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a b s t r a c t

Magnesium biometals exhibit great potentials for orthopeadic applications owing to their biodegradabil-
ity, bioactive effects and satisfactory mechanical properties. However, rapid corrosion of Mg implants
in vivo combined with large amount of hydrogen gas evolution is harmful to bone healing process which
seriously confines their clinical applications. Enlightened by the superior biocompatibility and corrosion
resistance of passive titanium oxide layer automatically formed on titanium alloy, we employ the Ti and
O dual plasma ion immersion implantation (PIII) technique to construct a multifunctional TiO2 based
nano-layer on ZK60 magnesium substrates for enhanced corrosion resistance, osteoconductivity and
antimicrobial activity. The constructed nano-layer (TiO2/MgO) can effectively suppress degradation rate
of ZK60 substrates in vitro and still maintain 94% implant volume after post-surgery eight weeks. In ani-
mal study, a large amount of bony tissue with increased bone mineral density and trabecular thickness is
formed around the PIII treated group in post-operation eight weeks. Moreover, the newly formed bone in
the PIII treated group is well mineralized and its mechanical property almost restores to the level of that
of surrounding mature bone. Surprisingly, a remarkable killing ratio of 99.31% against S. aureus can be
found on the PIII treated sample under ultra-violet (UV) irradiation which mainly attributes to the oxida-
tive stress induced by the reactive oxygen species (ROS). We believe that this multifunctional TiO2 based
nano-layer not only controls the degradation of magnesium implant, but also regulates its implant-to-
bone integration effectively.

Statement of significance

Rapid corrosion of magnesium implants is the major issue for orthopaedic applications. Inspired by the bio-
compatibilityandcorrosionresistanceofpassive titaniumoxide layer automatically formedon titaniumalloy,
we construct a multifunctional TiO2/MgO nanolayer on magnesium substrates to simultaneously achieve
superior corrosion resistance, satisfactory osteoconductivity in rat intramedullary bone defect model and
excellent antimicrobial activity against S. aureus under UV irradiation. The current findings suggest that the
specific TiO2/MgO nano-layer on magnesium surface can achieve the three objectives aforementioned and
we believe this study can demonstrate the potential of biodegradable metals for future clinical applications.
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1. Introduction

Currently used stainless steel, cobalt and titanium based alloys
in orthopaedic surgeries still present few shortcomings like biolog-
ical inertia, stress shielding effects and requirement of secondary
surgical removal upon bone healing [1]. Hence, a new initiative
to design the next generation of biometal for orthopaedics has
been considered in terms of appropriate biodegradability, suitable
mechanical properties, and excellent biocompatibility. Biodegrad-
able magnesium alloy is an attractive candidate due to human
bone-like mechanical strength [2–4], where general biodegradable
polymers do not possess [5]. This mechanical advantage may effec-
tively reduce post-operative stress shielding effects in bone frac-
ture fixation [6]. The implant made of magnesium alloy can
degrade gradually in vivo so as to avoid secondary surgery for
implant removal [7]. Also, when the degradation rate of magne-
sium alloy can be controlled properly, it exhibits improved bio-
compatibility and bone regeneration capability because of the
upregulated adhesion, proliferation and differentiation of osteo-
blast and bone mesenchymal stem cells (BMSCs) induced by mag-
nesium ions released [8–10]. However, despite of all these
advantages, in vivo rapid corrosion found on general magnesium
alloys is the major drawback. Indeed, magnesium is very active
due to low standard electrode potential (�2.372 V) [11], galvanic
corrosion easily occurs on this biometal when it is under physio-
logical condition containing loads of chloride ions [12]. Moreover,
rapid corrosion results in excessive hydrogen evolution and loss
of mechanical integrity before bone fracture has completely
repaired [13–15].

Therefore, many attempts such as surface treatment and addi-
tion alloying have been considered to enhance its corrosion resis-
tance and mechanical strength upon degradation. For instance,
various surface modifications such as chemical conversion [16],
dip coating [2], micro-arc oxidation [17], sol–gel [18], and electro-
chemical deposition [19] have been employed to design functional
protective coatings in order to enhance the corrosion property of
magnesium alloys. Although various kinds of coatings have been
reported to successfully enhance the corrosion resistance of mag-
nesium implants in vitro and vivo [20–23], the protective coatings
prepared by those methods usually present poor interfacial bond-
ing and then result to delamination from Mg substrate, which may
accelerate the corrosion of this biometal in vivo. As compared with
the traditional surface treatment methods, plasma ion immersion
implantation (PIII) [24] is a relatively versatile method to establish
a functional layer on material surface which can be utilized in var-
ious applications like solar cells, semiconductor processing, film
transistors corrosion protection and biomedical engineering. One
of advantages of this technique is able to construct a nanolayer
on material surface without an abrupt interface that prevents coat-
ing delamination from surface. Additionally, it only alters material
surface property, while bulk mechanical properties remain
unchanged [25]. Jamesh et al [26,27] has demonstrated that the
corrosion current density (icorr) magnitudes of ZrO2 and ZrN based
nanolayers on magnesium alloys treated by dual zirconium & oxy-
gen PIII or zirconium & nitrogen PIII exhibit 37-fold and 12-fold
decrease in simulated body fluid, respectively. Zhao et al [28] also
employed zirconium & oxygen PIII technique to modify the surface
of Mg based alloys in order to elevate their corrosion resistance
and cytocompatibility in vitro.

As inspired by the superior anti-corrosion property and biocom-
patibility of passive titanium oxide (TiO2) layer on titanium surface
[29–31], we have constructed a specific TiO2 based nanolayer on
ZK60 magnesium surface by using titanium and oxygen dual PIII
technique to regulate its degradation and bone-implant interface
integration. The present study aims to systemically investigate

the degradation behavior of untreated and PIII treated ZK60 mag-
nesium samples with the use of various solutions under dynamic
corrosion and static corrosion conditions. The in vitro and vivo bio-
logical responses such as cell adhesion, viability, proliferation and
osteogenic differentiation are also included. In addition, excellent
osseointegration and bacteria disinfection are both required since
implant instability and later stage loosening may adverse the bone
remodeling process while microbial infection (mainly Staphylococ-
cus aureus) initiates or accelerates the implant failure chances [32].
Hence, the antimicrobial activity of PIII-treated samples against
Staphylococcus aureus and its underlying mechanism have been
extensively characterized as well.

2. Materials and methods

2.1. Construction and characterization of TiO2 based nano-layer

The as-cast ZK60 ingot (nominal composition: Mg-6 wt%Zn-
0.5 wt% Zr; Jiaozuo Anxin Magnesium Alloys Scientific Technology
Co., Ltd., China) was used as substrates and cut into cubes
(size:10 � 10 � 5 mm3;in vitro study) and rods (size:u2 � 6 mm3;
in vivo study) by a linear cutting machine. The chemical composi-
tion of ZK60 alloy measured by energy dispersive spectrum was
listed in Table 1. Before the experiments, ZK60 cubes or rods were
grinded with 200, 400, 800 and 1200 grit silicon carbide papers,
followed by ultrasonically cleaning in 95% ethanol for 15 min and
being dried in nitrogen gas respectively. Afterwards, the ZK60 sub-
strates were subjected to titanium plasms ion immersion implan-
tation (PIII) by a HEMII-80 ion implanter (Plasma Technology Ltd,
Hong Kong,China). The substrates were implanted by a titanium
cathodic arc source for 2 h under working voltage of 25 kV and
base pressure of 1.5 � 10-3 Pa. Then, ZK60 samples were further
treated by oxygen PIII (radio frequency power:1000W; pulse
width: 100 ls; pulse frequency: 100 Hz) under a GPI-100 ion
implanter (Plasma Technology Ltd, Hong Kong,China) at 30 kV for
3 h. During the implantation process, oxygen gas was continually
delivered to the ion implanter chamber with a flow rate of 30 sccm
and the base pressure was maintained at 8.0 � 10-2 Pa. After Ti and
O dual PIII, the TiO2 based nano-layer was constructed on the sur-
face of ZK60 substrates and the Ti and O dual PIII treated ZK60
samples were denoted as PIII treated ZK60.

The transmission electron microscope (TEM; FEI Tecnai G2 20 S;
EMU, the University of Hong Kong) was conducted to investigate
the morphology of cross-sectional constructed TiO2 nanolayer with
the aid of focus ion beam (FIB) technique for sample preparation
(Figure S1, Supporting information). In brief, the tungsten layer
was deposited on the sample to protect the surface from gallium
ion bombardment. Afterwards, the sample was ion milled by the
FEI Quanta 200 3D machine (EMU, the University of Hong Kong)
at 30 KV for 3 h and welded on the top of microprobe. The bright
TEM images of the cross-sectional nanolayer were observed at
100 KV, while the Energy Dispersive Spectrometer (EDS) mapping
analysis was conducted to detect the distributions of titanium,
magnesium and oxygen elements in the nanolayer. Atomic force
microscopy (AFM; Park Scientific Instruments) was employed to
characterize the surface topography and roughness of untreated
and PIII treated ZK60 samples.

The chemical states and depth profiles of TiO2 based nano-layer
on ZK60 substrates were investigated by X-ray photoelectron spec-
troscopy (XPS; Physical Electronics PHI 5802) under Al Ka irradia-
tion. The sputtering rate was estimated to be about
10.15 nmmin�1 according to sputtering a standard the SiO2 sam-
ple as reference under the same condition. Phase and components
of untreated and PIII treated ZK60 samples were analyzed by thin
film X-ray diffraction (XRD; Rigaku Ultima IV, Japan) by using Cu-
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Ka radiation (k = 1.541 Å;2h = 5�–90�). Diffraction patterns of each
sample were identified with reference to JCPDS database. The sur-
face hardness and modulus of samples before and after implanta-
tion were analyzed by a nano-indenter (Nano Indenter XP, MTS
System Corporation, USA). The hydrophilicity of untreated and PIII
treated ZK60 was evaluated by water contact angle assessment
under the contact angle goniometer (Model 200, Rame-Hart, USA).

2.2. Corrosion behavior in vitro

Electrochemical tests were carried out by an electrochemical
workstation (Zennium; Zahner; Germany) with three-electrode
system. The saturated calomel electrode (SCE) was reference elec-
trode while a platinum rod and sample served as the counter elec-
trode and working electrode respectively. The three-electrode
system was immersed in both simulated body fluid (SBF) and Dul-
becco’s modified Eagle’s medium (DMEM) solutions at 37 �C. The
SBF solution (pH 7.40) was as-prepared at 37 �C based on the stan-
dard protocol [28] containing the following ion concentrations:
142.0Na+, 2.5 Ca2+,1.5 Mg2+, 5.0 K+, 147.8 Cl�,1.0 HPO4

2�, 4.2
HCO3

–,and 0.5 mM SO4
2-. The polarization curves were acquired by

scanning the open circuit potential (OCP) with a rate of 1 mV s�1

ranging from �300 mV to 600 mV. After stabilization in the SBF
and DMEM solutions for 5 min, 10 mV sinusoidal perturbing signal
was chosen as OCP and electrochemical impedance spectroscopy
(EIS) was conducted on the frequency between 100 kHz and
100 mHz.

For investigation on static corrosion behavior, immersion tests
were performed on the untreated and PIII treated ZK60 samples
at 37 �C after soaking in SBF and DMEM solutions for 1, 3 and
7 days. In brief, samples were incubated with 10 mL both SBF
and DMEM solutions at 37 �C to monitor magnesium ion release,
pH value and weight loss of ZK60 substrates. The concentration
of magnesium ions in each sample was examined by inductively-
coupled plasma optical emission spectrometry (ICP-OES; Perkin
Elmer; Optima 2100DV; USA) and a pH meter was used to measure
the pH change. As for weight loss assessment, the soaked sample
was rinsed with chromic acid (200 g L�1 CrO3

+ and 10 g L�1 AgNO3)
to remove corrosion products on the surface and dried overnight
for weight assessment. The surface morphology and components
of samples in 3 and 7 days SBF immersion were analyzed by scan-
ning electron microscopy (SEM, Hitachi S-3400N, Japan).

2.3. Cyto-compatibility in vitro

2.3.1. Cell culture
MC3T3-E1 mouse pre-osteoblasts were cultured in the DMEM

solutions including 10% fetal bovine serum (FBS, Gbico, USA),
100 U ml�1 penicillin and 100 lg ml�1 streptomycin at 37 �C under
the incubator with 5% CO2 humidified atmosphere. Cell passages of
MC3T3-E1 pre-osteoblasts occurred when they proliferated to
more than 80–90% confluence. The fourth passage of cells were
used in the experiments.

2.3.2. Cell adhesion
Prior to the cell studies, both untreated and PIII treated ZK60

samples were sterilized with 70% ethanol for 0.5 h and then rinsed

with phosphate-buffered saline (PBS) for three times. Then,
MC3T3-E1 pre-osteoblasts with a density of 1.4 � 104 cells cm�2

were seeded on the surface of specimens in a 24-well plate and
incubated at 37 �C for 1 and 3 days with 5% CO2 humidified atmo-
sphere. The cells on the surface were rinsed with PBS for three
times and fixed with 4% Paraformaldehyde solution for 15 min.
The nuclei and cytoskeleton F-actin protein was stained with
Hoechst 33342 (Sigma) and phalloidin-fluorescein isothiocyanate
(Sigma) respectively. The cell image was captured by a fluores-
cence microscope (Sony DKS-ST5, Japan).

2.3.3. Cell proliferation
To evaluate cyto-toxicity of untreated and PIII treated ZK60

samples, the cell proliferation was analyzed by the 5-Bromo-2-
deoxyUridine (Brdu) incorporation assay. Similarly, MC3T3-E1
pre-osteoblasts at a density of 1.4 � 104 cells cm�2 were co-
cultured with untreated and PIII treated ZK60 samples in the incu-
bator at 37 �C under 5% CO2 humidified atmosphere. At each time
point (day 1 and 3), MC3T3-E1 pre-osteoblasts were rinsed with
PBS (1x) three times and a ELISA Brdu kit (Roche, USA) was
employed to quantify cell proliferations based on the recom-
mended protocol. Firstly, 100 lM Brdu labeling solution was added
to label cells. After 2 h incubation, cells were fixed with 4%
Paraformaldehyde solution for 0.5 h followed by addition of the
anti-Brdu-POD working solution. Then, substrate solution was
added and incubated until color development was sufficient for
photometric detection. 1 M H2SO4 was used to stop the reaction
and absorbance was measured by a micro-plate spectrophotome-
ter (Thermo Scientific, USA) at 450 nm with 690 nm for reference.

2.3.4. Cell differentiation and osteogenic expressions
The alkaline phosphatase (ALP) activity was adopted for charac-

terization of osteogenic differentiation. 1.4 � 104 cells cm�2

MC3T3-E1 pre-osteoblasts were incubated on the untreated and
PIII treated ZK60 samples in the 24-well plate at 37 �C for 72 h.
Afterwards, The DMEM was refreshed every two days with the dif-
ferentiation DMEM which contained 50 lL ml�1 ascorbic acid (Sig-
ma),10 mM b-glycerol phosphate (Sigma) and 10 nM
dexamethasone (Sigma). After 3,7 and 14 days culturing, MC3T3-
E1 pre-osteoblasts were rinsed with PBS (1x) three times and lysed
with the 0.1% Triton X-100 (Sigma, USA) solution at 4 for 30 min.
The cell lysates were centrifugated by 574 g centrifugation at 4 �C
for 10 min. 10 lL supernatant was transferred into a 96-well plate
followed by addition of working reagent in the ALP reagents kit
(Stanbio, USA). The ALP activity was determined by a colorimetric
assay in which the formed rate of 4-nitrophenyl phosphate (4-NPP)
was proportional to ALP activity. The absorbance per minute was
measured by the micro-plate spectrophotometer (Thermo Scien-
tific, USA) at 405 nm and ALP activity of MC3T3-E1 pre-
osteoblasts was normalized to the total protein level via a Bio-
Rad Protein Assay (Bio-Rad, USA).

To further evaluate osteogenic expression levels of MC3T3-E1
pre-osteoblasts cultured with samples, the RT-PCR assay was car-
ried out and primers of four related bone markers like alkaline
phosphatase (ALP), osteopontin (OPN), type collagen I (Col I),
runt-related transcription factor 2 (RUNX2) and house-keeping
geneglyceraldehyde-3-phosphate dehydrogenase (GAPDH) were
used in our previous study [33]. 5 � 104 cells/well were cultured
in the 6-well plate at 37 �C with 5% CO2 overnight. From day 4,
50 lL mL�1 ascorbic acid, 10 mM b-glycerol phosphate and
10 nM dexamethasone were added and the conditioned DMEM
were refreshed for every two days. At each time point, MC3T3-E1
pre-osteoblasts were rinsed with PBS three times and lysed by a
Trizol reagent (Invitrogen, USA) followed by extraction of the total
RNA into the upper aqueous phase by chloroform. Then the upper
aqueous phase containing total RNA was transferred into a new

Table 1
The nominal and chemical compositions of ZK60 magnesium alloys (wt%).

Nominal composition Chemical composition

Mg Zn Zr Mg Zn Zr

Bal. 6 0.5 Bal. 5.85 ± 0.17 0.47 ± 0.05
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1.5 mL RNase-free centrifuge tube with addition of equal volume
of isopropanol to precipitate the total RNA. 80% ethanol solution
was used to rinse as-received RNA precipitates and the diethypy-
rocarbonate (DEPC)-treated RNase-free ddH2O was added to dis-
solve the RNA precipitates. A nano-drop 1000 spectrophometer
(Thermo Scientific, USA) was employed to measure the concen-
tration of isolated RNA. Afterwards, 1 lg isolated RNA was
reverse-transcribed into the complementary DNA (cDNA) via a
RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific,
USA). The reverse transcription reaction started at 42 �C for 1 h
and terminated at 70 �C for 5 min. 5 lL cDNA template, 5 lL pri-
mers and 10 lL SYBR Green PCR Master Mix (Applied Biosys-
tems, USA) were used for quantitative PCR reaction which was
conducted on the Bio-Rad C1000 TouchTMThermal Cycler. 39
cycles of the reaction were set to amplify the signal for quantifi-
cation and relative mRNA expressed levels of Col I, ALP, RUNX2
and OPN were normalized by GAPDH. Cells cultured with normal
DMEM were set as the control group.

2.4. Antimicrobial assays

The antimicrobial assays including spread plate method and
bacteria LIVE/DEAD staining were used to investigate antibacte-
rial properties of Ti and ZK60 samples against Staphylococcus
aureus (S. aureus; SF8300). Before the experiments, untreated
and PIII treated ZK60 were irradiated by a 4 W ultraviolet lamp
(UVA; Model UVGL-1; 365 nm) for 2 h. Untreated and PIII treated
ZK60 samples under UV irradiation were named as untreated
ZK60-UV and PIII treated ZK60-UV respectively while Mg sam-
ples without UV light were denoted as untreated and PIII treated
ZK60. S. aureus were incubated on tryptic soy broth (TSB) plates
overnight in the incubator at 37 �C. Then, inocula of S. aureus
were gradually diluted 10-fold into 1.0 � 106 colony-forming
units per mL (CFU mL�1) of bacteria suspension. 200 lL bacteria
suspension was added on the surface of each sample and incu-
bated for 9 h. After stained by a LIVE/DEAD BacLight Viability
Kit (Invitrogen) according to the recommended protocol, the bac-
teria were observed by confocal laser scanning microscopy
(CLSM). The S. aureus growth on the surface of Ti and ZK60 sam-
ples after 2 h, 6 h and 12 h incubation at 37 �C was measured by
the spread plate method. The control group was pure bacteria
suspensions without addition of samples. Specifically, the
adhered S. aureus on each the sample surface was added into
1 mL PBS and ultrasonic vibrated for 5 min. After removal of
the supernatants, the remaining S. aureus was resuspended in
5 mL PBS to calculate the total amount of living bacteria via
measuring absorbance of 600 nm by the micro-plate spectropho-
tometer. Then, bacteria suspensions were diluted and 100 lL
supernatant was spread on the TSB plate for 24 h incubation at
37 �C. The viable counts (CFU) of S. aureus were examined
according to the standard protocol (GB/T 4789.2, China). To
investigate the underlying mechanism of antimicrobial activity,
the pH values and detection of reactive oxygen species (ROS)
production were conducted. In brief, 500 lL S. aureus suspen-
sions at a concentration of 1.0 � 106 CFU mL�1 were incubated
on the sample surface for 6 and 12 h at 37 �C followed by mea-
surement of pH values via a le-pH meter (Model 60, Jenco,
USA). For the ROS detection, 2,7-dichlorofluorescein diacetate
(DCF-DA; Sigma) assay [34] was used to detect the level of intra-
cellular oxidative stress. Before bacteria suspensions were incu-
bated on the sample surface for 6 and 12 h, 10 mM DCF-DA
was added into bacteria suspensions for labeling in a 37 �C incu-
bator for 0.5 h. Total intracellular ROS amount was determined
by a fluorescence microscope at excitation wavelength of
495 nm and emission wavelength of 525 nm respectively.

2.5. In vivo rat study

2.5.1. Surgical procedures
The surgical procedures and post-operative care protocol were

licensed and strictly implemented according to the requirements
of the Ethics Committee of the University of Hong Kong (CULATR
NO.4086-16) and the Licensing Office of the Department of Health
of the Hong Kong Government. Thirty female Sprague-Dawley (SD)
rats (Ages:12–13 weeks old) with weight of 250–300 g were pur-
chased from the Laboratory Animal Unit (the University of Hong
Kong). Prior to the surgery, rats were anaesthetized via intraperi-
toneal injection of ketamine (67 mg kg�1) and xylazine
(6 mg kg�1). After hair shaving, a Betadine solution was used for
disinfection at surgical site and a hand driller was employed to
intramedullary drill through the marrow cavity with implantation
of untreated and PIII treated ZK60 rods (size:u2 � 6 mm3) on the
right/left femur of rats (Fig. S2, Supporting information). Then
the wound was sutured layer by layer and 1 mg kg�1 terramycin
and 0.5 kg mg�1 ketoprofen were subcutaneously administered
for antibiotic prophylactic and analgesic, respectively. The rats
were euthanized at post-surgery four and eight weeks.

2.5.2. Micro-CT evaluation
New bone formation around the implanted untreated and PIII

treated ZK60 rods was monitored by the micro-CT machine (SKY-
SCAN 1076, Skyscan Company) at various post-operation time
points (0, 1, 2, 4 and 8 weeks). At each time point, the percentage
of new bone volume and implant volume, trabecular thickness (Tb,
Th), and bone mineral density (BMD) of newly formed bony tissue
were systemically analyzed by the CTAn software (Skyscan Com-
pany). The baseline on the percentual calculations was bone and
implant volume at week 0. The percentages of new bone amount
and implant volume indicated the change of new bone and implant
volume at various time points by the following equations.

Change in bonevolume

¼ bonevolume week Xð Þ � bone volume week 0ð Þ
bonevolume week 0ð Þ � 100%

X ¼ 1; 2;4 and 8 ð1Þ

Change in implant volume

¼ implant volume week Xð Þ
implant volume week 0ð Þ � 100% X ¼ 1; 2; 4 and 8 ð2Þ

The 3D models of new bone formation were reconstructed by
the CTVol software (Skyscan Company). Tb, Th was estimated as
the average thickness of all bony or tissue 3D structures in the
region of newly formed bone in the CTAn software while the grey
threshold in the CT densitometric analysis ranged 80 to 255
(�1000 to 9250 in Hounsfield units). The region of interest for
quantitative calculation was a concentric cylinder (inner diame-
ter/outer diameter: 2 mm/3 mm; 6 mm in depth).

2.5.3. Histological staining and Young’s modulus of newly formed bone
The Giemsa solution (Giemsa(v):DI water(v) = 1:4, MERCK, Ger-

many) was used to stain the newly formed bony tissue around the
ZK60 implants. Briefly, the femur of rats euthanized at four and
eight weeks were harvested and immersed into 10% buffer forma-
lin solution for 72 h followed by the standard dehydration process
of immersion in 70%, 95% and 100% ethanol solution respectively
for each 72 h. Xylene was added as an intermedium for another
4 days immersion. Methyl metharylate (MMA) solutions at various
stages (MMA I, MMA II, MMAIII and MMA IV) were adopted for
embedding the samples for hard tissue cutting. The protocol has
been described in our previous report [35]. Finally, the embedded
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the average thickness of all bony or tissue 3D structures in the
region of newly formed bone in the CTAn software while the grey
threshold in the CT densitometric analysis ranged 80 to 255
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many) was used to stain the newly formed bony tissue around the
ZK60 implants. Briefly, the femur of rats euthanized at four and
eight weeks were harvested and immersed into 10% buffer forma-
lin solution for 72 h followed by the standard dehydration process
of immersion in 70%, 95% and 100% ethanol solution respectively
for each 72 h. Xylene was added as an intermedium for another
4 days immersion. Methyl metharylate (MMA) solutions at various
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specimen was cut into slides (thickness: 50–70 lm) by a micro-
tome (EXAKT, Germany) and stained by the Giemsa solution at
57 �C for 20 min. The images of stained femur slides were observed
by an optical microscope. The stained slides were employed to
measure Young’s moduli of newly formed bone by a Nano Indenter
(G200, MTS System Corporation, USA). During the tests, applied
maximum load and drift rate were maintained at 10 mN and
1.2 nm s�1, respectively. Six samples in each group were measured
for statistical significance.

2.6. Statistical analysis

Five specimens in each group were measured at each time point
including the in vitro and vivo tests while all in vitro cell tests were
triplicated independently. The statistical analysis was determined
by one-way analysis of variance via the SPSS software. The p value
less than 0.05 was considered to be statistically significant.

3. Results

3.1. Surface characterizations

Fig. 1 depicted the morphology, chemical compositions, surface
mechanical properties and hydrophilicity of the constructed TiO2

nanolayer. Fig. 1a showed the cross-sectional TEM image of TiO2

based nanolayer. Obviously, the nanolayer with a depth of about
70 nm was compactly constructed on the surface of ZK60 sub-
strate. Furthermore, the EDS maps revealed that magnesium, tita-
nium and oxygen elements were evenly distributed in the cross-
sectional TEM images of the constructed nano-layer. Moreover,
the intensity of O signal was much higher than that of Ti and Mg
signals, indicating that the nano-layer could be composed of tita-
nium and magnesium-based oxide. The surface morphology in
Fig. 1b-c demonstrated that obvious change of surface roughness
was obtained after Ti and O dual PIII. The surface of PIII treated
ZK60 was homogenous and smoother than untreated samples.
The reason resulted to smooth surface was that large numbers of
charges were easily accumulated on the ‘‘peaks” of the surface of
ZK60 substrate during PIII process. Due to the bombardment of
titanium and oxygen atoms, those peaks would be flattened. There-
fore, the PIII-treated samples exhibited relatively smooth surface
than that of untreated sample. It was beneficial to corrosion resis-
tance since roughness topography of untreated samples could
increase fluctuation of local electrode potential between peaks
and valleys which promoted formation of microelectrodes locally
and accelerated corrosion [36,37]. In addition, surface topography
would alter the bioactivity of magnesium implants. The precipita-
tion of calcium phosphate (CaP) was found to be highly correlated
with surface topography and a rough surface was reported to
directly proportioned to CaP formation. The smooth surface of
PIII-treated sample wasn’t conducive to the precipitation of CaP
in which the osteoconductivity and bone-bonding capability of
metallic implants would be compromised [38–40]. Moreover,
rough surface was demonstrated to promote osteogenesis and
bone-implant integration, while osteoclastic activity and formation
was suppressed [41,42]. However, the smooth surface of PIII-
treated ZK60 contributed to the elevated corrosion resistance,
thereby manipulating a controllable release of magnesium ions
to bone tissue microenvironment. These changes were favorable
to accelerate the adhesion of osteoblastic cells thru the upregula-
tion of b1-, a5b1-, and a3b1-integrins receptors [43,44]. Further-
more, the tunable release of magnesium ions could promote in-
situ bone regeneration [45,46]. Therefore, the smooth surface cre-
ated by the PIII technique had dual effects on bioactivity of magne-
sium substrates.

Fig. 1d-h revealed the XPS depth profile and correspondent
high-resolution Mg 1s, Zr 3d, Ti 2p and O 1s XPS spectra of PIII trea-
ted ZK60 samples. A Ti and O rich layer was formed on the near-
surface of ZK60 substrates. The atom concentration of Ti increased
to 37% then gradually dropped to near zero after 12 min sputtering
while the atom concentration of O showed a downward trend from
54% to zero. Furthermore, the peak of Mg 1s spectra in Fig. 1e-g
shifted from Mg2+ (1304.4 eV) to Mg0 (1302.9 eV) while Ti 2p’s
peak changed from Ti4+ (458.6 eV), Ti2+ (457.4 eV) to Ti0 (454 eV).
It implied that oxidized magnesium (Mg2+) and titanium (Ti4+,
Ti2+) gradually converted into the metallic magnesium (Mg0) and
titanium (Ti0) with increase of sputtering time. The oxidized mag-
nesium (Mg2+) was easy to bind with O2� to form MgO at binding
energy (531.4 eV) whereas oxidized titanium (Ti4+ ,Ti2+) strongly
bound with O2� to form TiO2 (529.8 eV), indicating that the main
components of Ti and O rich nano-layer were calculated to be
TiO2 and MgO as shown in Fig. 1h. Furthermore, the XRD result
in Fig. 1i revealed that compared to the same phase compositions
of untreated ZK60 sample, the MgO and anatase TiO2 phase was
detected from the near-surface of PIII treated ZK60, demonstrating
that the constructed TiO2 based nano-layer were mainly composed
of MgO and anatase TiO2.

After Ti and O dual PIII, the surface mechanical properties were
also disparate from ZK60 substrates. Fig. 1j-k exhibited hardness
and modulus of untreated and PIII treated ZK60 samples. It was
clearly seen that surface hardness and modulus was improved
while the bulk substrates of two groups showed no significant dif-
ference, implying that PIII only adjusted the surface state without
changing mechanical properties of substrates. The surface
hydrophilicity of before and after ion implantation was evaluated
by water contact angle assessments as depicted in Fig. 1l. The con-
tact angle of PIII treated ZK60 (71.6�) was slightly higher than the
untreated sample (56.7�) which indicated the PIII treated surface
was more hydrophobic owing to lower surface energy after ion
implantation.

3.2. Corrosion behavior

The cyclic polarization curves and EIS spectra of untreated and
PIII treated ZK60 samples in SBF and DMEM solutions were shown
in Fig. 2. In cyclic polarization curves (Fig. 2a), the cathodic side
represented cathodic hydrogen evolution while the anodic side
was related to dissolution of magnesium substrates in the solution.
In general, the forward scan stands for the polarization process of
the non-corroded regions and the reverse scan represents the
polarization of the corroded regions in the cyclic polarization
curves [47]. Owing to the galvanic effects of magnesium alloys,
the regions with relatively positive potential are protected, while
the regions with relatively negative potential are subject to gal-
vanic corrosion. For the untreated ZK60 sample immersed in SBF,
the corrosion potential in forward scan (E1+) was higher than that
of reverse scan (E1�), indicating that the corroded regions on ZK60
substrates functioning as the anode that tended to further erode.
However, the non-corroded regions worked as the cathode to pro-
tect galvanic corrosion. This incident resulted in severe local pit-
ting corrosion in the untreated ZK60 group. In contrast, the PIII-
treated ZK60 group exhibited lower corrosion potential in forward
scan than that of reverse scan (E2+ < E2�). It revealed that the cor-
roded regions worked as cathode to be protected by the non-
corroded regions, while the non-corroded regions working as the
anode would suffer from galvanic corrosion [48]. Therefore, the
PIII-treated group was prone to be corroded under homogenous
manner in electrochemical tests. The untreated and PIII-treated
samples soaked in DMEM solutions exhibited the similar condi-
tions. In addition, it was obvious that the corrosion potential (E+

and E�) in the polarization curves apparently enhanced while cor-
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rosion current density (icorr+ and icorr� ) dropped in both SBF and
DMEM solutions after Ti and O dual PIII. As one of the most impor-
tant index of corrosion resistance, the lower icorr of PIII treated
ZK60 stood for lower corrosion rate in the solutions indicating sup-
pressed degradation rate by the TiO2 /MgO nano-layer. On the
other hand, EIS spectra in the form of Nyquist Plots were depicted
in Fig. 2b. Both high frequency and low frequency region exhibited
capacitive loops in SBF and DMEM solutions. The capacitive loop in
high frequency region corresponded to charge transfer whereas
low frequency capacitive loop ascribed to mass transportation
through the corrosion product layer [49]. The capacitive loop of
both untreated and PIII treated samples in DMEM solution was

apparently larger than in SBF solution since protein in the DMEM
could act as a inhibitor to block corrosion on magnesium sub-
strates [50]. Furthermore, enlarged capacitive loops of PIII treated
ZK60 samples was obviously seen and the capacitive arc in SBF
and DMEM solutions exhibited approximately 14-fold and 6-fold
increase respectively compared to untreated sample, which
demonstrated better corrosion resistance due to the TiO2 based
nano-layer on the ZK60 surface.

Fig. 3 revealed corrosion behavior of samples soaking in SBF and
DMEM solutions at 37 �C for 1, 3 and 7 days. The concentration of
magnesium ion release, pH value and weight loss of substrates
were measured to evaluate corrosion properties of specimens

Fig. 1. The morphology, chemical compositions, surface mechanical properties and hydrophilicity of the constructed TiO2 nanolayer. (a) depicted cross-sectional TEM bright
image and corresponding EDS maps of PIII-treated ZK60 samples; (b-c) surface roughness of untreated and PIII-treated samples observed by AFM. (d-h) exhibited XPS depth
profile and high-resolution XPS spectra acquired from PIII-treated ZK60 at various sputtering time (the numbers in the figures denoting the sputtering time); (i) depicted the
thin XRD results while (j-l) revealed surface mechanical properties and water contact angle assessments of untreated and PIII-treated samples. *denotes significant difference
between untreated ZK60 and PIII-treated ZK60 substrates (p < 0.05).
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under static corrosive conditions. Overall, for the PIII treated group,
concentration of magnesium ion release, pH value and weight loss
were lower than untreated group after 1, 3 and 7 days immersion.
The concentrations of magnesium ions leached from PIII treated
ZK60 in SBF and DMEM at day 3 were 210 ppm and 118 ppm
respectively, which were significantly lower (p < 0.05) than
untreated ZK60 (359 ppm and 157 ppm). Moreover, pH value and
weight loss of PIII treated sample also significantly (p < 0.05)
decreased as compared with untreated sample after 3 days soaking
in both SBF and DMEM. All these results confirmed that under sta-
tic corrosive conditions, TiO2/MgO nano-layer on ZK60 substrate
could appreciably suppress corrosion rate of ZK60 alloy, resulting
in relatively reduced magnesium ion release and pH change. The
surface morphology of samples after 3 and 7 days SBF immersion
at 37 �C was shown in Fig. 4. It was clearly seen that big corrosive
cracks with some small cracks were formed on the untreated sur-
face whereas the PIII treated sample was still intact without obvi-
ous cracks on the surface at day 3 and 7. These cracks functioned as
channels for intrusion of corrosive solution containing chloride
ions which accelerated further corrosion of ZK60 substrates. In
short, regardless of static and dynamic corrosive conditions, the
TiO2 /MgO nano-layer acting as a corrosion-resistant layer could
remarkably improve corrosion resistance of ZK60 substrates.

3.3. Cyto-compatibility in vitro

Fig. 5a depicted fluorescent images of MC3T3-E1 pre-
osteoblasts adhesion on the untreated and PIII treated ZK60 at
day 1 and 3. After incubated for one day, it was obvious that both
untreated and PIII treated ZK60 samples exhibited no toxicity to
pre-osteoblasts. The cells were well spread and the protein F-
actin of cytoskeleton was even flattened on the surface. Further-

more, as compared to the untreated group, an enhanced adhesion
of MC3T3-E1 pre-osteoblasts could be observed on the PIII-treated
group at day 3 due to the controlled release of magnesium ions.
Similarly, referring to the cell proliferation assay, the amount of
Brdu incorporation in the PIII treated ZK60 group (Fig. 5b) pre-
sented significantly 1.7-fold and 2.5-fold increase at day 1 and 3,
respectively. It implied that the TiO2 /MgO nano-layer controlled
magnesium ion release of ZK60 substrates in vitro which improved
osteoblasts viability and proliferation. Moreover, the ALP protein
expression of the PIII treated group portrayed in Fig. 5b was signif-
icantly 83% (p < 0.05) and 47% (p < 0.05) higher than the untreated
control at day 7 and 14 respectively, indicating promoted pre-
osteoblast differentiation owing to controllable magnesium ion
delivery by the protective TiO2 /MgO nano-layer. Furthermore,
with regards to osteogenic differentiation expression as shown in
Fig. 5c, both osteogenic expressions of OPN and Col I in the PIII-
treated ZK60 group exhibited 2-fold increase (p < 0.01) and 2.5-
fold increase (p < 0.001) at day 7 and 14 compared with untreated
samples while the ALP osteogenic expression was statistically up-
regulated two (p < 0.01) and four times (p < 0.001) respectively.
Additionally, remarkably higher (p < 0.05) expression of RUNX2
was obtained from the PIII-treated ZK60 samples after 7 and
14 days incubation. All these results demonstrated that with the
aid of regulated magnesium ion release, enhanced osteoblastic
activities of proliferation, differentiation and osteogenic expres-
sions were achieved in the PIII-treated samples.

3.4. Antimicrobial activity

Fig. 6 revealed Live/Dead staining images of S. aureus suspensions
on Ti, untreated ZK60, untreated ZK60 irradiated at UV light
(untreated ZK60-UV), PIII treated ZK60 and PIII treated ZK60 irradi-

Fig. 2. Cyclic polarization curves and electrochemical impedance spectroscopy (EIS) of untreated ZK60 and PIII-treated ZK60 alloys immersed in (a)(b) SBF and (c)(d) DMEM
at 37 �C.
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ated at UV light (PIII treated ZK60-UV) samples for 9 h incubation. It
was clearly seen that Ti groupexhibited rare death of S. aureuson the
surface while large amount of S. aureus was dead with few bacteria
survival on the PIII treated ZK60-UV sample, implying superior
antimicrobial properties of PIII treated ZK60-UV samples against S.
aureus. As for other three groups, all untreated ZK60, untreated
ZK60-UV and PIII treated ZK60 groups showed that most bacteria
were still alive although few bacteria dead on the surface. Similarly,
optical imagesof S. aureus culturedonTSBplates in Fig. 7a confirmed
that the number of surviving S. aureus in the PIII treated ZK60-UV
group was smallest among all the groups regardless of incubation
for 2 h, 6 h and 12 h. Moreover, no obvious S. aureus colony on the
TSB plates was formed in the PIII treated ZK60-UV sample after 6 h
and 12 h incubation. Nevertheless, PIII treated ZK60 group pre-

sented a few viable S. aureus colonies remained on the TSB plates
at 6 h and 12 h. Fig. 7b showed concentration of bacteria colonies
in each group after 2 h, 6 h and 12 h incubation analyzed by spread
plate method. Obviously, the concentration (CFU mL�1) of all
magnesium-based groups and Ti group was remarkably lower
(p < 0.001) than that of the control group while PIII treated ZK60-
UV group exhibited significantly lower (p < 0.001) S. aureus colonies
survival at 6 h and 12 h compared to the PIII treated ZK60. Further-
more, the surviving bacteria colonies of PIII treated ZK60-UV sam-
ples were 0.192 � 105 CFU mL�1 and 0.096 � 105 CFU mL�1 at 6 h
and 12 h respectively, which were calculated to be 98.63% and
99.31% of antibacterial ratio against S. aureus normalized to the con-
trol group. To further investigate antimicrobial mechanism of PIII
treated ZK60 samples irradiated at UV light, the pH value and ROS

Fig. 3. Corrosion behavior of untreated ZK60 and PIII-treated ZK60 alloys immersed in SBF and DMEM at 37 �C for 1, 3 and 7 days. The corrosion behavior was characterized
by (a)(d) Mg ion release, (b)(e) pH value and (c)(f) weight loss measurements. *denotes significant difference between untreated ZK60 and PIII-treated ZK60 alloys (p < 0.05).
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production of bacteria suspensions on the surface were depicted in
Fig. 7c-d. After 6 h and 12 h incubation, PIII treated ZK60-UV and PIII
treated ZK60 groups showed almost the same pH values (approxi-
mately 8.70 and 8.90), which were apparently lower than that of
untreated ZK60-UV and untreated ZK60 groups (about 9.70 and
10.0). Nevertheless, as for amount of ROS generation, PIII treated
ZK60-UV groups presented appreciably 250% and 300% increase
(p < 0.001) of ROS production in comparison with other four groups
at 6 h and 12 h respectively. It meant that the antimicrobial activity
of PIII treated ZK60-UV sample mainly ascribed to a surge of ROS
generation other than pH change.

3.5. In vivo rat study

Fig. 8 depicted the micro-CT qualitative and quantitative evalu-
ations of new bone tissue formed around untreated and PIII treated
ZK60 rods at post-surgery various time points. Fig. 8a revealed
micro-CT reconstruction images of the intercondylar fossa
implanted with ZK60 rods and correspondent 3D reconstructed
models at post-surgery 0, 1, 2, 4 and 8 weeks. For the untreated
ZK60 group, significant inflammatory response occurred at post-
operation week 2, leading to severe bone absorption surrounding
the implant. Meanwhile, it could be clearly seen that rapid corro-
sion of untreated ZK60 rods appeared at week 8 and less amount
of bony tissue remained in the site corrosion happened. In contrary,
new formed bone tissues were observed progressively through
monitored time points in the PIII treated ZK60 group and newly
formed bone closely integrated with the implant. Quantitative
characterizations of new bone formation around the ZK60 implants
including percentage change of new bone volume, percentage
change of implant volume, bonemineral density (BMD), and trabec-
ular thickness (Tb, Th) were portrayed in Fig. 8b. Bone volume of PIII
treated ZK60 group showed a gradual upward from 10.5% to 116.3%
while bone volume in the untreated ZK60 group dropped gradually
from �22.1% to �54.8% and then increased to –33.1% at week 8,
which indicated new bone volume was formed one-fold increase
around PIII treated ZK60 rods and bone volume surrounding
untreated ZK60 rods at week 8 reduced about 30% compared to that
of week 0. At post-surgery 2, 4 and 8 weeks, all the bone volume

was significantly higher (p < 0.001) than the untreated control. On
the other hand, the untreated ZK60 rods degraded approximately
30% in Fig. 8b while the implant volume of PIII treated samples still
retained 94% at week 8, implying that TiO2/MgO nanolayer could
retard rapid corrosion of ZK60 substrates in vivo. Moreover, all
BMD, and Tb, Th in the PIII treated group presented statistically
75% (p < 0.05), and 43% (p < 0.01) increase respectively compared
to the untreated control, demonstrating that better newly formed
bone quality was achieved in the PIII treated samples.

The optical images of Giemsa-stained bony tissue around the
implants in Fig. 9a displayed that rarely bony tissue was observed
around untreated ZK60 rod and the trabecular bone was brittle
surrounded by large numbers of osteoclasts at week 4 and 8.
Meanwhile, necrotic tissues combined with corrosion products
(red circle in untreated group) owing to rapid degradation were
deposited around the outer edge of implants. However, plenty of
newly bony tissue with well mineralized structure was stimulated
around the PIII treated rods. Moreover, newly formed bone tissue
bond with implants compactly which exhibited excellent osteo-
conductivity of the PIII treated ZK60 rod. Fig. 9b showed Young’s
modulus of bone tissues in each group measured by the nano-
indentation assay. The Young’s moduli of newly formed bony tis-
sue around untreated ZK60 implants was only 6.8 GPa after post-
surgery eight weeks. In contrast, the Young’s moduli in the PIII
treated group exhibited to be 11.9 GPa, which was significantly
higher (p < 0.001) than that of the untreated group. Normalized
by the moduli of surrounding mature bone (13.0 GPa), the moduli
of newly formed bone around the PIII treated sample could restore
91.5% mechanical property of surrounding mature bone while the
untreated group only restored 52.3%. It implied that in terms of
mechanical property, newly formed bone in the PIII treated group
could almost reach the level of surrounding mature bone.

4. Discussion

4.1. Anti-corrosion property of functionalized TiO2/MgO nanolayer

Rapid corrosion of magnesium alloy is the major concern of
applications in orthopaedic implants. It has been demonstrated

Fig. 4. SEM images of untreated ZK60 and PIII-treated ZK60 alloys immersion in SBF at 37 �C for 3 and 7 days. The surface of PIII treated ZK60 was still intact without visible
microcracks at day 3 and 7 while untreated sample exhibited large numbers of microcracks on the surface.
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Fig. 5. The cyto-compatibility of MC3T3-E1 pre-osteoblasts on the untreated and PIII treated ZK60 groups in vitro. (a) depicted fluorescence images of MC3T3-E1 pre-
osteoblasts cultured on the surface of untreated ZK60 and PIII treated ZK60 groups (incubation for 1 and 3 days). (b) showed fold change of the incorporation of BrdU and ALP
activity assays of MC3T3-E1 pre-osteoblasts cultured with untreated and PIII treated ZK60 samples that immersed in DMEM at 37 �C while (c) presented osteogenic
expression assessed by RT-PCR assay after incubation in DMEM at 37 �C on day 3, 7 and 14. The osteogenic expression was determined by relative mRNA expressed levels of
alkaline phosphatase (ALP), osteopontin (OPN), type collagen I (Col I) and runt-related transcription factor 2 (RUNX2) normalized to the house-keeping gene glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). * denotes the significant difference between PIII-treated ZK60 alloy and untreated ZK60 alloy (p < 0.05); **(p < 0.01); ***(p < 0.001).
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that rapid degradation in vivo not only causes large amount of
hydrogen evolution and alkalosis in the microenvironment which
is detrimental to bone remodeling and healing process [51–53]
but also leads to excessive magnesium ion delivery locally inhibit-
ing human osteoblast differentiation [54] and disordering bone
mineralization process [55,56]. It has been demonstrated that
Mg2+ release at concentration higher than 5 mM inhibited osteo-
genic activity of human osteoblasts [54]. Therefore, it is an imper-
ative issue to suppress degradation of magnesium-based implants.
Through the plasma ion immersion implantation technique, we
construct a TiO2 based nanolayer (main components: TiO2 and
MgO) on the ZK60 alloys to protect Mg substrates from further cor-
rosive attack. More importantly, the surface functionalized TiO2/
MgO nanolayer can achieve three objectives simultaneously:
enhanced corrosion resistance, osteogenic activities due to con-
trolled release of Mg2+ and bacteria disinfection under a photocat-
alytic effect.

The results of corrosion behavior in vitro confirm that enhanced
corrosion resistance of PIII treated ZK60 samples immersion in SBF
and DMEM are achieved regardless of dynamic and static corrosive

conditions. To unveil the underlying mechanism, electrical equiva-
lent circuits of EIS spectra (Fig. 2) in the SBF and DMEM solutions
are drawn in Fig. 10. The different equivalent circuits reveal dis-
tinct corrosion behaviors of ZK60 samples in SBF and DMEM solu-
tions which may attribute to the chemical compositions of
solution. Proteins (e.g. albumin) contained in the DMEM solutions
have been demonstrated to be able to change the corrosion rate of
metallic implant via the surface diffusion and charge transfer pro-
cess [57]. Furthermore, the presence of albumin in SBF solutions
tends to form a blocking payer on the surface to suppress the cor-
rosion reaction of magnesium alloys, leading to the discrepancy
between the simulated equivalent circuits in SBF and DMEM solu-
tions. In the simulated equivalent circuits, Rs stands for solution
resistance between working and reference electrodes while Rf

and Rt correspond to resistance of the corrosion product layer
and the relevant charge transfer, respectively. Constant phase ele-
ments, CPEf and CPEd1, represent the capacitance of the corrosion
product layer and double layer at the Mg substrate surface while
L and RL equal to inductance and inductive resistance, respectively.
Values of each component in the equivalent circuits calculated

Fig. 6. Live/Dead fluorescence images of S. aureus suspensions on the surface of Ti, untreated ZK60, untreated ZK60-UV, PIII treated ZK60 and PIII treated ZK60-UV samples at
37 �C for 9 h incubation. The green color represented for living bacteria while the red color referred to dead bacteria. PIII treated ZK60-UV group showed large amount of dead
S. aureus on the surface with few bacteria living indicating the excellent antimicrobial activity. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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from the EIS spectra, corrosion current density and corrosion
potentials of forward scan (icorr+ ;E+) and reverse scan (icorr� ; E�)
obtained from the polarization curves are all listed in Table 2. E+

of PIII treated ZK60 samples in SBF and DMEM immersion are

�1.43 and �1.37 V/SCE, which exhibit 6.7% and 3.1% increase com-
pared to the untreated samples. Additionally, icorr+ of PIII treated
ZK60 samples drops 88.5% and 62.2% in the SBF and DMEM solu-
tions, respectively. Both elevated E and descendant icorr lead to pro-

Fig. 7. Antimicrobial assay of Ti and ZK60 based groups against S. aureus in vitro. Fig. 7a and b revealed living bacteria counts (CFU ml�1) of Ti and ZK60 based groups
evaluated by the spread plate method after 2, 6 and 12 h incubation at 37 �C (scale bar: 3 cm). Fig. 7c and d showed pH value of S. aureus suspensions of each group and
intracellular total ROS amount detected with 2,7-dichlorofluorescein diacetate (DCF-DA) assay. The control group was bacteria suspensions without addition of samples.
***denotes the significant difference between control group and ZK60 based groups (p < 0.001); *** denotes the significant difference between PIII treated ZK60 and PIII
treated ZK60-UV groups (p < 0.001).

12 Z. Lin et al. / Acta Biomaterialia xxx (xxxx) xxx

Please cite this article as: Z. Lin, S. Wu, X. Liu et al., A surface-engineered multifunctional TiO2 based nano-layer simultaneously elevates the corrosion
resistance, osteoconductivity and antimicrobial property of a magnesium alloy, Acta Biomaterialia, https://doi.org/10.1016/j.actbio.2019.09.008



	 Z. Lin et al. / Acta Biomaterialia 99 (2019) 495–513� 507

from the EIS spectra, corrosion current density and corrosion
potentials of forward scan (icorr+ ;E+) and reverse scan (icorr� ; E�)
obtained from the polarization curves are all listed in Table 2. E+

of PIII treated ZK60 samples in SBF and DMEM immersion are

�1.43 and �1.37 V/SCE, which exhibit 6.7% and 3.1% increase com-
pared to the untreated samples. Additionally, icorr+ of PIII treated
ZK60 samples drops 88.5% and 62.2% in the SBF and DMEM solu-
tions, respectively. Both elevated E and descendant icorr lead to pro-

Fig. 7. Antimicrobial assay of Ti and ZK60 based groups against S. aureus in vitro. Fig. 7a and b revealed living bacteria counts (CFU ml�1) of Ti and ZK60 based groups
evaluated by the spread plate method after 2, 6 and 12 h incubation at 37 �C (scale bar: 3 cm). Fig. 7c and d showed pH value of S. aureus suspensions of each group and
intracellular total ROS amount detected with 2,7-dichlorofluorescein diacetate (DCF-DA) assay. The control group was bacteria suspensions without addition of samples.
***denotes the significant difference between control group and ZK60 based groups (p < 0.001); *** denotes the significant difference between PIII treated ZK60 and PIII
treated ZK60-UV groups (p < 0.001).

12 Z. Lin et al. / Acta Biomaterialia xxx (xxxx) xxx

Please cite this article as: Z. Lin, S. Wu, X. Liu et al., A surface-engineered multifunctional TiO2 based nano-layer simultaneously elevates the corrosion
resistance, osteoconductivity and antimicrobial property of a magnesium alloy, Acta Biomaterialia, https://doi.org/10.1016/j.actbio.2019.09.008

moted corrosion resistance of magnesium substrates after plasma
modification. More importantly, the absolute potential difference
between E+ and E� (|E+ � E�|) of PIII-treated ZK60 (0.01 V in SBF;
0.04 V in DMEM) was significantly lower than that of the untreated
sample (0.19 V in SBF; 0.1 V in DMEM), revealing that a retarded
corrosion rate was achieved in the PIII-treated group due to the
narrow potential difference. With regards to EIS spectra, Rs value

exhibits little difference between the untreated and PIII treated
groups while the PIII treated ZK60 sample presents 9-fold and
33-fold increase of Rf and Rt respectively compared to the
untreated sample in SBF solution. Similarly, 4-fold and 9-fold
enhancement of Rf and Rt are also achieved in the DMEM solution.
Values of CPEf or CPEd1 depend on the admittance constant Yof (or
Yod1) and the indices of dispersion effects nf (or nd1). Yof and Yod1 in

Fig. 8. Real-time Micro-CT evaluations of untreated and PIII treated ZK60 groups after post-surgery at various time points in rat intramedullary bone defect model. Fig. 8a
referred to reconstruction images of the intercondylar fossa implanted with ZK60 rods and correspondent 3D reconstructed models at post-surgery 0, 1, 2, 4 and 8 weeks
(scale bar: 2 mm). Fig. 8b exhibited change in new bone volume, change in implant volume, bone mineral density (BMD), and trabecular thickness (Tb, Th) of newly formed
bone tissue in each group calculated by the CTAn software. *denotes the significant difference between untreated and PIII treated ZK60 groups (p < 0.05), **(p < 0.01), ***
(p < 0.001).
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the PIII treated sample are approximately10-fold and 104-fold
decrease than that of untreated sample after SBF immersion
respectively. Since Values of CPEf or CPEd1 are proportional to Yof

(or Yod1), decreased Yof and Yod1 in the PIII treated group equals
to smaller CPEf or CPEd1 which contributes to excellent anti-
corrosion property [58–60]. Furthermore, larger Rf and Rt indicate
a more compacted protective layer on the sample surface which
functions as strong barrier against dissolution of ZK60 substrates.
Song et al [61,62] has already elucidated the corrosion mechanism
of Mg substrates in corrosive solutions. Specifically, When ZK60
substrates are exposed to corrosive solutions, the second phase
(intermetallic compound) is being the anodic electrode which dis-
solve Mg substrates into Mg2+ while Mg substrates occur cathodic
reaction and produce hydrogen gas leading to local alkaline
conditions:

Mg sð Þ ! Mg2þ aqð Þ þ 2e� anodic reactionð Þ ð1Þ

2H2Oþ 2e� ! H2 þ 2OH� aqð Þ cathodic reactionð Þ ð2Þ
The Mg(OH)2 layer is formed in the corrosive regions due to

favorable local alkaline environment by the following overall
reaction:

Mg sð Þ þ 2H2O ! H2 þMg OHð Þ2 Sð Þ ð3Þ

The deposited Mg(OH)2 layer is easy to be dissolved and cannot
protect corrosive attack since the SBF solution contains abundant
chloride ions and the insoluble Mg(OH)2 layer tends to transform
into soluble MgCl2:

Mg OHð Þ2 Sð Þ þ 2Cl� ! MgCl2 aqð Þ þ 2OH� aqð Þ ð4Þ
Therefore, smaller Rf and Rt of untreated ZK60 sample attribute

to native Mg(OH)2 poor-protective layer formed on the surface. In
contrary, after Ti and O PIII, a TiO2 based nanolayer (main compo-
nents: TiO2 and MgO) effectively resists mass transportation and
thereby makes chloride ions difficult to penetrate the ZK60 sub-
strates. Hence, the TiO2 based nanolayer acts as a strong barrier
against corrosive solutions including chloride ions and remarkably
retards ZK60 substrate dissolution.

4.2. Biocompatibility of PIII-treated ZK60 implant in vitro and vivo

The PIII treated ZK60 group exhibits enhanced osteoblastic
activity in vitro and excellent osteoconductivity in the rat intrame-
dullary bone defect model owing to modulation of magnesium ion
delivery in the local microenvironment. Plenty of literatures has
demonstrated that magnesium ions are beneficial to osteogenesis
by promoting osteoblastic activity and/or inhibiting osteoclastic

Fig. 9. Histological images and Young’s modulus of new bone formation around the untreated and PIII treated ZK60 implants after post-surgery eight weeks. Fig. 9a showed
Giemsa-stained images of newly formed bone tissues of each group cut from the cross section of femur (scale bar:4X 500 lm; 10� 100 lm). The black and pink color stood for
the implant and newly formed bony tissue respectively while the blue dotes referred to osteoclasts. The PIII treated group exhibited plenty of new bone tissue formed around
the implant. Meanwhile, the bony tissue integrated closely with the implant. For the untreated group, much amount of bone had been resorbed during degradation of ZK60
implant and large numbers of osteoclasts were extremely active for bone resorption. Fig. 9b exhibited relative indentation modulus of newly formed bone tissues in each
group (normalized to surrounding mature bone) at week 8. ***denotes the significant difference between untreated ZK60 and PIII treated ZK60 groups and difference between
surrounding mature bone group and untreated ZK60 group (p < 0.001). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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activity [63]. Through activation of Notch signaling pathways by
penetration into the TRPM7 channel [64,65], Mg ions can prolifer-
ate mesenchymal stem cells (MSCs). Meanwhile, Mg ions promote
MSCs differentiation into osteoblasts by up-regulation of osteo-
genic expression of Col I, ALP and OPN [66,67]. However, high con-
centration of Mg ions has been reported to suppress human
osteoblasts differentiation in vitro and may disorder the bone min-
eralization process by occupying the calcium-related signaling
pathways [64]. Moreover, high level of extracellular Mg ions tends
to inhibit the TRPM7 expression induced by other metallic ions (Ca,
Zn, Mn and Co etc.) and alter intracellular balance of cation ions
[68]. Hence, regulation of Mg ion release in vivo is a paramount
issue for bone regeneration. In addition, due to the loss of magne-
sium through urination, sweating and excretion into gut, a normal
adult has to absorb at least 100 mg/day in order to maintain the
magnesium balance inside the body [69]. Therefore, the
recommended average intake of magnesium for an adult is about
300–400 mg/day [70]. Based on the results of immersion tests,
PIII-treated ZK60 sample maintains the release of Mg2+ at 50–
100 ppm per day in SBF solution in which the magnesium release
rate should be under the recommended level for daily intake.
Moreover, our previous studies revealed that 50–200 ppm/day
extracellular Mg ion could facilitate osteoblastic proliferation and
differentiation in vitro and stimulate in-situ bone regeneration
in vivo [33,71]. Hence, in vitro cell study, with satisfactory Mg ion
delivery from the PIII treated group, MC3T3-E1 pre-osteoblasts
present enhanced adhesion on the sample surface with spreading
cytoskeleton and F-actin. Additionally, viability, proliferation and
differentiation of MC3T3-E1pre-osteoblasts are apparently ele-
vated 40%, 250% and 83% respectively when the cells were co-
cultured with PIII treated samples. Furthermore, osteogenic
expressions of Type I Col I, OPN, ALP and RUNX2 are appreciably
up-regulated as well via regulated Mg ion release in local microen-
vironment. Since more pre-osteoblasts favor to differentiation into
osteoblasts by Mg ion stimulus, the bone remolding and healing

process will be accelerated. In the rat intramedullary bone defect
model, the PIII treated group begins to form the new bone around
the implant only after post-surgery one week and the new bone
volume achieves 116.3% growth at post-operation eight weeks. In
addition, new bone qualities including BMD and trabecular thick-
ness in the PIII treated group are significantly higher than that of
the untreated group. The results of histological analysis and
nano-indentation assay reveal that large amount of newly formed
bony tissue in the PIII treated group is well mineralized and the
mechanical property can almost reach the level of surrounding
mature bone. All the promising results of newly formed bone in
the PIII treated group attribute to modulation of Mg ion delivery
in the local tissue microenvironment by the specific TiO2/MgO
nanolayer.

4.3. Antimicrobial activity of functionalized TiO2/MgO nanolayer

As we all know, infection of orthopedic implants is the major
reason for host immune rejection and implant failure since if bac-
teria are well attached to the surface of implants and it’s quite dif-
ficult to inhibit their growth [72]. Therefore, prevention of bacteria
infection is also a challenge for implant surgery. For magnesium-
based implant, some literatures have pointed out magnesium
alloys can prevent biofilm formation of Pseudomonas sp and Sta-
phylococcus aureu by the combined effects of high pH and high con-
centration of Mg ions [73,74]. However, most of reports are apt to
believe that bacteria killing of magnesium alloys are ascribed from
alkalinity (high pH level) caused by their degradation [75–77].
Although the elevated pH level (from 9 to 11) during degradation
of magnesium-based alloys can inhibit bacteria growth, this alkalo-
sis microenvironment is also detrimental to survival and prolifera-
tion of osteoblasts and MSCs. Consequently, if magnesium-based
implants are applied in orthopedics, it should possess antibacterial
property and great cyto-compatibility in vivo. The results of
antimicrobial assays against S. aureus show that the PIII treated

Fig. 10. Correspondent simulated equivalent circuit of EIS spectra of untreated and PIII treated ZK60 samples in the SBF and DMEM solutions at 37 �C.
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ZK60 samples irradiated by UV light can effectively kill 99.31% bac-
teria on the surface after 6 h incubation while untreated samples
only inhibit 62.32% growth of S. aureus. For the untreated groups,
bacteria disinfection stems from the elevated pH level caused by
rapid corrosion of ZK60 substrates as the pH of bacteria suspension
increases to 9.7 and 10.0 respectively after incubation for 6 and
12 h. Moreover, during the corrosion process of Mg substrates,
Mg(OH)2 precipitates are deposited on the surface, which has been
reported to prevent bacteria adhesion to some extent [78,79].
However, the alkalosis microenvironment induced by degradation
of untreated ZK60 samples jeopardizes the mineralization process
of bone, as shown in Fig. 9. On the other hand, antibacterial prop-
erty of the PIII treated ZK60 groups mainly attributes to large
amount of ROS generation induced by photocatalytic disinfection
activity of TiO2-based nanolayer rather than elevated pH level.
Nevertheless, overproduction of reactive oxygen species may
result in potential adverse effects on osteogenesis that causes the
disruption of cellular oxidant/antioxidant balance and therefore
disorders the bone tissue healing process [80]. A study revealed
that bone-implant integration of titanium implant can be
enhanced through inhibition of reactive oxygen species overpro-
duction via the PI3K-Akt pathway [81]. Furthermore, the oxidative
stress interferes the bone mineralization process resulting from the
downregulation of vascular endothelial growth factor (VEGF) and
therefore the cell cycle, differentiation and apoptosis of mesenchy-
mal stromal cells (MSCs) are arrested [82]. Consequently, an appro-
priate amount of reactive oxygen species generated under UV
irradiation is able to regulate antibacterial activity, while main-
taining the bone regeneration ability of magnesium substrates.
The antibacterial mechanism of TiO2 nano-particles or films irradi-
ated by UV light has been extensively investigated [83–85]. Specif-
ically, as shown in Fig. 11, under UV (<390 nm) irradiation, the
TiO2-based nanolayer is subjected to charge separation, leading
to generation of positive charged holes (hv

+) on the valence band
and electrons (ec�) on the conduction band. Then, the positive
charged holes easily occur oxidative reaction, which attracts elec-
trons from water or hydroxyl ions to generate hydroxyl radicals
(�OH). Meanwhile, electrons tend to reduce molecular oxygen to
form the superoxide radical (O2

��). The singlet oxygen (1O2) can
be produced indirectly via superoxide from the O2

��. Through
recombination between hv

+/ec� pairs, endless amount of ROS (con-
taining O2

��, �OH and1O2) can be generated under UV irradiation.
Furthermore, the three kinds of ROS penetrate into the cell wall
of S. aureus and involve in lipid peroxidation of bacteria mem-
branes, resulting in oxidation of nucleolus, amino acids and DNA
strand breakages [86].

5. Conclusions

In this paper, we have constructed a TiO2/MgO nanolayer by Ti
and O dual PIII technique to suppress rapid corrosion of ZK60 Mg
substrates, improve biocompatibility in vitro and vivo with con-
trolled release of magnesium ion and enhance antimicrobial prop-
erties. In the rat intramedullary bone defect model, the elevated
new bone volume, bone mineral density and trabecular thickness
are observed in the PIII treated group while the implant volume
of PIII treated ZK60 can still retain 94%. Additionally, the Giemsa-
staining results show that the newly form bony tissue around
the PIII treated implant exhibits well mineralized structure and
its mechanical property can almost achieve the level of surround-
ing mature bone. Surprisingly, the PIII treated ZK60 sample under
UV irradiation can effectively kill 98.63% and 99.31% S. aureus on
the surface after 6 and 12 h incubation. The antimicrobial mecha-
nism of PIII treated ZK60 is ascribed to the extracellular reactive
oxygen species (ROS) produced by the nano-layer. To sum up,Ta
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ZK60 samples irradiated by UV light can effectively kill 99.31% bac-
teria on the surface after 6 h incubation while untreated samples
only inhibit 62.32% growth of S. aureus. For the untreated groups,
bacteria disinfection stems from the elevated pH level caused by
rapid corrosion of ZK60 substrates as the pH of bacteria suspension
increases to 9.7 and 10.0 respectively after incubation for 6 and
12 h. Moreover, during the corrosion process of Mg substrates,
Mg(OH)2 precipitates are deposited on the surface, which has been
reported to prevent bacteria adhesion to some extent [78,79].
However, the alkalosis microenvironment induced by degradation
of untreated ZK60 samples jeopardizes the mineralization process
of bone, as shown in Fig. 9. On the other hand, antibacterial prop-
erty of the PIII treated ZK60 groups mainly attributes to large
amount of ROS generation induced by photocatalytic disinfection
activity of TiO2-based nanolayer rather than elevated pH level.
Nevertheless, overproduction of reactive oxygen species may
result in potential adverse effects on osteogenesis that causes the
disruption of cellular oxidant/antioxidant balance and therefore
disorders the bone tissue healing process [80]. A study revealed
that bone-implant integration of titanium implant can be
enhanced through inhibition of reactive oxygen species overpro-
duction via the PI3K-Akt pathway [81]. Furthermore, the oxidative
stress interferes the bone mineralization process resulting from the
downregulation of vascular endothelial growth factor (VEGF) and
therefore the cell cycle, differentiation and apoptosis of mesenchy-
mal stromal cells (MSCs) are arrested [82]. Consequently, an appro-
priate amount of reactive oxygen species generated under UV
irradiation is able to regulate antibacterial activity, while main-
taining the bone regeneration ability of magnesium substrates.
The antibacterial mechanism of TiO2 nano-particles or films irradi-
ated by UV light has been extensively investigated [83–85]. Specif-
ically, as shown in Fig. 11, under UV (<390 nm) irradiation, the
TiO2-based nanolayer is subjected to charge separation, leading
to generation of positive charged holes (hv

+) on the valence band
and electrons (ec�) on the conduction band. Then, the positive
charged holes easily occur oxidative reaction, which attracts elec-
trons from water or hydroxyl ions to generate hydroxyl radicals
(�OH). Meanwhile, electrons tend to reduce molecular oxygen to
form the superoxide radical (O2

��). The singlet oxygen (1O2) can
be produced indirectly via superoxide from the O2

��. Through
recombination between hv

+/ec� pairs, endless amount of ROS (con-
taining O2

��, �OH and1O2) can be generated under UV irradiation.
Furthermore, the three kinds of ROS penetrate into the cell wall
of S. aureus and involve in lipid peroxidation of bacteria mem-
branes, resulting in oxidation of nucleolus, amino acids and DNA
strand breakages [86].

5. Conclusions

In this paper, we have constructed a TiO2/MgO nanolayer by Ti
and O dual PIII technique to suppress rapid corrosion of ZK60 Mg
substrates, improve biocompatibility in vitro and vivo with con-
trolled release of magnesium ion and enhance antimicrobial prop-
erties. In the rat intramedullary bone defect model, the elevated
new bone volume, bone mineral density and trabecular thickness
are observed in the PIII treated group while the implant volume
of PIII treated ZK60 can still retain 94%. Additionally, the Giemsa-
staining results show that the newly form bony tissue around
the PIII treated implant exhibits well mineralized structure and
its mechanical property can almost achieve the level of surround-
ing mature bone. Surprisingly, the PIII treated ZK60 sample under
UV irradiation can effectively kill 98.63% and 99.31% S. aureus on
the surface after 6 and 12 h incubation. The antimicrobial mecha-
nism of PIII treated ZK60 is ascribed to the extracellular reactive
oxygen species (ROS) produced by the nano-layer. To sum up,Ta
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the multifunctional TiO2/MgO nanolayer by PIII technique makes
magnesium implants promising candidate for orthopaedic
applications.
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