution. Hence, it suggested that the formation of coating
material inhibits the corrosion of underlying Mg substrate.

The immersion testing is of practical importance to determine
the biodegradation behavior of Mg-based material. Theoretically,
according to the corrosion reactions of magnesium: Mg?
Mg2+ + 2e� and 2H2O + 2e� ? 2OH� + H2(g) [34], one mole hydro-
gen produced relates to one mole magnesium corroded. Mean-
while, the produced OH� increases the pH value of the ambient.
Both Mg2+ amount and increased pH value reflect the Mg corrosion
CP60 samples in 37 ± 0.5 �C SBF at different immersion days. SEM images of bare Mg
.5 �C. Proposed pictorial model to explain degradation and corrosion protection
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reaction rate indirectly. Fig. 2(A and B) shows the immersion
degradation results of the samples in SBF for 40 days at
37 ± 0.5 �C. It can be found substantially less quantity of Mg2+

was gauged on MgCP30 and MgCP60 than that of pure Mg sample
during the whole immersion period, and the discrepancy becomes
even larger at late stage. The measured pH value result of each
sample is in agreement with that of Mg2+ evolution, but its
variation is not so remarkable especially at early stage. This phe-
nomenon might be caused by the pH buffering effect of SBF itself,
because the SBF solution contains a large amount of HCO3

� and
HPO4

2� [35,36]. Based on the above results, the coating materials
can act as protective layers to reduce the degradation rate of Mg
substrate. Note that compared to MgCP30, the MgCP60 sample pro-
duced the lowest amount of Mg2+, suggesting that the thicker layer
is more beneficial to decreasing the corrosion of magnesium in the
long run. Surface SEM observations of the samples after immersion
in SBF for 40 days were performed to examine the degradation
behavior. Fig. 2C discloses the characteristic corrosion surface mor-
phology of Mg after immersing in SBF. However, MgCP30 (Fig. 2D)
and MgCP60 (Fig. 2E) remained still intact and uniform coverage of
coatings as compared with bare Mg sample, and the coatings avoid
to be detached from the corrosive Mg surfaces. X-ray diffraction
(XRD) and EDS analysis were then taken to characterize phase
structure and element composition of the immersed samples. As
shown in XRD patterns (Fig. S6), apart from the broad characteris-
tic peaks of polymer-based coating materials, new diffraction
peaks at 16.7� and 19.6� are detected from MgCP30 and MgCP60
samples, and surface peak intensity of MgCP60 sample appears
stronger than that of MgCP30. According to JCPDS-16831 card, the
new peaks belong to Mg2[CO3(OH)2]�3H2O metastable hydrous
Fig. 3. Fluorescent images of L929 cells after culturing for 12 h (A1, B1, C1 and D1) and 36
C2), and MgCP60 (D1 and D2) samples. The optical density (O.D.) of L929 cells on bare Mg
as the mean ± SD, statistically significant differences exhibited **p < 0.05 vs. bare Mg sam
carbonates, however, due to the covering effect of the polymer-
based coating matrix and the poor crystallization of the metastable
hydrous carbonates in the coating, some peaks with low intensity
of Mg2[CO3(OH)2]�3H2O are not detected. In contrast, besides the
characteristic peaks of Mg phase, no other peaks are identified on
bare Mg sample. Additionally, EDS analysis indicated that main
elements of MgCP30 and MgCP60 sample surfaces are C, O, and
Mg, which is in agreement with corroded bare Mg sample
(Fig. S6C). These phenomena can be explained by the various
corrosion mechanisms for bare and coated Mg samples.

The main degradation mechanisms of bare and coated Mg sam-
ples are discussed. As is well known, when bare Mg was immersed
in SBF solution, the degradation of Mg sample would occur because
of its reactive chemical property. This degradation process results
in the release of magnesium ions and basification. If the OH� con-
centration adjacent to Mg surfaces increases to a certain extent, Mg
containing hydroxide will precipitate forming a passivation layer
on Mg surfaces. However, this layer usually has a porous structure
and would be damaged due to the large amount of chloride ions in
corrosion environment, it cannot provide long-term protection for
bare Mg sample [37]. But for the coated Mg sample, as shown in
Fig. 2F, the Mg substrate and SBF corrosive solution were physi-
cally isolated by the coating at the initial time. With the extension
of immersion time, the SBF corrosive solution permeated into the
coating and corroded the underlying Mg sample, the Mg2+, OH�,
and H2 gas were then released during this process. Since the coat-
ing contains a lot of tannic acid (TA) molecules, it would capture
magnesium ions because of the chelation force between cations
and hydroxy groups of TA [38]. When the accumulation of the
above ions achieves a higher concentration, inorganic conversion
h (A2, B2, C2 and D2) on bare Mg (A1 and A2), Ti alloy (B1 and B2), MgCP30 (C1 and
, Ti alloy, MgCP30, and MgCP60 after incubation for 12 h and 36 h, data are presented
ple (E).
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coatings then formed due to the reaction between metal cations in
coating materials and OH� and carbonate anions in SBF solution,
thus further decreasing the corrosion rate of the underlying Mg
[39,40]. This can explain the surface integrity and inorganic oxide
components of MgCP30 and MgCP60 samples after immersing in
SBF for 40 days, and also better corrosion protection of MgCP60
for underlying Mg substrate. Note that compared to MgCP30, the
MgCP60 sample have a thicker layer and more TA ingredients,
therefore, the sample has a good barrier capability and a better
conversion coating formation ability.

3.3. In vitro cell adherence

Cell response to biomaterial is another important aspect of
compatibility functions of the implant. Fig. 3 describes the L929
Fig. 4. Stained (Live/Dead stain) surfaces of E. coli and S. aureus on Ti alloy (A and E), bare
Green cells indicate live bacteria colonizing the surface, while dead cells appear in red co
referred to the web version of this article.)

Fig. 5. OD values of the adhered E. coli (A) and S. aureus (B) bacteria on Ti alloy, bare Mg, M
difference (*p > 0.05). Proposed pictorial model to explain antibacterial mechanism of na
cell adhesion observation of the samples. The stained cells on dif-
ferent sample surfaces were analyzed by fluorescent microscopy to
reassure the existence of L929 cells. As the results shown, most of
the L929 cells on bare Mg sample fail to spread well (A1 and A2).
And although the cells on Ti alloy substrate appear to attach on
sample surfaces, the cell morphology were blurry, indicating low
cell viability (B1 and B2). In contrast, cells on MgCP30 (C1 and
C2) and MgCP60 (D1 and D2) samples exhibit obvious filopodia
and flattened membranes, and the densities of adherent cells are
higher both after 12 h and 36 h culture as compared with bare
Mg and Ti alloy, suggesting better cytocompatibility is accom-
plished on the coated magnesium. Fig. 3E provides the statistical
analysis results of the adherent cells on different sample surfaces.
As the data shown, after 12 and 36 h culture, apparently more cells
adhered on MgCP30 and MgCP60 samples than on bare Mg and Ti
Mg (B and F), MgCP30 (C and G), and MgCP60 (D and H) samples after 72 h incubation.
lor. (For interpretation of the references to colour in this figure legend, the reader is

gCP30, and MgCP60 sample surfaces, significant difference (**p < 0.05), no significant
nostructured coating on Mg surfaces (C).
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alloy surfaces. Although slightly less cells adhered on MgCP30 than
that of MgCP60 at 12 culture, it induced evidently less cell number
on MgCP30 after 36 h culture. This manifests MgCP60 is more
beneficial for recruiting cells and supporting their adhesion. The
cytocompatibility of biomaterials is closely related to the cells in
contact with them, and particularly to cell adhesion onto their sur-
faces [41]. On biodegradable Mg sample, the interface between Mg
surfaces and surrounding medium is crucial to cell adhesion and
growth. Rapid corrosion of bare Mg substrate causes hydrogen
evolution, metal dissolution and local alkalization, these produce
deleterious and even fatal effects to cells, thus damaging cell adhe-
sion and viability [42]. Though Ti alloy has good corrosion resistant
to surrounding medium, its bioinert interface is not beneficial to
cell adhesion and survival [43]. However, L929 cells attach and
spread well on MgCP30 and MgCP60 surfaces in this study, and no
cytotoxic effects have been observed. This can be attributed to
the formation of biocompatible coating materials, which serve as
barriers to retard corrosion after immersion in cell culture med-
ium. They not only create a relatively stable and bioactive interface
for cell adhesion and growth, but also reduce the release of corro-
sion products that can compromise the cytotoxicity, thus offering
more favorable environment for cell adhesion [44].

3.4. In vitro antibacterial property

It is well known that the early stage after surgery is critical to
bacterial infection prevention [45]. Because once bacteria attached
and formed biofilms on the surface of biomaterials, it is difficult to
remove them, and this would result in implant failure and require
repeated surgery [46]. Fig. 4 displays the morphology of E. coli and
S. aureus bacteria on Ti alloy, bare Mg, MgCP30, and MgCP60 sam-
Fig. 6. CT graphs of bare Mg, MgCP30, and MgCP60 sa
ples observed by fluorescent microscopy after 72 h incubation,
and the bacteria observed from fluorescent microscopy pro-
nounced their growth on each surface. As the result shown, intense
green fluorescence on the Ti alloy surfaces indicated a high level of
biofilm formation (A and E), while bare Mg yielded fewer viable
colonies (B and F). As is well known, bare Mg possesses antibacte-
rial function due to the increasing pH value during its degradation
process [47], which is meaningful in clinical areas as the infections
associated with surgical implants are currently becoming a serious
issue. However, bare Mg samples are not to be directly used as
implant materials and generally coated to control their degrada-
tion rates, this treatment would threaten the antibacterial function
of biomedical Mg. Herein, coatings with cytocompatibility,
antibacterial property, and corrosion resistance function were fab-
ricated to control the performance of Mg sample. As indicated by
Fig. 4(C, D, G and H), weak green and intense red fluorescence is
also observed from MgCP30 and MgCP60 surfaces, implying fewer
live bacteria colonies and a high proportion of dead bacteria, which
suggests good bacteriostatic effect of MgCP30 and MgCP60 against
both S. aureus and E. coli.

Moreover, similar trend of reduced OD value of adherent E. coli
and S. aureus on Ti alloy, bare Mg, MgCP30, and MgCP60 was
observed, the data are shown in Fig. 5(A and B). Relatively, a mass
of bacterial cells on the surface of Ti alloy are detected at the time
point. Whereas, the E. coli and S. aureus were significantly sup-
pressed for bare Mg, MgCP30 and MgCP60 compared to the pristine
Ti alloy, and between them, the MgCP60 sample sees the least
amount of live bacterial cells, which is consistent with the results
obtained by spread plate method (Fig. S7). Compared to Ti alloy,
the number of colony forming units of E. coli and S. aureus was
remarkably reduced for bare Mg, MgCP30 and MgCP60 sample,
mples after 0, 4, 8, and 12 weeks post-operation.
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nearly none of bacterial colonies were detected (Fig. S7B, C, D, F, G
and H), implying good bacteriostatic effect of bare Mg, MgCP30 and
MgCP60 against both S. aureus and E. coli. According to the above
results, the coating materials on MgCP30 and MgCP60 surfaces have
good antimicrobial activity, therefore, the main antibacterial
mechanism need to be discussed. Generally, there are two types
of antibacterial mechanism modes including bactericidal and
anti-adhesion, the former is to kill bacteria directly and the latter
is to prevent adhesion of microorganisms [48]. As shown in
Fig. 5C, since MgCP30 and MgCP60 coating materials contain a large
amount of tannic acid (TA) moieties, which possess lots of phenolic
hydroxyl groups. They might interact with the bacterial cell wall
and membrane to damaged their integrity and permeability, and
then kill the bacteria [32,49]. On the other hand, tannic acid can
chelate metal ions to reduce the activity of metalloenzymes, which
are the necessary substances for bacterial growth, thus killing the
adherent bacteria on sample surfaces [50,51]. Therefore, compare
to MgCP30, the MgCP60 have better antimicrobial activity against
Gram-negative and Gram-positive bacteria, because the fact that
MgCP60 possess more tannic acid ingredients in the coating. And
more importantly, it is worth noting that the responses of bacteria
and cells are different in our study: the adhesion of bacteria is
impeded while that of L929 cells is promoted. This difference is
likely due to the difference in the structure and size between the
bacteria and cells [52,53].

3.5. Degradation in vivo

To determine the statistical power of this study, power calcula-
tions for MgCP30 and MgCP60 samples against bare Mg were
Fig. 7. Histological photographs of hematoxylin and eosin stained sections of the tissues a
after 4 (A1, B1 and C1), 8 (A2, B2 and C3), and 12 (A3, B3 and C3) weeks post-operation
obtained, the results show that observed statistical power for
MgCP30 and MgCP60 was 79.1% and 82.7%, respectively. And
Fig. 6 shows the micro-computed tomography radiographs of the
rabbit tibia with implantation of bare Mg, MgCP30, and MgCP60
samples at 0 week, 4 weeks, 8 weeks, and 12 weeks post-
operation, respectively. As the result shown, the profile of each
implant was clearly seen shortly after surgery, and minor gas
was observed around each sample which was introduced in sur-
gery process. At 4 weeks post-operation, large amount of gas shad-
ows were observed in bone marrow cavity around the bare Mg and
the sample profile was blurring, indicating the fast degradation
process of bare Mg sample. After 8 weeks post-operation, the gas
in the bone cavity with implantation of bare Mg still existed and
the bone tissue were stripped fromMg surfaces. More importantly,
the main structure of bare Mg almost entirely absorbed and an
irregularly shaped hole was left in the implant position at
12 weeks post-operation, denoting bare Mg had degraded fast dur-
ing the whole experiment period. However, MgCP30 and MgCP60
samples could integrate with bone tissue and were intact through-
out the whole implantation period. The radiographs of the MgCP30
and MgCP60 implants were clearly seen and the corrosion traces
were not observed in the contour area of each sample. Although
minor gas existed in the implant position during the implantation
period, no adverse effects due to the gas formation were detected,
suggesting the surface coating materials decreased the degradation
rate of underlying Mg samples and increased the in vitro histocom-
patibility of coated samples.

Bone formation and tissue development were confirmed
through histological evaluation. Fig. 7 showed the tissue response
to bare Mg, MgCP30, and MgCP60 implantation at 4, 8 and 12 weeks.
round bare Mg (A1, A2 and A3), MgCP30 (B1, B2 and B3), and MgCP60 (C1, C2 and C3)
.
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In the case of bare Mg sample, the arrangement of bone tissue was
in disorder and no evidence of integral tissue was seen in the
whole implantation time (A1, A2, and A3), which concur with the
CT results. This indicated that severe bone destruction or dissolu-
tion has caused by rapid degradation of Mg [54]. In contrast,
although light inflammatory cells were observed around the
implanted MgCP30 and MgCP60 samples, the morphology of bone
tissue was structural integrity during the early stage of implanta-
tion. After 8 weeks post-operation, there was an absence of inflam-
mation and necrosis around each sample, which suggested there
were no toxic effects in the surrounding tissues. It was a good indi-
cation that the coated Mg samples would be safe for in vivo use. At
week 12, there were no adverse effects found after implantation.
And osteoblasts, which are responsible for new bone formation,
were aligned in rows, displaying new bone tissues form around
the implants. This may be explained by the release of rational
low levels of Mg2+degradation products, which has been reported
to enhance osteoblastic activity and thus generate a stimulatory
effect on the growth of new bone tissue [55]. It implied that once
the coating materials degraded, the underlying Mg samples would
Fig. 8. SEM images of bare Mg (A1 and A2), MgCP30 (B1 and B2), and MgCP60 (C1 and C2
weight retention (E) of each sample after 12 weeks implantation, statistically significan
also degrade and not induce adverse effects into the localized
tissues.

The surface morphology and Mg rod weight retention of bare
Mg, MgCP30, and MgCP60 after degradation 12 weeks in the tibia
cavity of New Zealand white rabbits is examined. As shown in
Fig. 8, the bare Mg sample (A1, and A2) corroded greatly, most
places exhibit the peeled-off surface feature, and the cylindrical
configuration is severely destroyed. These structural failures
caused by high corrosion rate would result in loss of mechanical
integrity for the implant, which is the primary limitation of
Mg-based implants used in the clinical application [56]. On the
contrary, MgCP30 (B1, and B2) and MgCP60 (C1, and C2) maintain
the surface integrity during the implantation and the surface pre-
sents an evenly degradation appearance. The results show that
MgCP30 and MgCP60 retains their good corrosion resistance
in vivo and almost uniform corrosion took place, which was an
important aspect to help reduce possible implant structural fail-
ures [57]. These differences in corrosion morphology are attributed
to the adhesion of tissues and the lower diffusivity on the surface
in vivo. The digital photos of each sample after 12 weeks
) samples after implantation in vivo for 12 weeks. The digital photos (D) and Mg rod
t difference exhibited **p < 0.05 vs. that of bare Mg.
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implantation were also obtained, as indicated in Fig. 8D, the bare
Mg cylinder degraded greatly and the sample profile were ragged,
which is the typical corrosion morphology of Mg sample. But for
MgCP30, and MgCP60, the samples remained intact columnar shape,
and the surfaces have adhesion of bone tissue organization, which
demonstrated uniform corrosion characterization and better histo-
compatibility of coated Mg samples. In addition, the Mg rod weight
retention of bare Mg, MgCP30, and MgCP60 samples was shown in
Fig. 8E. In the case of bare Mg, there appeared a sharp decrease
in weight due to the rapid degradation of bare Mg under in vivo
condition. However, there were still retention of approximately
78.4% and 89.7% in Mg rod weight for MgCP30, and MgCP60 after
12 weeks implantation in vivo, indicating better corrosion protec-
tion of coating materials on Mg surfaces.
4. Conclusions

P(ISA-co-DMA) copolymers with composition of ISA and DMA
segments were synthesized, and self-assembled into colloidal par-
ticles with TA in ethanol. By using EPD method, polymer functional
coatings were produced on biodegradable Mg to counter the
common issues associated with Mg-based implants. The
polymer-based particles could form smooth, dense, non-porous
and continuous coating layers on Mg substrates with strong bond-
ing. The pH value changes, the amounts of released Mg ions as well
as the retention of surface morphology integrity indicated that the
coating materials showed better improvement of anti-corrosion
behavior for Mg in vitro environment. Additionally, the coating for-
mation and the decreased degradation rate also produced rela-
tively stable and biofriendly interfaces for cell attachment and
growth. Since TA moieties were introduced into coating materials,
good antimicrobial properties of coated Mg samples against
S. aureus and E. coli were obtained. More importantly, the in vivo
experiment confirmed that the corrosion rate and foreign-body
reactions of the coated Mg samples were suppressed. The current
in vitro and in vivo data suggested that the P(ISA-co-DMA)/TA bio-
materials may have the potential as surface coatings for Mg-based
implants due to their enhanced corrosion resistance, cytocompati-
bility, and antibacterial behavior, which agree well for potential
clinical use of orthopedic implants.
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