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a b s t r a c t

A newly developed magnesium implant is used to stimulate bone formation in vivo. The magnesium
implant after undergoing dual aluminum and oxygen plasma implantation is able to suppress rapid
corrosion, leaching of magnesium ions, as well as hydrogen gas release from the biodegradable alloy in
simulated body fluid (SBF). No released aluminum is detected from the SBF extract and enhanced
corrosion resistance properties are confirmed by electrochemical tests. In vitro studies reveal enhanced
growth of GFP mouse osteoblasts on the aluminum oxide coated sample, but not on the untreated
sample. In addition to that a small amount (50 ppm) of magnesium ions can enhance osteogenic
differentiation as reported previously, our present data show a low concentration of hydrogen can give
rise to the same effect. To compare the bone volume change between the plasma-treated magnesium
implant and untreated control, micro-computed tomography is performed and the plasma-treated
implant is found to induce significant new bone formation adjacent to the implant from day 1 until
the end of the animal study. On the contrary, bone loss is observed during the first week post-
operation from the untreated magnesium sample. Owing to the protection offered by the Al2O3

layer, the plasma-treated implant degrades more slowly and the small amount of released magnesium
ions stimulate new bone formation locally as revealed by histological analyses. Scanning electron
microscopy discloses that the Al2O3 layer at the bone-implant interface is still present two months
after implantation. In addition, no inflammation or tissue necrosis is observed from both treated and
untreated implants. These promising results suggest that the plasma-treated magnesium implant can
stimulate bone formation in vivo in a minimal invasive way and without causing post-operative
complications.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Bone impairment arising from osteoporosis aswell as other bone-
related diseases are a major public health problem [1,2]. Anti-
catabolic drugs such as bisphosphonates (BPs) is a common

medication to treat osteoporosis [3,4] and approximately 190million
people worldwide are administrated with this drug as a preventive
measure against bone loss [5]. However, atypical bone fractures have
been observed from patients after long-term therapies of BPs [6,7].
Other complications including gastro-intestinal inflammation,
osteonecrosis in jawbone have also been recorded [8,9]. Alterna-
tively, other treatment options such as estrogen-replacement
therapy and calcitonin injection have been studied [10] but unfor-
tunately, these therapeutic strategies share the same treatment
concept as BPs targeting a smaller bone turnover rate during the
bone remodeling process possibly resulting in the formation of more
brittle bone [11]. Other treatments by means of biological agents
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such as bone morphogenetic proteins (BMPs) and insulin-like
growth factors can be theoretically applied to stimulate bone for-
mation [12,13], but the effective dosage of these biological agents is
unexpectedly high due to the fast degradation rate. Furthermore,
they are easily deactivated by either enzymes or some physical and
chemical reactions [14,15]. Hence, owing to the uncontrolled release
pattern and systemic side effects in musculoskeletal tissues [16,17],
the development of new treatment for osteoporosis is slow [11].
Recently, administration of parathyroid hormone (PTH) has been
proposed for osteoporosis and osteoporotic fracture healing [18,19].
Despite the increased new bone formation in osteoporotic patients,
an adverse effect related to the development of osteogenic sarcomas
based on animal studies has been reported [20].

In this work, a simple approach to stimulate bone formation by
using a newly developed magnesium implant is described. Mag-
nesium is chosen as one of the major components in the implant
because controlled release of magnesium ions (Mg2þ) upon
degradation has been found to benefit bone growth [21,22]. Addi-
tionally, magnesium ions are able to stimulate bone growth and
bone healing by enhancing osteoblast and osteoclast activities
[23,24]. However, the rapid degradation rate of magnesium and
release of hydrogen gas hamper wider medical applications [25e
27] and therefore, precise control of the degradation rate is
crucial to clinical adoption [28,29].

Aluminum oxide has been widely adopted as the articulating
surface in total hip prostheses and dental prostheses due to its

chemical inertness, high strength and hardness, as well as resis-
tance to wear and corrosion [30e34]. However, the use of this
coating on magnesium implant to suppress release of magnesium
ions and integration between magnesium implant and bone have
hitherto not been reported. Here, by means of dual aluminum and
oxygen plasma immersion ion implantation and deposition
(PIII&D), a robust coating is produced on a magnesium implant to
control the degradation rate [35]. The aluminum oxide (Al2O3eMg)
coated implant is found to stimulate new bone formation as a result
of the controlled release of magnesium. The crux of the work is to
implant the plasma-treated magnesium implant into the site with
bone loss by minimal invasive surgery to increase the bone mass
and density in the particular space. After new bone formation, the
risk of bone fracture is reduced and our results indeed reveal
stimulation of bone growth on the plasma-treated magnesium
implant in vivo.

2. Materials and methods

2.1. Sample preparation

An AZ91 magnesium ingot containing 9 wt% aluminum and 1 wt% zinc (Jiaozuo
City Anxin Magnesium Alloys Scientific Technology Co., Ltd.) was cut into disks

Table 1
Implantation and deposition conditions for implanting
and depositing Al and O2 to form Al2O3.

Negative high voltage power supplyeimplantation

NH current 1.0 mA
NH voltage �15 kV
Pulse duration 300 ms
Frequency 10 Hz

Pulsed filtered cathodic arc sourceedeposition

Arc current 0.1 A
Arc voltage 92 V
Triggering voltage 12.6 kV
Coil current 2.3 A
Pulse duration 250 ms
Frequency 10 Hz
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Fig. 2. a Depth profile of the untreated magnesium alloy. b Depth profile of the
aluminum oxide plasma-treated magnesium alloy.

Fig. 1. Implantation of the untreated and plasma-treated implants in the lateral epi-
condyle of SD rats after 2 months. Black arrow shows the implant position.
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(5 mm in diameter and 4 mm thick) and rods (2 mm in diameter and 6 mm long). All
the samples were ground and polished with sand paper to remove the surface oxide.
The disks and rods were ultrasonically cleaned with ethanol prior to PIII&D and the
important PIII&D parameters are listed in Table 1. All the samples were cleaned with
ethanol after PIII&D before surface characterization and other tests.

2.2. Surface composition and depth profile analyses

The surface chemical compositions and depth profiles were determined by X-ray
photoelectron spectroscopy (XPS, Physical electronics PHI 5802) using Al Ka irra-
diation at an estimated sputtering rate of 5.3 nm per minute. High-resolution XPS
spectra were acquired at different sputtered depths to investigate the chemical
states and the binding energies were referenced to C 1s at 284.5 eV.

2.3. Corrosion resistance tests

2.3.1. Immersion tests
Immersion tests were carried out at different time points to monitor the

degradation and release of magnesium ions from the plasma-treated and untreated
samples. Four each of the plasma-treated and untreated disk samples were indi-
vidually immersed in sealable capsules containing 10 ml of simulated body fluid
(SBF) and then incubated at 37 �C for a total of 30 days. Leaching of magnesium ions
from the samples was monitored at 5 different time points of 1, 4, 7, 14, and 30 days
using inductively-coupled plasma optical emission spectrometry (ICP-OES) (Perkin
Elmer, Optima 2100DV). The pH values of the samples weremeasured and the rate of
corrosionwas determined by measuring the weight loss of the samples. The surface
morphology was examined by scanning electron microscopy (SEM) before immer-
sion as well as after 3 h and 28 days. The corrosion product and its composition after
immersion for 28 days were analyzed by energy-dispersive X-ray spectroscopy (EDS,
Leo 1530 FEG SEM equipped with Oxford Instruments, INCAx-sight EDS Detectors).
Owing to the concern on ion toxicity, the Al ion concentrations were determined by
using ICP-OES after immersion for 7, 14, and 28 days.

2.3.2. Electrochemical tests
The electrochemical experiments were conducted an acellular simulated body

fluid (SBF) at a pH of 7.40 (ion concentration of Naþ 142.0, Kþ 5.0, Mg2þ 1.5, Ca2þ

2.5, Cl� 147.8, HCO�
3 4.2, HPO2�

4 1.0, and SO2�
4 0.5 mM) on a Zahner Zennium

electrochemical workstation using the three-electrode technique. The potential
was referenced to a saturated calomel electrode (SCE) and a platinum sheet served
as the counter electrode. The samples were immersed in the SBF at 37 �C and EIS
was carried out after stabilization in the solution for 5 min. The data were
recorded from 100 kHz to 100 mHz with a 5 mV sinusoidal perturbing signal at the

open-circuit potential. The polarization curves were acquired by scanning the
potential at a rate of 1 mV/s from �300 mV to 600 mV following the EIS
measurement.

2.4. Cell culture

MC3T3-E1 pre-osteoblasts and enhanced green fluorescent protein osteoblasts
(eGFPOB) fromGFPmicewere cultured in the DMEM culturemedium supplemented
with 10% (v/v) fetal bovine serum (FBS, Biowest, France), antibiotics (100 U/ml of
penicillin and 100 mg/ml of streptomycin), and 2 mM L-glutamine and incubated at
37 �C in an atmosphere of 5% CO2 and 95% air. The same culturing conditions were
used in all the experiments.

2.4.1. Cell viability in H2 enriched medium
Hydrogen gas is formed as a by-product during magnesium degradation thus

there is a need to study its biological effect on osteoblasts. The MTT assay was used
to measure osteoblast viability in the presence of the hydrogen-enriched DMEM
culture medium. The enriched medium was prepared by dissolving 40 ml of
hydrogen in 60 ml of the DMEM at a pressure of 0.1 MPa and then stabilized for 3
days at �20 �C. The hydrogen level was measured by gas chromatography (GC-TCD
HP 5890, USA) and the enriched media was used to culture MC3T3-E1 pre-
osteoblasts for the MTT assay.

In brief, MC3T3-E1 pre-osteoblasts (7� 104 cells/cm2) were cultured for one day
on a 96-well tissue culture plate, after which the culture media in each well was
replaced with the magnesium-supplemented DMEM and incubated for 3 days. 10 ml
of the MTT solution (5 mg thiazolyl blue tetrazolium bromide powder in 1 ml of
phosphate buffered saline (PBS, OXOID Limited, England)) was added to each well
and further incubated for one day after which 100 ml of 10% sodium dodecyl sulfate
(SDS, Sigma, USA) in 0.01 M hydrochloric acid was added to each well and incubated
for a further 18 h. The absorbance was recorded by the multimode detector (Beck-
man Coulter DTX 880) at a wavelength of 570 nm, and the reference wavelength of
640 nm was used to determine the cell viability in comparison to the control. The
percentage cell viability was calculated by dividing the absorbance values of the
samples to that of the control.

2.4.2. Alkaline phosphatase (ALP) activity in H2 enriched medium
The ability of MC3T3-E1 pre-osteoblasts to undergo osteoblastic differentia-

tion in the hydrogen-enriched medium was studied. The MC3T3-E1 pre-
osteoblasts (1.4 � 104 cells/cm2) were cultured in DMEM for one day in a 24-
well tissue culture plate. The culture medium in each well was subsequently
replaced with hydrogen-enriched DMEM and cultured for 3, 7, or 14 days. After
incubation, the cells were washed with PBS three times and lysed with 0.1% Triton

Fig. 3. High-resolution XPS spectra of O 1s and Al 2p obtained after the aluminum oxide plasma treatment (sputtering rate 5.29 nm/min).
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X-100 at 4 �C for 30 min. The cell lysates were centrifuged at 574 g at 4 �C for
10 min (2-5 Sartorius, Sigma, USA), and 10 ml of the supernatant from each sample
was transferred to a 96-well tissue culture plate. The ALP activity was determined
by a colorimetric assay using an ALP reagent containing p-nitrophenyl phosphate
(p-NPP) (Stanbio, USA) as the substrate. The absorbance was recorded by the
multimode detector (Beckman Coulter DTX 880) at a wavelength of 405 nm. The
ALP activity was normalized to the total protein level of the samples measured by
the Bio-Rad Protein Assay (Bio-Rad, USA) and the data were expressed as the
specific ALP activity per unit of protein.

2.4.3. Cytocompatibility test of Al2O3eMg
The eGFP osteoblasts fromGFP mice were cultured on the surface of the plasma-

treated samples to determine the growth and cytocompatibility. The samples were
placed on a 96-well plate and 1.7 � 104 cells/cm2 GFPOB were seeded on each
sample and cultured for 1 or 3 days. After 1 or 3 days, the cell morphology was
observed by fluorescence microscopy (Niko ECL IPSE 80i, Japan). The attached living
eGFP-expressive osteoblasts were visualized using a 450e490 nm incident filter, and
the fluorescence images emitted at 510 nmwere captured by a Sony DKS-ST5 digital
camera.

2.5. In vivo animal study

2.5.1. Surgical procedures
The anesthetic, surgical, and post-operative care protocols were examined by

and fulfilled the requirements of the University Ethics Committee of The

University of Hong Kong as well as Licensing Office of the Department of Health
of the Hong Kong Government. Ten two-month old female SpragueeDawley rats
(SD rats) weighing between 200 and 250 g from the Laboratory Animal Unit of
The University of Hong Kong were used. The rats were anaesthetized with ke-
tamine (67 mg/kg) and xylazine (6 mg/kg) by intraperitoneal injection. The
operation sites of the rats were shaved and sterilized, and followed by decorti-
cation. A 2 mm diameter and 6 mm deep hole was made by a hand driller at the
lateral epicondyle by a minimally invasive approach. Subsequently, the plasma
treated or untreated magnesium implants were implanted into the prepared
holes on either the left or right femur of the rats (Fig. 1). The wound was sutured
layer by layer and a proper dressing was applied over the incision. After the
operation, all the rats received subcutaneous injection of 1 mg/kg terramycin
(antibiotics) and 0.5 mg/kg ketoprofen. The rats were euthanized 2 months post-
surgery.

2.5.2. Micro-CT evaluation
In order to monitor the in vivo degradation of the plasma-treated and untreated

implants and new bone formation around the implants, serial time points of 1, 2, 3,
4, and 8 weeks were set. At each respective time point, the rats were scanned using
the micro-CT device (SKYSCAN 1076, Skyscan Company) to view the extent of
corrosion on the samples and new bone formation. After the 2D planes were
reconstructed using the NRecon (Skyscan Company), the 3D models were generated
by CTVol (Skyscan Company). The residual implant was then analyzed using the
CTAn program (Skyscan Company) which was used to examine the micro-CT data
sets for morphometry and densitometry as well as new bone growth.
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Fig. 4. a Magnesium ions concentration of the immersion extract from Al2O3-plasma treated and untreated AZ 91 magnesium alloy over time. *denotes a significant difference
between treated and untreated sample (p < 0.05). b pH values of the immersion extract from Al2O3-plasma treated and untreated AZ 91 magnesium alloy over time. *denotes a
significant difference between treated and untreated sample (p < 0.05). c Total weight lost from Al2O3-plasma treated and untreated magnesium alloy over time. *denotes a
significant difference between treated and untreated sample (p < 0.05).
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2.5.3. Analysis of the magnesium ion concentration in blood
Blood was collected prior to surgery, and at 1, 2, 3, 4 and 8 weeks post-operation

to determine the magnesium ion concentration. The blood was centrifuged at
1,339 g for 15 min at room temperature (2-5 Sartorius, Sigma, USA) and the sera
were collected and stored at 4 �C. Prior to the analysis, the serawere diluted 10 times
in double distilled water. The serum magnesium ion concentration was determined
using ICP-OES (Optical Emission Spectrometer, Perkin Elmer, Optima 2100DV) and
the concentrations in the animals with treated and untreated samples were
compared.

2.5.4. Histological analysis
The rats were euthanized two months after operation and the bone samples

underwent hard tissue processing as previously described [36]. Briefly, the implants
were harvested and fixed in 10% buffered formalin for 3 days. The tissues were
dehydrated stepwise for 3 days in 70%, 95%, or 100% ethanol, followed by incubation
in xylene for 3 days. Finally, all the samples were embedded in methyl-methacrylate
(Technovit 9100 New�, Heraeus Kulzer, Hanau, Germany) according to the manu-
facturer’s instructions. The embedded samples were cut into 200 mm sections and
then micro-ground to a thickness of 50e70 mm before Giemsa staining (MERCK,
Germany). The morphological and histological analyses were performed using op-
tical microscopy and scanning electron microscopy to observe bone on-growth and
integration with the host tissue. In addition, EDS (Leo 1530 FEG SEM equipped with
Oxford Instruments, INCAx-sight EDS Detectors) in conjunction with elemental
mapping was performed to determine the surface composition of the treated and
untreated implants 2 months after implantation.

3. Results

3.1. Surface composition and depth profile analyses

The surface chemical composition and elemental depth profiles
of the untreated and plasma-treated magnesium alloys are shown
in Fig. 2a and b, respectively. The untreated magnesium alloy has a
natural thin oxide layer about 220 nm thick. Fig. 2b shows the
presence of both aluminum and oxygen after the surface treatment.
The highest aluminum concentration is approximately 50 nm and
the penetration depth of Al is about 250 nm. The high-resolution
XPS O 1s and Al 2p spectra at different depths are shown in Fig. 3.

The O 1s peak at 531 eV and Al 2p peak at 74.5 eV correspond to
Al2O3 formation suggesting formation of surface aluminum oxide.

3.2. Corrosion resistance tests

3.2.1. Immersion test
The immersion test is one of the direct ways to determine the

corrosion resistance properties. Fig. 4a shows the amount of mag-
nesium ions release from the plasma-treated and untreated mag-
nesium alloy. The amount of magnesium released from the
untreated sample is significantly higher (p < 0.05) at days 1 and 4
(w201 ppm and 327 ppm, respectively) compared to the plasma-
treated samples (177 ppm and 273 ppm, respectively). However,
no significant difference is found between the untreated and
plasma-treated samples between days 4 and 30. Moreover, no
detectable released aluminum ions are found from the SBF after
incubation for 7, 14, and 28 days. The corresponding pH values are
shown in Fig. 4b. The pH increases rapidly fromdays 1e14, but slows
down at day 30when the pH values range between 8.12 and 9.47 for
the untreated and 8.15 to 9.43 for the plasma-treated samples.

Fig. 4c shows the weight losses over time and correlation with
the degradation rate. The weight losses increase with incubation
time and are found to be significant at days 4 and 14. Larger losses
are observed from the untreated samples than treated samples
throughout the immersion period. At day 30, the total weight lost
from the untreated and plasma-treated samples are approximately
13 mg and 11.5 mg, respectively.

Fig. 5 depicts the surface morphology of the untreated and
plasma-treated samples after SBF immersion for 3 h. Localized
corrosion with a large amount of cracks (red arrow) is observed
from the untreated sample whereas no corrosion and cracks are
observed from the plasma-treated sample. The white areas on both
samples represent the phases of the AZ 91 magnesium alloys.
Fig. 6a shows the surface morphology of the untreated and treated

Fig. 5. Surface morphologies of the (a)(b) untreated and (c)(d) Al2O3-plasma treated magnesium alloy after 3 h of SBF immersion by viewing under scanning electron microscopy
(SEM). Cracks (red arrow) can be observed on the untreated sample after immersion. (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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Fig. 6. a Surface morphologies of the untreated and Al2O3-plasma treated magnesium alloy before and after 28 days of SBF immersion by viewing under scanning electron mi-
croscopy (SEM). b Composition of the corrosion products examined under energy-dispersive X-ray spectroscopy (EDS). The corrosion products were found to mainly contain
magnesium (Mg) and oxygen (O).
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samples before and after immersion in SBF for 28 days whereas
Fig. 6b shows the corrosion products examined by EDS. Severe
corrosion is observed from the untreated sample compared to the
treated sample. The corrosion products which consist of mainly
magnesium and oxygen are likely magnesium oxide and magne-
sium hydroxide. Calcium and phosphate are also detected from
both the treated and untreated samples and sodium chloride (NaCl)
is also present as an impurity from the SBF.

3.2.2. Electrochemical measurements
The electrochemical polarization curves of the untreated and

plasma-treated samples are shown in Fig. 7a. The cathodic polari-
zation curve is considered to represent the cathodic hydrogen
evolution through water reduction, whereas the anodic polariza-
tion curve represents dissolution of magnesium. The corrosion
potential (Ecorr) of the plasma-treated sample shifts the open-cir-
cuit potential to a slightly more positive one. Although the differ-
ence in the Ecorr between the treated and untreated sample is not
huge, the corrosion current (Icorr) of the plasma-treated samples is
at least 2-fold lower than that of the untreated sample.

The representative EIS spectra (Nyquist plots) acquired from the
untreated andAl2O3-treated sample after immersion in SBF for 5min
are shown in Fig. 7b. The capacitive arc at high frequencies results

from charge transfer and that arc at medium or low frequencies
results from the effects of the surface film. It is obvious that after ion
implantation, the capacitive arcs are evidently enlarged. Moreover,
an inductive arc is visible in the low frequency region. The inductive
arc is usually related to the formation, adsorption, and desorption of
corrosion products on the surface. It is known that a larger diameter
arc represents better corrosion resistance and hence, both polari-
zation and EIS results indicate that ion implantation appreciably
improves the corrosion resistance of the AZ91 magnesium alloy.

3.3. In vitro studies

3.3.1. Effects of hydrogen on osteoblastic activity
The hydrogen concentration in the hydrogen-enriched medium

is approximately 1.85% but no H2 is found from the normal

Fig. 7. a Polarization curves of untreated and Al2O3-treated magnesium alloy in SBF. b
EIS spectra of untreated and Al2O3-treated magnesium alloy after soaking in SBF for
5 min.
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Fig. 8. a Cell viabilities of MC3T3-El pre-osteoblasts cultured in medium with the
hydrogen-enriched medium. The absorbance was detected at a wavelength of 570 nm
with a reference wavelength of 640 nm to determine the cell viability in comparison to
the cell cultured in normal medium. The percentage cell viability was calculated by
dividing the absorbance values of the samples to the control. b The specific ALP ac-
tivities of MC3T3-El pre-osteoblasts cultured in medium with the hydrogen-enriched
medium on Day 3, Day 7 and Day 14. The readings were detected under the absor-
bance reading at 570 nm wavelength and the ALP activity was normalized to the total
protein level of the samples. *denotes a significant difference between hydrogen-
enriched medium and the normal medium (p < 0.05).
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medium. The hydrogen-enriched medium is well tolerated by the
pre-osteoblasts with more than 90% viability and it is not signifi-
cantly different from the control (normal DMEM, Fig. 8a). Fig. 8b
presents the specific ALP activities of the cell cultured in the
hydrogen-enriched and normal media. The peak specific ALP ac-
tivity is found on day 7 and significantly different (p < 0.05) with
273.3 U/mg protein for the cells cultured in the hydrogen-enriched
medium and 185.5 U/mg protein for the cells cultured in the normal
medium. However, this is not significant at days 3 and 14.

3.3.2. Cyto-compatibility
Fig. 9 shows the viable cells on the untreated and plasma-

treated samples after culturing for 1 and 3 days. On day 1, cell
spreading is observed from the plasma-treated sample, but no cell
attachment is observed from the untreated sample. After 3 days,
the GFP osteoblasts exhibit good spreading and grow to 100%
confluency on the plasma-treated sample, whereas no cell growth
is observed from the untreated sample.

3.4. In vivo animal study

3.4.1. Micro-computed tomography analysis
New bone formation and implant volume reduction post-

operation are studied at selected time points using micro-
computed tomography. Fig. 10a depicts the cross sections of the
femur with the implant 1, 2, 3, 4, and 8 weeks after surgery. All the
implants show direct contact with the newly formed bone after 2
weeks. The percentage changes in the bone volume and implant
volume during the period are shown in Figs. 10b and 11, respec-
tively. More than 54% bone resorption is found from the untreated
implant after 1 week, whereas there is an approximate 46% in-
crease in bone volume on the plasma-treated implant. An increase
of 138% in the bone volume is found from the plasma-treated

implant at week 8 compared to the untreated implant. After 4
weeks, the implant volume reduction of the untreated implant is
significantly greater than that in the treated implant (97% and 99%,
respectively). After 8 weeks, the volume of the untreated implant
further drops to 93% compared to 98% on the plasma-treated
implant.

Fig. 12 shows the 3D models of the newly formed bone on the
untreated and plasma-treated implants after 2 months. The un-
treated implant shows significantly less new bone formation
(1.06 mm3) than the plasma-treated implant (7.11 mm3).

3.4.2. Serum magnesium measurements
Fig. 13 shows the percentage changes in the serum magnesium

levels of the rats during the 8 weeks post implantation. The serum
magnesium concentrations in the rats implanted with either the
untreated or plasma-treated implants fluctuate between �7% and
14%, which is not significant.

3.4.3. Histological evaluation
Fig. 14 shows the tissue response to the untreated and plasma-

treated implants two months after implantation at different mag-
nifications using Giemsa staining. New bone tissues (black arrows)
form around the implants and all the implants show direct contact
with the newly formed bone. More new bone is observed around
the plasma-treated implant fromwhere osteoblast-like cells can be
observed (red arrows).

Fig. 15 shows the histological analysis of the plasma-treated
implant by SEM and EDS elemental maps. The elements found
around the implants are shown semi-quantitatively. Both
aluminum (Al) and oxygen (O) are detected from the untreated and
plasma-treated magnesium implants, with larger amounts of
aluminum (Al) and oxygen (O) detected from the edge of the
treated magnesium implant, indicating that the plasma treatment

Fig. 9. Microscopic views of GFP mouse osteoblasts cultured on untreated (a)(c) and Al2O3-treated (b)(d) magnesium alloy after 1 and 3 days to evaluate the cyto-compatibility of
the Al2O3-plasma treated magnesium alloys. 5,000 GFPOB were cultured on the untreated and treated samples.

H.M. Wong et al. / Biomaterials 34 (2013) 9863e98769870



Author's personal copy

Fig. 10. a Micro-CT reconstruction images of the lateral epicondyle containing (a) untreated and (b) Al2O3-plasma treated implants immediately after surgery and 1, 2, 3, 4, and 8
weeks of post-operation. New bone formation (yellow arrow) can be observed progressively through the time points. b The percentage changes in bone volume around the
untreated and Al2O3-treated implants immediately after surgery and 1, 2, 3, 4, and 8 weeks of post-operation. More than 50% bone resorption was observed on the untreated
implant after 1 week of post-operation but not for the Al2O3-treated implant throughout the implantation period. (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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effects still exist after 2 months (green arrow). Moreover, calcium
(Ca) and phosphorus (P) are found from both the untreated and
treated implants suggesting new bone formation.

4. Discussion

Biodegradable magnesium-based materials were first intro-
duced for orthopedic applications in the beginning of the 20th
century [37,38]. As Mg has been reported to be beneficial for bone
formation [21,22], there is the idea of using a magnesium implant
as an alternative treatment for bone loss in order to prevent
fracture. However, rapid degradation of the magnesium implant
and subsequent release of hydrogen are major concerns [25,26].
Hence, the clinical use of magnesium-based materials requires
modification to decrease the degradation and hydrogen release
rates. Plasma immersion ion implantation and deposition (PIII&D)
is one such approach to achieve this objective due to its unique
characteristics [39]. Al2O3 is extensively used on dental implants
and prostheses due to its excellent wear and corrosion resistance
[40e42]. In this study, the corrosion resistance properties and

cyto-compatibility of the aluminum and oxygen PIII&DMg implant
are assessed systematically.

The SBF immersion test indicates that there is significantly more
magnesium leached from the untreated magnesium alloys during
the early time points. As reported by Song et al. [43], the corrosion
resistance of the AZ91 magnesium alloy largely depends on the
volume fractions of the a and b phases. Since the corrosion current
density of the b phase Mg17Al12 is much smaller than that of the a
phase, a more substantial and continuous b phase formed on the
magnesium alloys should inhibit corrosion. Therefore, on account
of the larger amount of the continuous b phase on the Al2O3-treated
sample than the untreated sample, the corrosion resistance of the
treated sample is superior especially in the early time points.

Without the protection of a plasma coating, the lack of cell
attachment on the untreated magnesium alloys may be due to
continuous oxidation during rapid corrosion. This correlates with
low cell viability when cells are cultured on the untreated mag-
nesium samples. Moreover, it is consistent with the cell viability
observed for different Mg ion concentrations as reported in our
previous study [44], in which larger amounts of Mg ion result in
lower cell viability. On the other hand, the enhanced corrosion

Fig. 12. Micro-CT 3D reconstruction models of newly formed bone (white in color) around the implant (gray) on both untreated (a) and Al2O3-plasma treated (b) implants after 2
months post-operation.
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Fig. 13. Percentage changes in serum magnesium levels before and after implantation.
Whole blood was separated by centrifugation and the serum isolated and collected for
analysis of serum Mg levels. The magnesium ion concentration was determined by
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Fig. 11. The implant volume of the untreated and Al2O3-treated implants immediately
after surgery and 4, 8 weeks of post-operation. The implant volume of the untreated
implant dropped to 97% and 93% after 4 and 8 weeks post implantation, respectively,
whereas the implant volume of Al2O3-treated implant was maintained above 98% after
8 weeks. *denotes significantly different (p < 0.05).
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resistance of the plasma-treated samples results in better cell
attachment and growth as smaller amounts of Mg ion are released
during corrosion. However, the amounts of Mg ion leached from
the untreated and plasma-treated samples are similar at the later
time points in the immersion test and can be explained by the
formation of surface magnesium oxide and magnesium hydroxide
on the untreated sample [28].

The plasma-treated Mg implant is able to stimulate new bone
formation. Micro-computed tomography is used to visualize the
corrosion morphology of the implants and newly formed bone
around the implants, in addition to quantifying the in vivo corrosion
rate. A high percentage of bone loss is found from the animals
implanted with the untreated implants 1 week post-operation. On
the contrary, it is not observed from the animals implantedwith the
plasma-treated implants due to the slower corrosion rate. Rapid
corrosion of the untreated magnesium alloy in close contact with
bone marrow after implantation results in a large amount of
leached magnesium which inhibits the growth of osteoblasts and
consequently bone formation [45]. However, owing to the forma-
tion of the protective magnesium oxide and magnesium hydroxide
layer after 1 week, the corrosion rate is retarded and bone volume
increases again afterwards [28]. On account of the protection
rendered by the aluminum oxide layer, no bone loss is observed 1
week after implantation and the rate of new bone formation con-
tinues to increase to 148% after 8 weeks. This also correlates with
the amount of magnesium released from the implant since low
concentrations of magnesium have been reported to enhance the
osteoblastic activity and generate a stimulatory effect on the
growth of new bone tissues [28,46]. Our previous study [44] has
also identified that a certain amount of magnesium ions (i.e.
50 ppm) can stimulate pre-osteobalst differentiation whereas
down-regulation of osteogenic differentiation genes such as ALP,

Runx2, OPN and Type I collagen is observed at higher magnesium
ion concentrations. This shows the importance of controlling the
release of magnesium ions and also explains the reason why bone
loss is found from the untreated sample in the early stage after
implantation but on the other hand, bone formation is already
observed in this early stage from the Al2O3eMg implant. Further-
more, the volume reduction of the plasma-treated implant is 5%
less than the untreated implant, further suggesting that a small
amount of magnesium leached from the plasma-treated implant.
These findings provide evidence that Al and O PIII&D can prevent
post-operative bone loss and enhance new bone formation after
surgery.

A cause of concern for the use of magnesium-based implants is
the release of hydrogen gas during corrosion and subsequent
accumulation especially in the early stages thereby inhibiting bone
healing [26]. The formation of gas bubbles has been previously
reported to occur within one month after implantation [28,47,48].
However, based on our previous findings [36], the hydrogen release
rate is related to the animal model used, implant size, as well as
surgical site. Reduction in the corrosion rate may also decrease
hydrogen release to a level that can be naturally absorbed by the
body without accumulation at the implant site. The presence of
hydrogen in the medium gives rise to a significantly higher level of
specific ALP activity and hence, if the degradation rate is reduced in
conjunction with low level of hydrogen release, bone formation is
stimulated.

In addition to the micro-CT analysis, the histological analysis
reveals more new bone formation around the plasma-treated
implant compared to the untreated implant. Although less new
bone is formed around the untreated implant, no inflammation
or necrosis is observed from the animals implanted with either
the treated or untreated implants. This is in line with our

Fig. 14. Giemsa-stained hard tissue sections of the implants after 8 weeks’ implantation in the lateral epicondyle. Black arrows represent the newly formed bone and red arrows
represent the presence of osteoblast-like cells. (a) Untreated and (b) Al2O3-treated implants. (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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previous findings [36]. Aluminum oxide is still detected 2 months
after implantation, showing that the degradation rate of
aluminum oxide is not large. It is noted that aluminum is sus-
pected to have adverse effects on the nervous systems and may
cause Alzheimer’s disease, but according to our present knowl-
edge [49,50], it is still controversial as there is no direct and
unequivocal proof that aluminum is related to the disease.
Additionally, according to our SBF immersion tests, no released
aluminum is detected even after 28 days of immersion, thereby

suggesting that the degradation rate is so low that there are no
cytotoxic effects.

As the magnesium ion concentration is regulated by the
kidneys, severe side-effects associated with a high level of
magnesium are extremely rare [51]. The serum magnesium
concentration measured in this study is within the normal
physiological ranges [52e54]. Hence, even as the surface coating
gradually degrades, there is no toxic effect to the surrounding
tissues. All in all, reduction of Mg release in vitro and in vivo is

Fig. 15. Histology of untreated (A) and Al2O3-treated (B) implants viewed under scanning electron spectroscopy. Element mapping was conducted in the red rectangular box in (a)
as magnified in (b) and the examined elements were as shown in (c). Aluminum and oxygen can be detected on the Al2O3-treated implant surface as indicated by green arrow. (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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crucial to stimulate bone formation. With these promising re-
sults, the use of the plasma-treated magnesium implant to treat
bone loss provides better treatment results without major
shortcomings.

5. Conclusion

Dual aluminum and oxygen plasma treatment is conducted on
magnesium alloys to enhance the surface properties. After the
surface treatment, the corrosion resistance and biological perfor-
mance are enhanced both in vitro and in vivo. The results provide
the foundation for more long-term clinical studies and demon-
strate the potential of using this plasma-treated magnesium
implant in the treatment of bone loss.
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