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a b s t r a c t

High-purity magnesium (HP Mg) takes advantage in no alloying toxic elements and slower degradation
rate in lack of second phases and micro-galvanic corrosion. In this study, as rolled HP Mg was fabricated
into screws and went through in vitro immersion tests, cytotoxicity test and bioactive analysis. The HP
Mg screws performed uniform corrosion behavior in vitro, and its extraction promoted cell viability, bone
alkaline phosphatase (ALP) activity, and mRNA expression of osteogenic differentiation related gene, i.e.
ALP, osteopontin (OPN) and RUNX2 of human bone marrow mesenchymal stem cells (hBMSCs).

Then HP Mg screws were implanted in vivo as load-bearing implant to fix bone fracture and subse-
quently gross observation, range of motion (ROM), X-ray scanning, qualitative micro-computed to-
mography (mCT) analysis, histological analysis, bending-force test and SEM morphology of retrieved
screws were performed respectively at 4, 8, 16 and 24 weeks. As a result, the retrieved HP Mg screws in
fixation of rabbit femoral intracondylar fracture showed uniform degradation morphology and enough
bending force. However, part of PLLA screws was broken in bolt, although its screw thread was still intact.
Good osseointegration was revealed surrounding HP Mg screws and increased bone volume and bone
mineral density were detected at fracture gap, indicating the rigid fixation and enhanced fracture healing
process provided by HP Mg screws. Consequently, the HP Mg showed great potential as internal fixation
devices in intra-articular fracture operation.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Magnesium-based materials have been the focus of biodegrad-
able medical implant research. It takes advantages in good
biocompatibility, bioactivity to enhance osteogenic differentiation,
and desirable elastic modulus close to bone [1]. Previously, Mg al-
loys gained interest due to the improvement in load bearing me-
chanical property [2], and controllable corrosion rates [3,4].
However, poor corrosion behavior and corrosion resistance of Mg
alloys limit their applications, mainly due to non-degradable
min@vip.163.com (Y. Chai).
second phases accumulating in the corrosion of Mg alloys. In brief,
micro-galvanic corrosion acceleration caused by second phases
would induce a trend of local corrosion and non-uniform degra-
dation, and then deteriorate the overall performance of degradable
Mg implants. In addition, the pathophysiology and toxicology of
alloying elements were also concerned [5]. Besides elements with
potential toxicological problems, even essential elements, i.e. Ca
[6], Zn [7] and Sr [8], have adverse effects at an excessive concen-
tration. Thus, further improvement of Mg alloys lies in how to
control the accumulation of second phase and release of metal ions
below permitted concentration levels.

Another way to improve the corrosion resistance of Mg-based
materials is purification, which is a more conservative method.
Actually, the corrosion rate of High-purity magnesium (HP Mg)
(99.99%) is typically slower than most of other Mg alloys [9].
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Furthermore, no toxic elements are involved. Abidin et al. [5]
compared the corrosion rate of HP Mg with two Mg alloys, WZ21
and AZ91, and proposed high corrosion rate of traditional Mg alloys
caused by micro-galvanic from second phases. Qiao et al. [9]
modified the production of HP Mg ingot by permanent mould
direct chill casting, and confirmed the promotion in corrosion rate
by adjustable machining. However, the corrosion behavior and
function of HP Mg medical devices were seldom tested in vivo,
especially in fractured animal model under load bearing condition.
Actually, rare reports concerned the application of Mg-based ma-
terials due to the lack of high mechanical strength and animal
model establishment.

In this study, HP Mg materials went through rolling process and
were fabricated into bone screws. Corrosion resistance, biocom-
patibility and osteogenic differentiation promotion of HP Mg screw
were tested in vitro before internal implantation. Then the femoral
intracondylar fractured animal model was used in our study. We
introduced the Mg-based screws in fracture fixation of weight-
bearing bone and compared its effects with commercial PLLA
screws (Takiron, Osaka, Japan) to test the acceleration of corrosion
under mechanical loading condition involved in fracture healing.
After 4, 8, 16 and 24 weeks, HP Mg screws were retrieved for the
evaluation of degradation behavior and mechanical resistance.
Moreover, in vivo functions of HP Mg screw, including screw
osseointegration and fracture healing process, were observed
through gross morphology, knee ROM, qualitative micro-computed
tomography and histological analysis.
2. Materials and methods

2.1. Material and sample preparation

The high-purity magnesium (99.99 wt.% Mg; 0.002 wt.% Si;
0.0015 wt.% Fe; 0.0008 wt.% Al; 0.0008 wt.% Mn; 0.0002 wt.% Ni;
0.0003 wt.% Cu) used in this experiment was supplied by Suzhou
Origin Medical Technology Co. Ltd., China. The as cast HP Mg bars
were first submitted to hot extrusionwith a ratio of 148:1 at 200 �C.
Then the extruded rods were rolled from 48.2 mm to 47.5 mm at
room temperature by a three-rotary rollingmachine. Finally, the as-
rolled samples were heat-treated at 160 �C for 20 min to relieve the
residual stress. Both cross and longitudinal sections of processed
HP Mg exhibited equiaxed grains and the average grain size was
about 20 mm, which was much smaller than that of the as cast one
(200e500 mm, Fig. 1). The yield strength and ultimate tensile
strength was about 148.5 MPa and 199.1 MPa, respectively, which
was much higher than that of the cancellous bone and comparable
to many other Mg alloys, seen in Table 1 [6e8,10e13].

Screw samples were used for in vitro test and in vivo implanta-
tion. The screws were designed and fabricated for femoral intra-
condylar fracture fixation and possessed dimension parameters
similar to PLLA screw (Takiron, Osaka, Japan) (Fig. 2a, b). All the Mg
samples were rinsed in acetone and ethanol successively, and then
washed in distill water, and sterilized with 29 kGy of 60Co radiation.
Fig. 1. Optical microstructure of as cast HP Mg (a) and as rolled HP Mg
2.2. Immersion test

Immersion test for the HP Mg screws were carried out in
modified simulated body fluid (m-SBF) which was prepared ac-
cording to Oyane et al. [14]. HEPES was used as buffer and the ion
concentration in the m-SBF was 142 mM for Naþ, 5.0 mM for Kþ,
1.5 mM for Mg2þ, 2.5 mM for Ca2þ, 103 mM for Cl�, 10.0 mM for
HCO3

�, 1.0 mM for HPO4
2� and 0.5 mM for SO4

2�. The ratio of surface
area to solution volume was 1 cm2: 50 ml. The hydrogen evolution
and pH value of the m-SBF were monitored during the soaking
experiment.

The weight loss of HP Mg screws was evaluated after 4 and 16
week-immersion. The samples were first removed from the solu-
tion, and then were ultrasonically rinsed with 180 g/L chromic acid
and 10 g/L AgNO3 solution followed by distilled water and dried in
flow air to remove the corrosion production. The samples were
weighed and weight loss was calculated. The corrosion rate (CR)
was then calculated as follows:

CR ¼ ðK�WÞ÷ðA� T� DÞ (1)

Where the coefficient K ¼ 8.76 � 104, W is the weight loss (g), A is
the sample area exposed to the solution (cm2), T is the exposure
time (h) and D is the density of the material (g$cm�3). Surface
morphology of the screws after immersion was observed using
scanning electron microscopy (FE-SEM, Quanta 250).
2.3. In vitro cell test

2.3.1. Preparation of extraction
The extraction was prepared according to ISO 10993-5. Briefly,

HP Mg screws were immersed in alpha Modified Eagle's Medium
(a-MEM, Hyclone, Logan, USA), supplemented with 10% (v/v) fetal
bovine serum (FBS, Invitrogen, Carlsbad, USA), 100 U/ml penicillin
and 100 mg/ml streptomycin at 37 �C in a humidified atmosphere
of 5% CO2 for 24 h. The ratio of HP Mg sample to culture medium
was 0.2 g/ml. Then the extraction medium was collected and
refrigerated at 4 �C for use. Mg2þ ion concentration of extraction
was analyzed using inductively coupled plasma atomic emission
spectroscopy (ICP-AES, VISTAPRO, Agilent, USA) and pH value of the
extracts were determined by a pH test-meter (PB-10, Sartorius,
Germany).
2.3.2. Cell viability
The MTT assay was used to determine the cytotoxicity of HP Mg

to human bone marrow mesenchymal stem cells (hBMSCs).
hBMSCs were supplied by the Department of Orthopedic Surgery
Sixth People's Hospital Affiliated with the School of Medicine of
Shanghai Jiao Tong University according to reported method [15].
The study was approved by the Ethic Committee of Affiliated with
the School of Medicine of Shanghai Jiao Tong University. hBMSCs
(7 � 104 cells/100 ml) were seeded in the 96-well tissue culture
plate and cultured with a-MEM in a humidified incubator
in (b) cross and (c) longitudinal section (Scale bar means 100 mm).



Table 1
Mechanical properties of biomedical magnesium and alloys.

Category Materials Yield strength (MPa) Ultimate tensile strength (MPa) Elongation % Reference

Pure Mg HP Mg 148.5 ± 2.4 199.1 ± 2.3 8.1 ± 0.7 Present study
As cast Mg / 21 / [10]
As extruded Mg / 90e105 / [10]

Mg alloys Mg-1Ca ~135 239.6 10.6 [6]
Mg-2Sr ~145 213.3 ± 17.2 3.2 ± 0.3 [8]
Mg-6Zn 169.5 ± 3.6 279.5 ± 2.3 18.8 ± 0.8 [7]
AZ31 202 268 12 [11]
WE43 216.67 ± 2.89 297.67 ± 4.39 216.67 ± 2.8 [12]

Natural Bone Cancellous bone / 1.5e38 / [13]
Cortical bone / 35e283 1.07e2.10 [13]

Fig. 2. The picture of (a) HP Mg screw and (b) PLLA screw. The screws had a major diameter of 2.7 mm, a core diameter of 2.1 mm, a pitch of 1 mm and a length of 27 mm. The
critical surgery procedure involved (c) fracture gap in femoral intracondyle, (d) rigid fixation and (e) diagrammatic drawing of femoral intracondylar fracture fixation (Scale bar
means 2 mm).
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containing 5% CO2 at 37 �C for 24 h. Then the culture medium was
replaced by the HPMg extractions and kept further incubation for 1,
3 and 5 days, respectively. The control groups involved the use of a-
MEM medium as negative controls and 0.64% phenol a-MEM me-
dium as positive controls. The culturemediumwas changed every 3
days. At determined time, 10 ml of the MTT solution was added to
each well and further incubated for 4 h, after which 10 ml sodium
dodecyl sulfate was added to each well and incubated for a further
0.5 h. Finally, the absorbancewas recorded by amultimode detector
on the Beckman Coulter DTX 880 (Beckman Coulter, Brea, USA) at a
wavelength of 570 nmwith a reference wavelength of 640 nm. The
cell viability was determined from the absorbance readings.
Table 2
Primer pairs used in RT-qPCR analysis.

Gene Forward primer Reverse primer

GAPDH 5-ACCCAGAAGACTGTGGATGG-3 5-CACATTGGGGGTAGGAACAC-3
ALP 5-GAGCGGAGAGTACTGGATCG-3 5-GTTCGGGCTGATGTACCAGT-3
OPN 5-TCTGATGAGACCGTCACTGC-3 5-AGGTCCTCATCTGTGGCATC-3
RUNX2 5-CCCAGCCACCTTTACCTACA-3 5-TATGGAGTGCTGCTGGTCTG-3
2.3.3. Alkaline phosphatase (ALP) activity
hBMSCs (1.4 � 104 cells/well) were seeded on a 24-well tissue

culture plate and subsequently incubated in a humidified incubator
mentioned above for 1 day. Then, culture medium was replaced
with the HP Mg extraction and the sample harvested on the 7th,
14th and 21st day, respectively. The control groups involved the use
of a-MEMmedium. The culture mediumwas changed every 3 days.
ALP activity was measured using p-nitrophenyl phosphate (pNPP)
(Sigma, Ventura, USA) at 405 nm while the total protein content
was determined by the protein assay kit according to the protocol
provided. The OD values were finally normalized to the total pro-
tein content correspondingly. And the standard group was at
0.022 mg/ml, which was made of pure ALP enzyme.
2.3.4. Real-time quantitative PCR (RT-qPCR) analysis
The osteogenic differentiation related genes, i.e. ALP, osteo-

pontin (OPN), RUNX2 were analyzed by RT-qPCR, using GAPDH as
the housekeeping gene. The hBMSCs were seeded at a density of
2 � 104 cells/disc in a-MEM and incubated in a humidified incu-
bator for 1 day. On the second day, culture medium in each well
was replaced with the HP Mg extraction. The sample harvested on
the 7th, 14th and 21st day, respectively. Total RNA was isolated
using TRIZOL reagent (Invitrogen, Carlsbad, USA) and then the
cDNA synthesis performed according to the provided protocol
(Takiron, Osaka, Japan). Bio-Rad C1000 was finally used for the RT-
qPCR analysis with SYBR Premix Ex Taq II (Takiron, Osaka, Japan),
and the prime sequences used list in Table 2. The expression levels
of osteogenic differentiation related genes were evaluated and
normalized to the internal standard gene (GAPDH).
2.4. In vivo animal studies

2.4.1. Surgical procedure
All the animal experiments were approved by the Animal Care
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and Experiment Committee of Sixth People's Hospital Affiliated
with the School of Medicine of Shanghai Jiao Tong University. 36
skeletally matured New Zealand White Rabbits with mean weight
3.0 ± 0.5 kg were used. All rabbits were randomly separated into
two groups according to implant materials: 24 rabbits for HP Mg
screw and 12 for PLLA screw. Each group was further divided into
four subgroups according to implantation time of 4, 8, 16 and 24
weeks.

All surgical operation was performed by the same skilled or-
thopedic surgeon. The rabbits were anaesthetized with 4% chloral
hydrate (1.0 ml/100 g). The left leg was shaved, depilated, and
disinfected with iodine. Then the rabbits were placed in the supine
position, with the femur covered by a sterile drape to provide
sterile conditions during surgery. A 5 cm longitudinal lateral par-
apatellar incision was made across the knee. After the femoral
condyle was exposed, the intra-articular fracture model was
created by osteotomy in perpendicular planes using 1 mm-blade
saw. The osteotomy was performed across lateral-superior and
medial-inferior vertices of patellar surface on transverse section
(Fig. 2c). After temporary reduction, an approximately 2.0 mm hole
was drilled into the medial femoral condyle from the top of lateral
epicondyle tomedial epicondyle (Fig. 2d). The screwwas implanted
after countersinking by a 7 mm drill bit. Fixation of biodegradable
screws was performed with an equal inter-fragmentary pressure
(Fig. 2e). The skin and subcutaneous tissue was closed in layers by
silk suture. The rabbits were confined to small cages individually
for 1 week without immobilization. Food intake and hydration
were monitored during this period, and antibiotic (Amoxicillin
150 mg/10 kg weight) was administered subcutaneously once a
day. All rabbits were monitored daily postoperatively for signs of
significant limping, infection, subcutaneous emphysema formation,
screw exposure and loss of appetite.

2.4.2. X-ray scanning
Ventro-dorsal digital radiographs of knee were taken soon

postoperation to document anatomic reduction and correct place-
ment of screws. The X-ray machine (Digital Diagnost, Philips,
Amsterdam, Netherlands) at the operation conditions was set as
follows: 52 kV, 3.2 mAs and 10.9 ms. Then X-ray scanning was then
performed at 4, 8, 16 and 24 weeks to evaluate the fracture healing.

2.4.3. Range of motion (ROM) of knee
At prescribed time, the knee ROM was measured using a goni-

ometer with the rabbits under anesthesia as previously described
[16]. Briefly, three points (proximal femur, distal tibia, and lateral
femoral condyle) were used by goniometer to measure the knee
joint angle. Only one researcher performed the ROM measurement
blindly, and three measurements were performed per rabbit, and
the average value was calculated.

2.4.4. Gross observation
The rabbits were sacrificed at 4, 8, 16 and 24 weeks post-

operation. Expose femoral condyle along the original cut. After the
detection of periosteum, the femoral condyle was dissected and
distal part of the femur was then photographed and evaluated ac-
cording to the adjusted Oswestry Arthroscopy Score (OAS) macro-
scopic assessment [17] (Table 3). Three times of measurement were
performed blindly, and the average value was calculated.

2.4.5. Qualitative micro-computed tomography (mCT) assessment
mCT scanning was performed to analyze the in vivo degradation

of the HP Mg screw, new bone formation around the implant and
fracture healing process. At least three samples containing
implanted screws were scanned per type and time point by mCT
(Laborotary Micro-CT Scanner eXplore RS 80, GE Healthcare, Little
Chalfont, UK). The X-ray tubewas set at 80 kV and 450 mAwith scan
resolution of 45 mm and exposure time of 400 ms. The two-
dimensional evaluation was carried out by a semi-quantitative
scoring based on the previous classification system (Table 4)
[18,19]. The scoring allocated values from 0 to 3 for defined features
in each cross-section 2D images of the mCTand amean value of each
time point was computed based on three observers blindly.

A three-dimensional evaluation was performed on the basis of
ex vivo mCT investigation. Bone radio morphometric analysis was
performed using Micro View 2.2 Advanced Bone Analysis Appli-
cation software (GE Health Systems, Waukesha, WI, USA). Regions
of interest (ROI) for HP Mg screws were manually outlined around
the screws within 2D slices of the respective scan for generation of
3D remodeling using a threshold of gray value. The percentage
volume change (△v) was calculated as the difference between the
initial volume (v0) and the final volume (v1):

Dvð%Þ ¼ ððv0� v1Þ=v0Þ � 100% (2)

The bone volume and bone mineral density (BMD) around
screw was performed by user defined ROI around the screws using
a threshold initially set at the default software value for CT bone
[20,21]. While measuring the bone volume and BMD at osteotomy
site, ROI was subsequently defined in the fracture gap extending to
the interface with screws and bone.

2.4.6. Histological analysis
After the scanning of mCT, the implanted femur underwent hard

tissue processing. Briefly, the samples were fixed in 10% buffered
formalin for 3 days. Then the samples were dehydrated stepwise for
3 days in gradient ethanol, followed by incubation in xylene for 3
days. Finally, all the samples were embedded in methyl-
methacrylate, according to the manufacturer's instructions. The
embedded samples were then cut into sections with a thickness of
200 mm and micro-ground down to a thickness of 50e70 mm.

After Van Gieson staining, the histological analyses of bone-
implant contact (BIC) was carried out as reported in previous
study [22] using optical microscopy (Leica DM2500, Leica, Ger-
many) coupled to an image analyzer (Image-Pro Plus, Media
Cyberbetics, USA). The percentage of BIC was determined using the
following equation:

BIC ¼ bone contact length=implant length within one pitch

� 100%

(3)

2.4.7. In vivo degradation of HP Mg screws
The morphology of the retrieved HP Mg and PLLA screws

was performed by SEM and EDS. The corrosion rate of HP Mg
screw in vivo after rinsing was calculated using the same
method as in vitro test. The mechanical retention (three point
bending) at different implanting time was investigated using
Zwick materials testing machine (Z020, Zwick/Roell, Germany).
The support span was 12 mm and the maximum bending load
was recorded.

2.5. Statistical analysis

The data of ROM, BIC and three-bending test were statistically
analyzed with the SPSS 17.0 software package (SPSS Inc, Chicago,
USA). Additionally, the data was analyzed separately in accordance
with the time point and experimental/control group with one-way
ANOVA. And t-Tests were carried out in the scoring system results



Table 3
Adjusted OAS macroscopic assessment for intercondylar fracture.

Item Description Score

Fracture gap level with surrounding cartilage Level 2
Raised 1
Below 0

Integration of fracture gap with surrounding cartilage Complete 2
Minor disruption (＜25% of area) 1
Major disruption (＞25% of area) 0

Stiffness in fracture gap Normal compared to adjacent cartilage 2
Softer 1
Very soft/hard 0

Appearance of articular surface Smooth 2
Fine fronds 1
Severe fronds 0

Color of articular surface Pearly, hyaline-like 2
Gloomy white 1
Yellow bone 0

Total 10
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to determine differences between the two material groups at each
time point. P < 0.05 was considered to be significant. If the group
difference was significant, a post hoc test using Stu-
denteNewmaneKeulscomparison was performed for group
homogeneity.
3. Results

3.1. In vitro test

3.1.1. Immersion test
The hydrogen evolution was illustrated in Fig. 3a after 4 weeks

immersion. It could be seen that the H2 released rapidly within the
first 2 days and then decreased to a stable level. The overall volume
of released H2 after 4 weeks was 5.4 ± 0.1 ml, and the degradation
of HP Mg showed a relatively low level, about 0.08 ml/cm2/day.
Similarly, the pH value in Fig. 3b exhibited a decline of growth
trend, and the pH was approximately 8.30 ± 0.03 after 4 weeks.

The in vitro weight loss of HP Mg screw was about 7.7% after 4
weeks immersion and the calculated corrosion rate was
0.36 ± 0.07mm/y. The corrosion rate decreased to 0.13 ± 0.01mm/y
as the immersion time extended to 16 weeks, which was seemly
due to the formation of degradation production layer on the surface
Table 4
mCT assessment for intercondylar fracture.

Item

Assessment of the bone structure surrounding screws [18]

Hypodense area in bone tissue [18]

Bone accumulation in fracture gap [19]

Width of fracture gap [19]

Bend angle of screw bolt

Total
that retarded further corrosion. This trend was in agreement with
the reported values in the literature [23]. More importantly, the HP
Mg screws exhibited a uniformly corroded characteristic. As shown
in Fig. 3c, less corrosion occurred on the surface of screws after 4
weeks immersion. There appeared some small isolate pits on the
surface of screws in 8 and 16 weeks groups, nevertheless, no severe
pitting holes could be revealed and screw threads remained clearly.
3.1.2. Biocompatibility and bioactivity in vitro
The Mg2þ ion concentration of the HP Mg extraction after 24 h

immersion in a-MEM was 3.25 ± 0.12 mM and the pH value was
7.85 ± 0.06. Fig. 4a showed the cell viability of hBMSCs after
culturing in HP Mg extraction for 1, 3, 5 days. Significant higher
(p < 0.01) cell viability was found at each time period when
compared to the positive control group, especially on day 5, the cell
viability was 171.1 ± 11.6%, whichmeant great stimulation of HPMg
extraction, more likely increased Mg2þ ions, to the proliferation of
hBMSCs.

As shown in Fig. 4b, the ALP activity of hBMSCs was significantly
higher than the control group after culturing in HP Mg extraction
for 14 days and 21 days, indicating promoted osteogenic differen-
tiation of hBMSCs. Correspondingly, the ALP expression in mRNA
level of hBMSCs preformed same trend, as depicted in Fig. 4c. The
Description Score

Regularities 3
Minor irregularities (<30% of the area) 2
Distinct irregularities (30%e60% of the area) 1
Severe irregularities (>60% of the area) 0
None 3
Minor (<1/3 of bone volume) 2
Distinct (1/3e2/3 of bone volume) 1
Severe (>2/3 of bone volume) 0
＞2/3 of the fracture gap 3
1/3e2/3 of the fracture gap 2
＜1/3 of the fracture gap 1
No gap healing 0
None 3
<1 mm 2
1 mme1.5 mm 1
1.5 mme2 mm 0
None 3
<5� 2
5e15� 1
>15� 0

15



Fig. 3. Immersion tests. The hydrogen evolution (a) and pH value (b) of HP Mg screw immersed in m-SBF. (c) Surface morphology of HP Mg screws after immersion in m-SBF for 4, 8
and 16 weeks (Scale bar means 1 mm).

Fig. 4. (a) Cell viability of hBMSCs in HP Mg extraction using MTT assay; (b) ALP activity of hBMSCs after 7, 14 and 21 days; (c) Osteogenic differentiation of hBMSCs by measuring
the mRNA expression level of ALP, OPN and RUNX2 after 7, 14 and 21 days. 1 represents HP Mg extraction group; 2 represents control group (#p > 0.05, *p < 0.05, **p < 0.01).

P. Han et al. / Biomaterials 64 (2015) 57e6962



Table 5
Scores of adjusted OAS macroscopic assessment for femoral intercondylar fracture.

Time (week) Group Fracture gap level
with surrounding
cartilage

Integration of fracture
gap with surrounding
cartilage

Stiffness in fracture
gap

Appearance of
articular surface

Color of articular
surface

Total

Min Max Avg Min Max Avg Min Max Avg Min Max Avg Min Max Avg

4 HP Mg 0 1 0.17 0 2 1.00 0 1 0.33 0 2 1.00 0 2 1.00 3.50
PLLA 0 1 0.50 0 2 1.16 0 1 0.83 1 2 1.67 0 2 1.33 5.49

8 HP Mg 0 2 1.17 1 2 1.67 0 2 1.00 1 2 1.33 1 2 1.67 6.84
PLLA 0 1 0.67 1 2 1.50 0 2 0.83 1 2 1.50 0 2 1.00 5.50

16 HP Mg 1 2 1.33 1 2 1.83 0 2 1.33 1 2 1.83 1 2 1.33 7.65
PLLA 0 2 1.50 1 2 1.67 0 2 1.67 1 2 1.33 0 2 1.16 7.33

24 HP Mg 0 2 1.50 1 2 1.67 1 2 1.50 1 2 1.83 1 2 1.50 8.00
PLLA 1 2 1.67 1 2 1.50 1 2 1.50 1 2 1.50 0 2 1.67 7.83
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OPN and RUNX2 expression of both groups increased gradually
with culturing time, and significantly higher OPN expression were
found after 14 and 21 days in HP Mg extraction group in compar-
ison with the control group, whereas significant difference of
RUNX2 expression was only found after 14 days. The result further
demonstrated enhanced osteogenic activity of hBMSCs in HP Mg
extraction.

3.2. In vivo testing

3.2.1. Knee ROM
No infection or pneumodermwas found at implantation site. All

rabbits recovered normal activity without immobilization within 4
weeks, with no lameness or abnormality. The postoperative knee
ROM was presented in Supplementary Fig. 1. There was a decrease
in both groups within the first 8 weeks, which kept around 106�,
probably due to early joint adhesion. A significant recovery of ROM
was found inweek 24, and it was 150.3 ± 17.2� for HPMg group and
142.0 ± 1.6� for PLLA group, respectively.

3.2.2. Gross observation
The semi-quantitative scores reflecting macroscopic evaluation

of retrieved distal femur were displayed in Table 5. The HP Mg
group exhibited higher total score than PLLA group along the im-
plantation time, especially in fracture gap level and appearance of
articular surface, which indicated good biocompatibility of HP Mg
screws that no severe inflammatory response in the degradation of
HP Mg screws.
Fig. 5. Radiograph of rabbit knee joint soon postoperation and at 4, 8, 16 and 24 weeks post
formed peri-implant (Scale bar means 10 mm).
3.2.3. X-ray scanning
The X-ray images of knee joint were depicted in Fig. 5. From 4

weeks postoperation, radiographic sign of high-density area sur-
rounding implantation site could be observed in HP Mg group,
suggesting new bone formation. And the area increased in size and
density. Comparatively, no high-density area was found in PLLA
group before 24 weeks. Fracture fragment displacement or screw
loosing was not revealed throughout the observation period, indi-
cating rigid fixation in fracture healing process provided by both HP
Mg screws and PLLA screws.

3.2.4. Qualitative mCT assessment
The representative 2D mCT images of femur with screw were

shown in Fig. 6a. Bony ingrowth was observed around screw in
both groups. Semi-quantitive scores of different slices were sum-
marized in Table 6. The bone tissue accumulated surrounding
screw, with hyperradiodensity area decreasing with time. Similar
evaluation in scores was obtained. The mass and quality of bone
tissue around screw was presented in bone volume and BMD, as
depicted in Fig. 6b, c. The results of HP Mg group showed obvious
increase in these two parameters at 8 and 16 weeks, in comparison
with PLLA group, indicating good osseointegration properties of HP
Mg materials.

Fig. 6a of the CT image revealed the fracture gap disappeared
gradually. Bone fracture completely healed after 8 weeks in both
groups. This was also reflected by the scores in width of fracture
space shown in Table 6. The bone accumulation in fracture gap
demonstrated slightly higher scores in HPMg group inweek 16 and
operation. Fracture fragments were fixed by screws (red boxes). New bone (red arrows)
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week 24. Meanwhile, the bone volume and BMD in Fig. 6d, e,
respectively, were higher in HP Mg group as compared to PLLA,
which indicated more matured bony bridge in fracture gap of HP
Mg group as well.

As shown in Fig. 6f, gradually degradation of HP Mg screw was
observed according to the corroded morphology and blurring
screw thread contour. There was a great decrease in HP Mg screw
volume from 16 weeks (Fig. 6g), but screw bolt kept integrity
throughout experiment. By contrast, obvious crack and fracture
were detected in the PLLA screw after 24 weeks implantation,
which was also depicted in Table 6.

3.2.5. Histology analysis
Microscopically, newly formed bone without fibrous tissue was

observed in direct contact with HPMg screws fromweek 4 onwards
(Fig. 7a). While in PLLA group, mass fibrous tissue was observed.
The BIC presented in Fig. 7b indicated significantly more bone
ingrowth into the HP Mg screw than PLLA screw in first 8 weeks,
and comparable BIC value maintained in the following time. With
experimental time advanced, the continuity and thickness of
trabeculae surrounding screw kept growing.

Fig. 7c illustrated histological changes in fracture healing pro-
cess. In week 4, the osteotomy gap in HP Mg group was filled with
irregular woven bone, and the PLLA group showed mass of loose
fibrous tissue. And then, the woven bone gradually turned into
lamellar bone in HP Mg group. In PLLA group, bony structure
started to bridge the fracture gap in week 8. Both groups showed
complete fracture healing in week 16 and 24. Moreover, HP Mg
screw showed greater mineralized area, thicker trabeculae and
more matured bone structure at original osteotomy site.

3.2.6. Degradation analysis of the screws
Fig. 8 showed the representative SEM morphologies of HP Mg

and PLLA screws after 4 and 24 weeks implantation. The HP Mg
screws corroded greatly and corrosion products covered the surface
which mainly contained oxide and calcium phosphate deposition.
Screw thread could hardly be observed at 24 weeks. On the con-
trary, PLLA screw thread remained intact during the implantation.
However, fracture occurred on the samples at 24 weeks since the
decrease of mechanical strength in the degradation of PLLA.

There was a reduction of approximately 24.6% in weight for the
HP screws within the first 4 weeks, and 39.2% remained after 24
weeks. The calculated corrosion rate was 1.38 ± 0.03 mm/y for 4
weeks. A great decline in degradation rate after 24 weeks, which
was 0.57 ± 0.03 mm/y, had been achieved. Fig. 8g showed the
weight and bending force retention of HP Mg screw after implan-
tation. There appeared a sharp decrease in bending forcewithin the
first 4 weeks due to the rapid degradation of HP Mg screw under
in vivo load-bearing condition. And then a relatively steady bending
force attenuation rate to weight loss was revealed, which demon-
strated uniform corrosion characterization of HP Mg. This result
was consistent with the SEM morphology and 3D mCT reconstruc-
tion of HP Mg screws.

4. Discussion

An ideal biodegradable material for fracture fixation should
have certain properties including adapted and lasting mechanical
properties, suitable degradation rate, good ossointegration, and
Fig. 6. (a) mCT scanning of rabbit femur with screws at 4, 8, 16 and 24 weeks postoperation (
around the screw; (c) BMD of bone tissue around the screw; (d) Volume of bone tissue in
implanted HP Mg screw; (g) The volume change of screw (Dashed line means reference le
good biocompatibility. In this study, we fabricated biodegradable
screws from rolled HPMg, which showed highmechanical strength
and corrosion resistance in vitro. Moreover, we firstly compared the
functional performance of HP Mg screw with PLLA screws in fixa-
tion of weight-bearing fracture model, as mechanical stress
involved might accelerate degradation, reduce mechanical
strength, deteriorate osseointegration [12,24], and reversely, affect
fracture healing process [25,26].
4.1. Degradation of HP Mg under mechanical stress involved in the
fixation of femoral intracondylar fracture

Biodegradable magnesium alloys for orthopedic applications
have been widely investigated to enhance the mechanical strength
and corrosion resistance of traditional Mg material [10]. However,
the second phase on grain boundary of Mg alloys might induce a
trend of micro-galvanic corrosion acceleration, local corrosion and
non-uniform degradation. In this study, the HP Mg with single a-
Mg phase performed desirable corrosion rate and relatively uni-
form degradation properties after rolling process. Xin et al. [27]
summarized the corrosion rate of Mg-based materials in SBF in a
more recent study, and proved that Mg with a purity of 99.99%
degrades at a rate which is only 10% of Mg with a purity of 99.9%,
which was about 0.24 ml/cm2/day. In this study, the corrosion rate
decreased to 0.08 ml/cm2/day after rolling process, even lower than
WE43magnesium alloy 0.15ml/cm2/day, which were thought to be
stable in vivo [27]. It is therefore assumed that the improvement in
corrosion resistance after rolling process made it as a potential
implantation material.

Based on our in vivo experiment, the corrosion rate was
1.38 ± 0.03 mm/y for 4 weeks postoperation, in comparison with
only 0.36 ± 0.07 mm/y after 4 weeks immersion. It can be supposed
that the mechanical stress involved in the fixation of weight-
bearing bone fracture promoted the degradation of screws. Actu-
ally, complicated biomechanical condition was involved in the
fracture fixation process, usually including axial, bending, torsion
and shear forces [28]. In previous study, numerous studies have
been focusing on the degradation performance of Mg-based screws
inserted to intact host bone, i.e. AZ31 screw in rabbit mandible [29]
and sheep hip bone [30], MgCa0.8 alloy screws in rabbit tibiae [31],
which performed a in vivo stale and gradual corrosion rate.
Furthermore, Gu et al. [12] and Kannan et al. [32] revealed corro-
sion promotion of Mg-based materials (as cast AZ91D, as extruded
WE43 alloys and AZ31) by mechanical stress in stimulated physi-
ological stress environment. However, the impact of mechanical
stress resulting from in vivo fracture fixation of weight-bearing
bone remained unclear. In this study, we introduced HP Mg
screws in the fixation of femoral intracondylar fracture. Uniform
pitting corrosion prevailed in HP Mg screw with no localized
corrosion or corrosion cracking detected throughout experiments
(Fig. 8), indicating desirable degradation performance. In addition,
corrosion rate slowed down since 4 weeks postoperation and
performed significant linear correlation with time until 24 weeks
postoperation. This was attributed to the fracture healing process.
Mechanical stress gradually transferred from the segment of screws
exposed in fracture gap. As the bone remodeling and bone tissue
organizationwould not complete until 16 weeks postoperation, the
gradual and uniform corrosion of HP Mg screw indicated its po-
tential in orthopedics application.
Red arrows referred to fracture gap; Scale bar means 5 mm); (b) Volume of bone tissue
fracture gap; (e) BMD of bone tissue in fracture gap; (f) In vivo 3D mCT images of the
vel soon postoperatively; Scale bar means 1 mm) (#p > 0.05, *p < 0.05).



Table 6
Scores of mCT assessment for intercondylar fracture.

Time (week) Groups Assessment of the bone
structure surrounding
screws

Hypodense area in
bone tissue

Bone accumulation in
fracture gap

Width of fracture space Bend angle of screw
bolt

Min Max Avg. Min Max Avg. Min Max Avg. Min Max Avg. Min Max Avg.

4 HP Mg 1 3 1.50 1 3 2.33 1 3 1.50 0 2 1.33 2 3 2.67
PLLA 0 2 1.13 3 3 3.00 2 3 2.16 0 2 1.5 2 3 2.50

8 HP Mg 1 3 1.67 2 3 2.67 1 3 2.16 1 3 2.67 2 3 2.50
PLLA 1 2 1.13 3 3 3.00 1 3 2.33 1 3 2.84 1 3 2.33

16 HP Mg 1 3 1.83 2 3 2.5 2 3 2.83 3 3 3.00 2 3 2.50
PLLA 1 3 2.00 3 3 3.00. 1 3 2.16 3 3 3.00 1 2 2.33

24 HP Mg 1 3 1.83 2 3 2.5 2 3 2.83 3 3 3.00 1 2 2.17
PLLA 1 3 2.00 3 3 3.00 2 3 2.40 3 3 3.00 1 2 1.50
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As the corrosion proceeds, the degeneration of mechanical
integrity was expected. Absorbable biomaterials for internal fixa-
tion devices should retain their mechanical strength for at least 4
weeks and then gradually lose their mechanical strength to reduce
tendency of stress shielding effect [33]. The residual bending force
after 4 weeks was about 60.8% of the original, approximately pro-
portional to the weight loss. In a more recent study by Tan et al.
[34], the AZ31B screws implanted in a rabbit animal model lost
26.4% of their initial bending load at 4 weeks. Nevertheless, the
actual bending force of HP Mg screw (about 177.3N) was still much
higher than that of AZ31B screw (about 79.6N), considering the
influence of size and geometry of screws as well as environmental
factors, i.e. implantation site and mechanical stress [35]. Moreover,
no bending load values were obtained after 4 weeks of implanta-
tion since the PLLA screw sharing the identical design as AZ31B
screw broke in the experiment [34]. Severe fragmentation of
retrieved PLLA screws also occurred in our test ever since 8 weeks
implantation. The breakage of PLLA screw was detected mCT scan-
ning at 16 weeks postoperation (Fig. 6a). Considering the screws
and fixed fracture fragments as a mechanical system, no mechan-
ical retention could be provided by the break screws which lost
Fig. 7. (a) Histologic overview of HP Mg and PLLA screw implanted in femoral intracondy
fracture gap at 4, 8, 16, 24 weeks postoperation (#p > 0.05, **p < 0.01. Scale bar means 1 m
integrity. As control, HPMg screws performed potential mechanical
retention properties under mechanical stress in comparison with
traditional polymers and performed more reliable in the fixation of
weight-bearing bone fracture.
4.2. Bone-screw osseointegration

Osseointegration, the formation of direct interface between
implant and remodeled bone, was essential for implant success and
internal fixation stability [36]. In clinical application of PLLA screws,
minimal calcification and occasionally no bone ingrowth occurred
at the implantation site in long term follow-up survey [37]. In this
study, biodegradable HP Mg screw exhibited advantage in
osseointegration over the commercial PLLA screw for fixation of
femoral intracondylar fracture. The bone volume and mineral
density surrounding HP Mg screw were relatively higher than PLLA
counterpart, especially at 8 weeks. Concurrently, high score of
radiographic evaluation was obtained indicating bone anchorage
and screw fixation. Histological examination also showed matured
bone tissue ingrowth in HP Mg screw. Much evidence proved good
osseointegration and bone ingrowth around Mg alloy screws
le. Van Gieson stain. (b)BIC calculated by histological slices. (c) Histologic overview of
m).



Fig. 8. Exemplary SEM morphologies of the screws. HP Mg screws at (a) 4 weeks, (b) 24 weeks postoperation and (c) corresponding surface composition. PLLA screws at (d) 4
weeks, (e) 24 weeks postoperation and (f) corresponding surface composition. (g) The weight and bending force retention of HP Mg screw after in vivo fixation (Scale bar means
1 mm).
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[29,30,38]. Therefore, it was supposed Mg ion, which evolved
during the degradation of the Mg material, significantly affected
the osteogenic differentiation of the surrounding tissue. Galli et al.
[39] conducted physical deposition of 10 mg/ml Mg ions on the
surface of threaded implants coated with mesoporous TiO2 thin
films, and showed fold-changes in the expression of osteogenic
differentiation related genes (ALP, RUNX2, OCN et al.) in the
attached bone. In addition, enhanced cell viability, specific ALP
activity and expression of osteogenic differentiation related genes
of hBMSCs in the HP Mg screw extraction can also be learned.
Meanwhile, the hBMSCs differentiation and deposition of calcium
phosphate were quite limited on the surface of PLA materials in
previous study [40].

Good osseointegration is essential for the achievement of rigid
fixation of fracture fragments. The implant-bone interlocking, or
screw holding strength inhibits detrimental micromotion and
related peri-implant bone loss or fixation failure [41]. In this
research, rigid internal fixation was provided by HP Mg screw. No
fragment displacement or screw loose was detected in the X-ray
image and mCT scanning throughout the observation period. The
gap was kept within 1 mm and gradually diminished by histology
examination around the fracture. Consequently, osteocondral
fracture healing was achieved in HP Mg group on the basis of cor-
rect anatomical reduction of the fracture ends and stable fixation.
4.3. Fracture fixation and healing

The fracture healing process in HP Mg group was characterized
by direct bony bridge between osteotomy gap, trabecula accumu-
lation and remodeling of lamellar bone. Simultaneously, relatively
high mineral density was observed in femur, especially at osteot-
omy site and surrounding HP Mg screws. This is in line with bone
accumulation surrounding HP Mg screws, which allows an efficient
transfer of potentially-stimulating force to the surrounding tissues
in the late phase [41]. However, stress shielding effect could pre-
vent mechanical loading transfer and reduce the stimulation of
new bone growth and remodeling in the long term application [42].
The effect was related to the mismatch of mechanical properties
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between natural bone tissue (3e20 Gpa) and current metallic
biomaterials, i.e. Ti (elastic modulus: 110e117 Gpa) and stainless
steel (elastic modulus: 189e205 Gpa). Antonialli et al. [43]
decreased the elastic stiffness of Tie6Ale4V alloys (elastic
modulus: 110 GPa) hip prosthesis by a thin layer coating of TiNb-
TaZr (elastic modulus: 47 GPa) and minimized bone lose around
implant. Castellani et al. [20] implanted WE43 (elastic modulus: 45
Gpa) into the femur of rats and achieved enhanced bone response
and excellent interfacial strength after 24 weeks. Furthermore, the
mechanical properties of Mg-based materials (elastic modulus:
43 GPa) was much close to that of cortical bone (elastic modulus:
6e20 GPa). Therefore, HP Mg (elastic modulus: 43 Gpa) showed
great potential in reducing mineral loss or cortical bone atrophy in
long term implantation.

Surgical treatment of intraarticular fracture has been strongly
recommended regarding the ability to maintain anatomic reduc-
tion and the early return to daily activity. The outcome assessment
in this study was objective and cautious, based on the knee ROM
and gross observation. Articular surface of femur kept in good
condition throughout the experimental observation in both groups,
and knee ROM recovered to original level at the end of experiment.
Despite documented safety, there have been amount of reports
manifesting potential complications of PLLA screws, i.e. accelerated
arthropathy, loss of fixation, osteolysis and synovitis, varying from
2.0% to 46.7% in the orthopaedic literature [44]. It is likely to result
from hydrolyzed polymeric debris that was beyond the clearance
capacity of the surrounding tissue. It has also been supposed that
high molecular weight, partially-crystalline PLLA disintegrates into
polymer fragments with high crystallinity and therefore provoke a
prolonged inflammation and foreignebody reaction [45]. There-
fore, it remains unclear in our study whether the adverse tissue
reactions would occur after PLLA screw fragmentation. To be
opposite, degradation of HP Mg generally proceeds to produce
Mg(OH)2 and organic molecules over the implant surface, which
was absorbable or even essential in the formation of new bone. Due
to the high purity of materials used, rare second phases would
formed between the metal matrix and intermetallic phase, or grain
boundary [10]. Therefore, nondegradable fragments seldom formed
in the HP Mg group or caused problems in bone consolidation. This
is in consistence with more recent studies involving Mg alloys and
HP Mg [5] although further studies is still in need comparing long-
term in vivo degradation behavior and biocompatibility of HP Mg
and other biodegradable materials.

5. Conclusion

In the present study, HP Mg was investigated as load-bearing
implant for femoral intracondylar fracture fixation.

(1) In vitro test, HP Mg exhibited homogenous equiaxed micro-
structure and adequate mechanical properties of 199.1 MPa
in ultimate tensile strength. It also performed stable and
uniform degradation characteristic when immersed in m-
SBF. No severe pitting was revealed on the surface and the
corrosion rate was 0.13 ± 0.01 mm/y after 16 weeks. Good
biocompatibility was achieved in the cell test, and ALP ac-
tivity, expression of osteogenic differentiation related genes,
such as ALP, OCN, RUNX2 of hBMSCs were promoted in the
HP Mg extraction.

(2) In the fixation of femoral intracondylar fracture, the
retrieved HP Mg screws performed corrosion rate of
1.38 ± 0.03 mm/y at 4 weeks postoperation, then decreased
to 0.57 ± 0.03 mm/y. The same trend was detected in the
weight and bending force retention of HP Mg screw, with a
sharp decrease in bending forcewithin the first 4 weeks. This
result was in consistent with SEM scanning, with oxide and
calcium phosphate deposited on the surface of thread blur-
ring HP Mg screws. In comparison, PLLA screw thread
remained intact but breakage of screw bolt occurred after 16
weeks.

(3) The bio-function of HP Mg screw performed well in vivo.
Good osseointegration detected around HP Mg screw, which
provided rigid fixation during degradation and the fracture
healed at 8 weeks postoperation. The fracture gap was filled
with matured bone tissue and increased bone volume and
bone mineral density were obtained in HP Mg group as
compared to PLLA group. In conclusion, the results showed
promise for the future use of biodegradable HP Mg as in-
ternal fixation devices in femoral intracondylar fractured.
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