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In this paper, we describe a new biodegradable composite composed of polycaprolactone and magne-
sium. Incorporation of magnesium micro-particles into the polycaprolactone matrix yields mechanical
properties close to those of human cancellous bone, and in vitro studies indicate that the silane-coated
Mg/PCL composites have excellent cytocompatibility and osteoblastic differentiation properties. The
bioactivity of the composites is manifested by the formation of calcium and phosphate after immersion
in simulated body fluids. The bulk mechanical properties can be maintained for 2 months before obvious
degradation takes place. The in vivo animal study reveals a larger amount of new bone formation on the
silane-coated Mg/PCL composites compared to conventional PMMA and pure polycaprolactone and our
results suggest potential clinical applications of the sliane-coated Mg/PCL composites.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Osteoporotic bone fractures afflict 200 million people world-
wide, particularly women over the age of 65 [1,2] and in the United
States, there are more than 1.5 million fractures annually [3]. The
types of bone fractures range from vertebral fractures to extremity
fractures including fractures of proximal femur, humerus, and distal
radius [4]. Cement augmentation is a promising approach to repair
osteoporotic fractures. Polymethylmethacrylate (PMMA) is a con-
ventional bone cement that has been widely used in orthopedic
surgerysince the1960s and it is believed tobeeffective in immediate
bone stabilization and pain relief [5]. However, some drawbacks
concerning the treatment of fragile bones have been found, for
example, unsatisfactory bioactivity [6], increased risk of adjacent
vertebral body fractures due to the mismatch of mechanical prop-
erties and bone [7e9], and strong exothermic reactions during
polymerization which can potentially lead to adjacent soft tissue
necrosis and pulmonary embolism [7,10,11]. Release of the
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methylmethacrylate (MMA) monomer into the vascular system has
also been shown to cause sudden blood pressure drop and some
fatalities have been reported [12,13]. Owing to the suboptimal
properties of PMMA, fabrication of low-modulus porous PMMA
bone cement had been considered [14e17]. However, this modifi-
cation has not addressed adequately the issues about monomer
toxicity, exothermic reaction during polymerization, and bioactivity
[18]. Consequently, other types of bioactive bone cements such as
calcium phosphate cements, calcium-sulfate cements, hydroxyap-
atite, glass ceramics, and bioactive glass have been proposed [18e
21]. The advantages of calcium-based cements are that they hard-
ened bya slowexothermic reactionwhich produces less heat during
curing and strong integration with bone can subsequently be ob-
tained [18]. However, the insufficient mechanical stability may
hinder prolonged use [9]. To address the insufficient mechanical
strength of calcium phosphate cements, different types of modifi-
cation such as incorporation of high-strength beta-tricalcium
phosphate aggregates and fabrication of macroporous calcium
phosphate cement have been reported [22,23]. However, the
improvement attained so far is still not adequate for many osteo-
porotic patients, particularly issues pertaining to shear and tension
forces [18,22,23], and better bone substitutes are in high demand.
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Table 1
Treatment parameters on Mg micro-particles using TMSPM silane coupling agent.

Treatment parameters

Mg micro-particles 45 mm or 150 mm (10 g)
Silane coupling agent 3-(Trimethoxysilyl)propyl

methacrylate (TMSPM) (5 ml)
Solvent Cyclohexane (100 ml)
Catalyst Propylamine (2 ml)
Treatment temperature 80 �C
Treatment duration 3 h

Post heat treatment

Temperature 80 �C
Duration 5 h
Pressure 100 mBar
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In this paper, we describe a low-modulus bone substitute made
of polycaprolactone that comprises magnesium micro-particles
which alter the mechanical properties of the composites. Poly-
caprolactone is an FDA approved biodegradable polymer that has
beenwidely applied to tissue engineering nowadays [24,25]. Due to
its slow degradation rate and relatively lowmelting point, it should
allow sufficient time for bone healing and easy shaping of scaffolds
[26]. The literature reported that the incorporation of metallic filler
into polymer matrix could alter the mechanical properties of the
composites [27]. Since magnesium is a type of biodegradable
metallic material and essential to bone development [28,29], this
material is therefore chosen to incorporate into polycaprolactone in
this study. Additionally, It has been reported that the presence of
magnesium in the bone system is beneficial to bone strength and
growth [30,31]. Our objectives are to determine the mechanical
properties of the composites, evaluate the in vitro biological
response including osteogenic differentiation properties as well as
in vivo performance. The ultimate goal is to develop better mate-
rials that can minimize post-operation complications and expedite
healing for patients requiring cement augmentation.
2. Materials and methods

2.1. Sample preparation

Commercial magnesium micro-particles (Mg) with 2 different sizes (i.e. 45 mm
and 150 mm) (International Laboratory, USA) and polycaprolactone (PCL) (Sigmae
Aldich, USA) with the average molecular weight of Mn w 80,000 g/mol were used.
To enhance the bonding between the PCL and Mg, surface modification using the
silane coupling agent of Mg was conducted. 3-(Trimethoxysilyl)propyl methacrylate
(TMSPM) (Sigma, USA) was used as the silane coupling agent and the treatment
parameters are shown in Table 1. The grafting quality of the silane-coatedMgmicro-
particles was characterized by X-ray photoelectron spectroscopy (XPS). After char-
acterization, the silane-coated Mg micro-particles were blended homogenously
with the polymer PCL in a batch mixer at 60 �C and composites with the Mg micro-
particles to PCL ratio of 0.1:1 were produced. Disk samples with diameters of 5 mm,
14 mm, and 33 mm and thickness of 1 mm were prepared for the immersion tests
and in vitro studies whereas rod samples were prepared for themechanical tests and
in vivo animal studies. The rod samples for the mechanical tests were 3 mm in
diameter and 9 mm long and the samples used in the animal study were 2 mm in
diameter and 6 mm long.
Table 2
Primer pairs used in real-time PCR analysis.

Gene Forward primer Reverse primer

Gapdh 50-ACCCAGAAGACTGTGGATGG-30 50-CACATTGGGGGTAGGAACAC-30

ALP 50-CCAGCAGGTTTCTCTCTTGG-30 50-GGGATGGAGGAGAGAAGGTC-30

Col1a1 50-GAGCGGAGAGTACTGGATCG-30 50-GTTCGGGCTGATGTACCAGT-30

Runx2 50-CCCAGCCACCTTTACCTACA-30 50-TATGGAGTGCTGCTGGTCTG-30

Opn 50-TCTGATGAGACCGTCACTGC-30 50-AGGTCCTCATCTGTGGCATC-30
2.2. Characterization

2.2.1. Chemical analysis of the silane-coated Mg micro-particles
The surface chemical composition of the silane-coated Mg micro-particles was

determined by X-ray photoelectron spectroscopy (XPS) using Al Ka irradiation. It
was to ensure that the silane coupling agent was coated on the Mg micro-particles.

2.2.2. Ion leaching analysis
Immersion tests were carried out at different time points to monitor the

amounts of magnesium ions released from the 45 mm and 150 mm uncoated and
silane-coated Mg/PCL composites. The samples 14 mm in diameter and 1 mm thick
were immersed into 10 ml of simulated body fluids (SBF) separately. The capsules
containing the specimens and SBF were placed in an incubator for 7 different pe-
riods of time (6 h as well as 1, 4, 7, 14, 30 and 60 days). Five samples were analyzed at
each time point by inductively-coupled plasma optical emission spectrometry (ICP-
OES) (Perkin Elmer, Optima 2100DV) to determine the ion concentrations and
establish the correlation between ion dissolution and time. The pH values were
acquired on a pH meter and the corrosion rate was determined by measuring the
weight loss from each sample. The surface and morphology of the Mg/PCL com-
posites after the immersion test were examined by scanning electron microscopy
(Leo 1530 FEG SEM) and the elemental compositions were determined by energy-
dispersive X-ray spectroscopy (EDS).

2.2.3. Mechanical tests
In order to characterize the effectiveness of the TMSPM silane coating,

compression tests were conducted on both the uncoated and silane-coated Mg/PCL
composites. Pure PCL and PMMA served as the controls. The compression tests were
performed according to the ASTM D695-08 protocol and the compressive moduli
were evaluated after the compression tests. The speed was set at 1 mm/min on a
materials testing system (MTS) 858.02 Mini Bionix machine.
2.3. In vitro studies

2.3.1. Cytocompatibility of the silane-coated Mg/PCL composites
Enhanced Green Fluorescent Protein Osteoblasts (eGFPOB) from GFP mice were

cultured on the surface of the silane-coated Mg/PCL composites to determine
growth and cytocompatibility. The samples were placed in a 96-well plate and
1.7 � 104 cells/cm2 GFPOB were seeded on each sample. The cells were cultured
using the Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen) supplemented
with 10% (v/v) fetal bovine serum (Biowest, France), antibiotics (100 U/ml of peni-
cillin and 100 mg/ml of streptomycin), and 2mM L-glutamine. They were incubated at
37 �C in under 5% CO2 and 95% air for 1 or 3 days afterwards. 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.

2.3.2. Cell viability of the silane-coated Mg/PCL composites
The MTT assay was used to determine the cytotoxicity of the silane-coated Mg/

PCL composites to murine cells. 7 � 104 cells/cm2 mouse MC3T3-E1 pre-osteoblasts
were cultured in the DMEM culture medium 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. They were placed on a 96-well tissue
culture plate and incubated at 37 �C in an atmosphere of 5% CO2 and 95% air for 1
day. The MTT solution was prepared by adding thiazolyl blue tetrazolium bromide
powder to the phosphate buffered saline (PBS, OXOID Limited, England) and 10 mL of
5 mg/ml MTT solution was added on the first day. The well was incubated at 37 �C
under 5% CO2 and 95% air for 1 day. 100 mL of 10% sodium dodecyl sulphate (SDS,
Sigma, USA) in 0.01 M hydrochloric acid was added to each well and incubated at
37 �C in an atmosphere of 5% CO2 and 95% air overnight to form crystals. Finally, the
absorbance was recorded by a mutlimode detector on the Beckman Coulter DTX 880
at a wavelength of 570 nmwith a reference wavelength of 640 nm. The cell viability
was determined from the absorbance readings.

2.3.3. Alkaline phosphatase (ALP) activity
The ALP assaywas employed to determine the osteogenic differentiationproperty

of the silane-coated Mg/PCL composites compared to pure PCL and PMMA. Samples
measuring 14 mm in diameter and 1 mm in thickness were used. 1.4 � 104 cells/cm2

mouse MC3T3-E1 pre-osteoblasts were cultured in the DMEM culture medium sup-
plemented 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. The
composites were placed on a 24-well tissue culture plate and incubated at 37 �C in an
atmosphere of 5% CO2 and 95% air for 1 day. On the second day, all of the culturemedia
in each well were replaced with the differentiation DMEMmedium containing 50 mg/
ml ascorbic acid (Sigma, USA) and incubated at 37 �C in an atmosphere of 5% CO2 and
95% for 3, 7 and14days. The culturemediumwas changed every3 days and startingon
day 7,10mMof b-glycerol phosphate (MPBiomdicals, France)was added togetherwith
ascorbic acid. After incubation, the cellswerewashedwith PBS 3 times and lysedwith
0.1% Triton X-100 at 4 �C for 30 min. The cell lysates were centrifuged at 574 g and at
4 �C for 10min (2e5Sartorius, Sigma, USA) and10ul of the supernatantof each sample
was transferred to a 96-well tissue culture plate. The ALP activitywas determined by a
colorimetric assay using an ALP reagent containing p-nitrophenyl phosphate (p-NPP)



Fig. 1. (a) Survey scan of the TMSPM silane and TMSPM-coated Mg micro-particles by using X-ray photoelectron spectroscopy. The scanning range was from 0 to 1400 eV. (b)
Detailed survey scan of TMSPM-coated Mg micro-particles by using X-ray photoelectron spectroscopy. The scanning range was from 50 to 200 eV. Silicon was found on the Mg
micro-particles after TMSPM silane treatment.
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(Stanbio, USA) as the substrate. The absorbance was recorded by the multimode de-
tector on the 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).

2.3.4. Real-time quantitative RT-PCR analysis
Theosteogenic differentiationpropertiesof the silane-coatedMg/PCL composites

were further assessedby real-timequantitativeRT-PCR tomeasure the relativemRNA
expression levels of the commonly used bone markers including alkaline phospha-
tase (ALP), type I collagen (Col1a1), runt-related transcription factor 2 (Runx2) and
osteopontin (Opn) (primer pairs used are as shown in Table 2). Samples 33 mm in
diameter and 1 mm thick were used. 1.6 � 105 cells/cm2 mouse MC3T3-E1 pre-
osteoblasts were cultured in the DMEM culture medium 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. They were placed on a 6-well
tissue culture plate and incubated at 37 �C in an atmosphere of 5% CO2 and 95% air
for 1 day. On the second day, the culture medium in each well were replaced by the
DMEMmedium containingmagnesium and 50 mg/ml ascorbic acid (Sigma, USA) and
incubated at 37 �C in an atmosphere of 5% CO2 and 95% air for 3, 7 and 14 days. The
culturemediumwas changed every 3 days and starting on day 7, 10 mM of b-glycerol
phosphate (MP Biomdicals, France) was added to the DMEM medium which also
contained 50 mg/ml of ascorbic acid.

After 3, 7, and 14days, the total RNAof the osteoblastswas isolatedusing a TRIZOL
reagent (invitrogen, USA). Chloroformwas added to isolate the RNA into the aqueous
phase. The upper colorless aqueous phasewas transferred to a new 1.5ml eppendorf
and isopropanol was added to precipitate the RNA. Finally, the RNA pellets were
washed with 75% ethanol and dissolved in RNase inhibitor diethyl pyrocarbonate
(DEPC) treated water. The RNA concentrations were determined on the Nanodrop
1000 spectrophotometer (Thermo Scientific, USA). The complementary DNA (cDNA)
was reverse-transcribed from 1 mg of total RNA using a high-capacity RNA-to-cDNA
master mix kit (Applied Biosystem) following the manufacturer’s instruction. The
real-time PCR was performed on the SYBR Green PCR Master Mix (Applied Bio-
systems, USA). The total reaction volume was 25 ml including 12.5 ml 2� SYBR Green
PCRMasterMix,1 ml of forward and 1 ml of reverse primers,1 ml of cDNA template, and
9.5 ml of RNasewater. The reactionwas carried out on the ABI prism7900HTsequence
detection system (Applied Biosystems, USA) and the standard setting with 40 cycles
was used to amplify the signal. Finally, the relative mRNA expression level of each
gene was normalized to the house-keeping gene glyceraldehyde-3-phosphate de-
hydrogenase (Gapdh) and determined using Ct values.

2.3.5. Magnesium ions released in the DMEM medium
In order to determine the amount of magnesium ions released from the silane-

coated Mg/PCL composites during cell culturing, a short immersion test in the
DMEM medium was conducted. Pure PCL and silane-coated Mg/PCL composites
14 mm in diameter and 1 mm thick were put on a 24-well plate containing 500 ml of
the medium. The samples were placed in an incubator for different periods of time
(i.e. 1, 2, 3, 6, 12, 24 and 48 h). Five samples were used at each time point and at each
time point, the magnesium ion concentrations were determined by inductively-
coupled plasma optical emission spectrometry (ICP-OES) (Perkin Elmer, Optima
2100DV). The correlation between ion dissolution and time was established.

2.3.6. Cellular response
To verify the cellular response due to Mg, the cytocompatibility and osteogenic

differentiation ability for different Mg concentrations were assessed. The stock so-
lutions were prepared by dissolving anhydrous MgCl2 in deionized water and the
concentrations were verified by ICP-OES (Perkin Elmer, Optima 2100DV). The so-
lutions were diluted with Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen)
to final concentrations of 50, 200, 400, and 1000 ppm. TheMTTassay was conducted
to study the cell viability and the ALP assay and real time RT-PCR were used to
evaluate the osteogenic differentiation ability of cells cultured with different con-
centrations of Mg. The culturing conditions were the same as those described before
and the only difference was that the culturemedia in each well were replaced by the
magnesium-supplemented DMEM after the first day.

2.4. Mechanical tests

Compression tests were conducted to determine the mechanical properties
during degradation. Pure PCL and silane-coated Mg/PCL composites 3 mm in diam-
eterand6mmlongwere immersed in10mlof SBF. The closed capsules containing the
specimens in the solution were placed in a 37 �C incubator for different periods of
time (days 1, 4, 7, 14, 30 and 60). Five samples were used for each time point. The
compression test was conducted based on the ASTM D695-08 protocol to determine
the mechanical properties of the Mg/PCL composites. The compressive moduli were
evaluated after the compression test. The materials testing system (MTS) was the
858.02 Mini Bionix machine and the speed was 1 mm/min. The magnesium ion
concentrations in the DMEM extracts were measured at each time point in order to
correlate the release with the change of the compressive modulus. The magnesium
ion concentrationswere determined by inductively-coupled plasma optical emission
spectrometry (ICP-OES) (Perkin Elmer, Optima 2100DV).



Fig. 2. (continued)
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2.5. In vivo animal studies

2.5.1. Surgical procedures
After conducting the physical, chemical and in vitro biological tests, in vivo an-

imal studies were performed. The anaesthetic, surgical and post-operative care
protocols were examined by and fulfilled the requirements of the University Ethics
Committee of The University of Hong Kong and the Licensing Office of the Depart-
ment of Health of the Hong Kong Government.

Twenty 2-month old female SpragueeDawley rats (SD rats) from the Lab-
oratory Animal Unit of The University of Hong Kong were used. Their average
weights were 200e250 g and the chosen operation site was the lateral epi-
condyle. Each rat was implanted with pure PCL, PMMA, or silane-coated Mg/
PCL composites on either the left or right lateral epicondyle. In order to
monitor new bone formation around the implants, serial time points of 1, 2, 3,
4, 8, 12, 16, 20 and 24 weeks were set. The PMMA and pure PCL served as the
controls.

The rats were anaesthetised with ketamine (67 mg/kg) and xylazine (6 mg/kg)
by intraperitoneal injection. The operation sites of the rats were shaved and also
underwent decortication. A hole measuring 2 mm in diameter and 6 mm in depth
was made by a hand driller at the lateral epicondyle using a minimally invasive
approach. Subsequently, the samples were implanted into the prepared holes on
either the left or right femur of the rats. The wound was then sutured layer by layer,
and a proper dressing was applied over the incision. After the operation, the rats
received subcutaneous injections of 1 mg/kg terramycin (antibiotics) and 0.5 mg/kg
of ketoprofen. The rats were euthanized at 2 different time points (2 and 6months of
post-surgery).



Fig. 3. Compressive moduli of pure PCL, PMMA, 45 mm and 150 mm uncoated and
TMSPM-coated Mg/PCL composites prior SBF immersion. The compressive moduli of
all the Mg/PCL composites were found to be significantly higher (p < 0.05) than pure
PCL and were found to be within the range of human cancellous bone (50e800 MPa)
but not PMMA. The compressive moduli of the Mg/PCL composites with silane treat-
ment were found to be significantly higher (p < 0.05) as compared to the composites
without silane treatment.

Fig. 4. Microscopic views of GFP mouse osteoblasts cultured on pure PCL, 45 mm and 150 m
cyto-compatibility of the Mg/PCL composites with and without silane treatment. 1.7 � 104
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2.5.2. Micro-computed tomography evaluation
At each time point (i.e. 1, 2, 3, 4, 8, 12, 16, 20 and 24 weeks), micro-computed

tomography (micro-CT) was conducted at the operation site to monitor the heal-
ing process and examine new bone formation around the implants. The rats were
scanned in themicro-CT device (SKYSCAN 1076, Skyscan Company) at the respective
time points to view new bone formation. After the 2D planes were reconstructed
using the NRecon (Skyscan Company), the 3D models were generated by CTVol
(Skyscan Company).

2.5.3. Fluorochrome labeling
Fluorochrome has been widely used since the 1950s [32] to determine the

location of mineralization, as well as the direction and speed of bone formationwith
the use of different fluorochrome labels [33]. Fluorochrome labels would bind to
calcium ions and take the form of hydroxyapatite crystals so as to indicate the site of
newbone formation [34]. Two fluorochrome labels, xylenol orange (Sigma, USA) and
calcein green (Sigma, USA) were used in this study. The fluorochrome labels were
prepared according to Gaalen et al.’s study [32]. Xylenol orange was prepared by
dissolving it in 2% sodium bicarbonate (NaHCO3) at a concentration of 90 mg/kg. It
was injected in weeks 3 and 7 post-operation. Calcein green was prepared by dis-
solving it in 2% NaHCO3 at a concentration of 10 mg/kg and this was injected during
week 5 post-operation. All the fluorochrome labels were injected into the rat sub-
cutaneously and finally, the fluorochrome labels were viewed under a fluorescence
microscopy (Niko ECL IPSE 80i, Japan) after tissue processing.

2.5.4. Magnesium ion measurements
Blood was collected prior to and at 1, 2, 3, 4, 8, 12, 16, 20 and 24 weeks post-

operation to determine the magnesium ion concentration. The blood samples
were centrifuged at 1339 g for 15 min at room temperature (2e5 Sartorius, Sigma,
USA) and the sera were collected and stored at �20 �C. Prior to analysis, the sera
were diluted 10 times in deionized water and the magnesium ion concentrations
were determined by inductively-coupled plasma mass spectrometry (ICP-OES)
(Optical Emission Spectrometer, Perkin Elmer, Optima 2100DV), and the concen-
trations of magnesium ions released from pure PCL, PMMA, and silane-coated Mg/
PCL composites were compared.

The liver and kidneys of each rat were collected and stored at �20 �C after
euthanization. Prior to measurement, tissue digestion was performed according to
the protocol based on Ashoka et al.’s study [35]. In brief, each sample weighed
approximately 0.2 g. The samples were put in a Teflon bottle and 3 ml of concen-
trated nitric acid and 2ml of hydrogen peroxide were added. The Teflon bottles were
placed in a hydrothermal reactor and put into an 85 �C oven for 2 h. Afterwards, the
m uncoated and TMSPM-coated Mg/PCL composites after 1and 3 days to evaluate the
cells/cm2 GFPOB were cultured on each sample in 96 well plate.



Fig. 5. (a) Cell viabilities of MC3T3-El pre-osteoblasts on pure PCL, PMMA, 45 mm and 150 mm silane-coated Mg/PCL composites using MTT assay. The readings were detected under
the absorbance reading at 570 nmwavelength and the reference wavelength of 640 nmwas used to determine the cell viability in comparison to the control (PCL only). Significantly
higher (p < 0.05) cell viabilities were found on the composites as compared to pure PCL. (b) Specific ALP activities of MC3T3-El pre-osteoblasts cultured on PMMA, pure PCL, 45 mm

H.M. Wong et al. / Biomaterials 34 (2013) 7016e70327022
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digested samples were diluted to 100 ml with 2% 5 M nitric acid in order to
compensate for the ‘acid effect’ [36]. The samples were stored in a 4 �C refrigerator
and the magnesium ion concentrations were determined by ICP-OES.

2.5.5. Histological analysis
The rats were euthanized 2 and 6 months post-operation and the bone samples

underwent hard tissue processing. The implants were harvested and fixed in 10%
buffered formalin for 3 days. A standard tissue processing step was conducted to
change the samples from an aqueous stage to an organic stage. A dehydrating
process was performed using 70%, 95%, and 100% ethanol, and the samples were
immersed in the solutions for 3 days. Xylene was used as a transition between
ethanol and methyl-methacrylate and the samples were immersed in xylene for 3
days. The methyl-methacrylate was prepared according to Erben’s study [37]. The
samples underwent 4 stages after xylene immersion (i.e. MMA I, MMA II, MMA III,
Final stage). MMA I solution consisted of 60 ml MMA (MERCK, Germany), 35 ml of
butylmethacrylate (Aldaich, USA), 5 ml of methylbenzoate (Aldaich, USA), and 1.2 ml
polyethylene glycol 400 (Wako, Japan). MMA II and MMA III consisted of 100 ml
MMA I with 0.4 g and 0.8 g dry benzoyl peroxide (MERCK, Germany), respectively.
The MMA solutions were stirred for at least 1 h before use. The final stage consisted
of treatment in 400 ml N,N-dimethyl-p-toluidine (Sigma, USA) and 100ml cold (4 �C)
MMA III. The embedded samples were then cut into sections with a thickness of
200 mm and then micro-ground down to a thickness of 50e70 mm. The sectioned
samples were stained with Giemsa (MERCK, Germany) stain. The morphological and
histological analyses were performed on an optical microscope to observe bone on-
growth or integration with the host tissue.

2.6. Statistical analysis

The in vitro experiments were conducted in triplicate and the data of the in vitro
and in vivo experiments were analyzed by the one-way ANOVA and expressed as
means � standard deviations. A p value <0.05 was considered to be statistically
significant.

3. Results

3.1. Characterizations

3.1.1. Surface chemical analysis
Fig. 1a shows the survey scan of the TMSPM silane coupling

agent and magnesium micro-particles after the TMSPM silane
treatment. As the TMSPM silane coupling agent is silicon-based, the
existence of silicon suggests that the silane coupling agent has been
coated on the magnesium micro-particles. As shown in Fig. 1b,
silicon is detected and TMSPM has thus been successfully coated on
the magnesium micro-particles.

3.1.2. Magnesium ion leaching
Fig. 2.1a presents the magnesium ion released from pure PCL,

150 mm, and 45 mmuncoated and silane-coatedMg/PCL composites.
The magnesium ion concentrations leached from the 45 mm and
150 mm Mg/PCL composites are similar. The release rate increases
steadily for both samples, from 39 ppm and 38 ppm after 6 h of
immersion to 255 ppm and 203 ppm after 2 months (1440 h) of
immersion, respectively. No significant difference is found from the
Mg/PCL composites with and without TMSPM silane treatment in
which the magnesium ion concentrations of silane-coated Mg/PCL
composites of both 45 mm and 150 mm magnesium micro-particles
throughout the immersion period vary from 40 ppm and 37 ppm
after 6 h to 224 ppm and 244 ppm after 2 months, respectively.

The pH ranges of pure PCL, uncoated, and silane-coated Mg/PCL
composites after 2 months of immersion are shown in Fig. 2.1b. The
pH values increase from 7.2 to 7.5 for both the 45 mm and 150 mm
and 150 mm TMSPM-coated Mg/PCL composites on day 3, day 7 and day 14. The readings w
(p < 0.05) specific ALP activity was found on PMMA during the whole experimental period
activity was found on the silane-coated Mg/PCL composites on day 14 as compared to pure
mRNA expression level of alkaline phosphatase (ALP), type I collagen (Col1a1), osteopontin (O
was normalized with the house keeping gene Glyceraldehyde 3-phosphate dehydrogenase
cultured on 45 mm and 150 mm composites on days 3, 7 and 14 as compared to pure PCL (Co
days 7 and 14 of 45 mm composites and day 14 on 150 mm composites. Lastly, significantly
composites.
uncoated and silane-coated Mg/PCL composites upon degradation.
However, the pH value of pure PCL is found to drop below 7.1 at the
2-month time point. Theweight loss shown in Fig. 2.1c corresponds
to the magnesium ions released from the composites. It is found to
be approximately 2.5 mg after 2 months of immersion for all the
composites.

Themorphology of the composites after 6 h,1 day, and 2months
is examined by SEM and the elemental compositions are deter-
mined by EDS. Fig. 2.2a shows the morphology of the composites
after 6 h of SBF immersion. The white spots on the Mg/PCL com-
posites are magnesium micro-particles as confirmed by EDS. After
immersion for 6 h, only magnesium (Mg), carbon (C), and oxygen
(O) are found from the surface of all the composites and C and O are
components of the polymer. After 1 day, a detectable amount of
calcium and phosphate is found (Fig. 2.2b) and they can still be
detected after immersion for 2 months, as shown in Fig. 2.2c. So-
dium chloride (NaCl) deposition is detected from some of the
composites and this impurity stems from the SBF.

3.1.3. Compression test
Fig. 3 shows the compressive moduli of pure PCL, PMMA, un-

coated, and silane-coated Mg/PCL composites. The compressive
moduli of the uncoated and silane-coated Mg/PCL composites are
significantly higher than those of pure PCL. However, after the
silane treatment, the compressive moduli of the composites are
approximately 20% higher than those of the composites without
silane treatment. The compressive moduli of the composites are at
least 3 times smaller than those of PMMAwhich is within the range
of human cancellous bone (50e800 MPa) [38].
3.2. In vitro studies

3.2.1. Cytocompatibility
Fig. 4 shows the viable cells on the composites after culturing for

1 and 3 days. On day 1, cell spreading is observed from the pure PCL
and all the composites. After 3 days, the cells exhibit good
spreading and almost grow to 100% confluence on all the silane-
coated Mg/PCL composites.

3.2.2. Cell viability
Fig. 5a shows the MC3T3-E1 pre-osteoblast viability on the pure

PCL and silane-coated Mg/PCL composites. Significant higher
(p < 0.05) cell viabilities are found from the silane-coated com-
posites compared to pure PCL. The cell viabilities on the silane-
coated Mg/PCL composites are at least 40% higher than those on
pure PCL.

3.2.3. ALP activities
Fig. 5b shows the specific ALP activities of PMMA, pure PCL, and

silane-coated PCL/Mg composites after 3, 7 and 14 days of MC3T3-
E1 pre-osteoblasts culturing. Significantly lower ALP activities are
found from the PMMA throughout the experimental period
compared to pure PCL and all the composites. No significant dif-
ference is found on the 45 mm and 150 mm silane-coated Mg/PCL
composites on both day 3 and day 7. However, the specific ALP
activities of the composites on day 14 are significant higher
ere detected under the absorbance reading at 405 nm wavelength. Significantly lower
as compared to other groups. Additionally, significantly higher (p < 0.05) specific ALP
PCL. (c) Osteogenic differentiation properties, which were assessed by measuring the
pn) and runt-related transcription factor 2 (Runx2) on days 3, 7 and 14. The mRNA level
(Gapdh). Significantly higher (p < 0.05) expression levels of ALP and Opn of the cells
ntrol), whereas significantly higher (p < 0.05) expression level of Col1a1 was found on
higher (p < 0.05) expression level of Runx2 was found on days 3, 7 and 14 of 45 mm



Fig. 6. (a) Magnesium ions released from pure PCL, 45 mm and 150 mm TMSPM-coated Mg/PCL composites in DMEM medium over time. (b) Magnesium ions release rate of 45 mm
and 150 mm TMSPM-coated Mg/PCL composites in DMEM over time. The release rates of the composites were found to be linear.

Table 3
Values of magnesium ion concentrations of TMSPM-coatedMg/PCL composites after
1 h to 72 h DMEM immersion. The values highlighted in bold were the predicted
magnesium ion concentrations on 72 h.

Hour 45 mm TMSPM (ppm) 150 mm TMSPM (ppm)

1 26.05 26.58
2 29.98 30.77
3 35.65 32.83
6 41.63 37.98
12 51.33 56.36
24 85.51 75.15
48 113.86 112.00
72 164.50 157.00
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(p < 0.05) than those on pure PCL. The values of the 45 mm and
150 mm silane-coatedMg/PCL composites are 100 U/mg protein and
47 U/mg protein higher than those of pure PCL.

3.2.4. Real-time RT-PCR
After checking the osteoblastic differentiation properties by the

ALP assay, the properties are further assessed by real-time RT-PCR.
Fig. 5c shows the ALP, Col1a1, Runx2 and Opn mRNA levels of
MC3T3-E1 pre-osteoblasts cultured on pure PCL and silane-coated
PCL/Mg composites. The ALP and Runx2 mRNA levels of all the
samples increase graduallywith culturing time. Significantly higher
(p < 0.05) ALP and Opn expressions are found from both the 45 mm
and 150 mm silane-coated Mg/PCL composites on days 3, 7, and 14
compared to pure PCL. Moreover, the 45 mm silane-coated Mg/PCL
composites show a significantly higher Runx2 expression on days 3,
7, and 14 than pure PCL. The 150 mm silane-coated Mg/PCL com-
posites show a significantly higher Col1a1 expression on day 14
whereas the 45 mm silane-coated Mg/PCL composites exhibit a
significantly higher Col1a1 expression on both days 7 and 14 than
pure PCL. The data show that the new silane-coated composites are
favorable for osteoblastic differentiation.

3.2.5. Magnesium ions concentrations in DMEM
Fig. 6a shows the amount of magnesium ions released from

the pure PCL and silane-coated Mg/PCL composites to the DMEM
after immersion for 1 to 48 h. The release rates are calculated
from the slope of the magnesium ion concentration curves in
Fig. 6b. A similar release pattern is found from the silane-coated
Mg/PCL composites with two different particle sizes. The release
rates from the 45 mm and 150 mm silane-coated Mg/PCL com-
posites are between 1.8 and 1.9 ppm/hour and the release rate is
nearly linear with time. Table 3 shows the magnesium ion con-
centrations at particular time points. The values highlighted in
bold are the predicted magnesium ion concentrations at 72 h
based on the calculated release rate until 48 h. The magnesium
ion concentrations released from the 45 mm and 150 mm silane-
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coated Mg/PCL composites are predicted to be 164.5 and
157 ppm, respectively.

3.2.6. Cellular response to Mg ions
Fig. 7a shows the MC3T3-E1 pre-osteoblast cell viability in the

magnesium supplemented DMEM media. The cell viability after
culturing in DMEM containing 50 ppm magnesium is significantly
higher (p < 0.05) than that of the control, whereas for 200 ppm
magnesium, the cell viability drops to approximately 86%. When
the Mg concentration in the medium is increased, lower cell
viability is observed (50% reduction at 1000 ppm Mg). Fig. 7b
shows the specific ALP activities of the MC3T3-E1 pre-osteoblasts
cultured in the media supplemented with magnesium after
culturing for 3, 7, or 14 days. On days 3 and 14, no significant
differences are found between the control, 50 ppm, and 200 ppm
Mg. The highest activity is found on day 7 when there is a
significantly higher specific ALP activity (p < 0.05) for the cells
cultured in the media containing 50 ppm magnesium (147.6 U/mg
protein) compared to the control (113.4 U/mg protein). The oste-
ogenic differentiation properties are further assessed by real-time
RT-PCR of ALP, Col1a1, Runx2 and Opn mRNA expression (as shown
in Fig. 7c). All the gene expressions cultured with different con-
centrations of magnesium ions increase gradually with culturing
time. Significantly higher Col1a1 and Opn expressions are found
from the cells cultured with 50 ppm of magnesium than the
control and sample with 200 ppm Mg on day 3. The expressions of
ALP and Runx2 of 50 ppm magnesium ion concentration are
significantly higher on day 7 but not on day 3 compared to the
control and 200 ppm sample.
3.3. Mechanical tests during degradation

Fig. 8a shows the compressive moduli of the samples after
immersing in SBF for 60 days and no significant change of the
compressive moduli can be found from the pure PCL, 45 mm, and
150 mm silane-coated Mg/PCL composites throughout the immer-
sion period. The compressive moduli of pure PCL range from
248.6 MPa before immersion to 288.7 MPa after 2 months, whereas
the compressivemoduli of 45 mmand 150 mm silane-coatedMg/PCL
composites range from 331.5 MPa to 356.3 MPa and 343.9 MPa to
350.7 MPa, respectively. The corresponding magnesium ion con-
centrations in the immersion extracts are shown in Fig. 8b to
correlate with the compressive moduli. The magnesium ion con-
centrations of the silane-coated composites are in the range be-
tween 36 ppm and 45 ppm and a steady release rate is found
throughout the immersion period.
3.4. In vivo animal study

3.4.1. Micro-computed tomography analysis
New bone formation after operation is monitored at particular

time points by micro-computed tomography. Fig. 9a and b shows
the cross sections of the femur with the implant after surgery and
the 3D models of the newly formed bone around the implant at 2
and 6 months, respectively. The newly formed bone is indicated by
red arrows and the implant is indicated by yellow arrows. The
percentage changes in the bone volume are shown in Fig. 9c.
Increased bone volume is found from the PMMA, PCL, 45 mm, and
150 mm silane-coated Mg/PCL composites throughout the implan-
tation period. Significantly more new bone formation is found from
the new composites from weeks 1 to 4 compared to pure PCL and
also PMMA. More than 15% new bone formation is found from the
Mg/PCL composites 1 week after operation and approximately 40%
more new bone is found after 3 weeks compared to pure PCL.
Furthermore, more than 20% new bone is found from the new
composites 1 month after operation compared to PMMA.

3.4.2. Magnesium ion concentration measurement
Fig. 10a shows the percentage changes in the serummagnesium

concentrations of the PMMA, PCL, 45 mm, and 150 mm silane-coated
Mg/PCL composites before surgery and up to 24 weeks (6 months)
post-operation. The serum magnesium concentrations of the rats
implanted with different samples fluctuate from �40% to 90% and
no significant difference can be found between pre-operation and
throughout implantation period of all the samples.

Fig. 10b and c shows the kidney and liver magnesium ion
levels, respectively, after implantation for 2 and 6 months and no
significant difference can be found. The kidney magnesium ion
concentrations after implantation for 2 months are in the range of
2.0e2.7 ppm/g and 1.6e2.2 ppm/g after 6 months. In addition, the
magnesium ion concentrations in the liver after 2 and 6 months
range from 2.1 to 2.5 ppm/g and 1.8e3.0 ppm/g, respectively.

3.4.3. Histological evaluation
Fig. 11a shows the fluorochrome labeling and histological anal-

ysis of the new bone tissue formed around the implants 2 months
after implantation. Fig. 11a(i) shows the photographs with fluoro-
chrome labels in which they could be used to compare with the
Giemsa stained histological photographs in Fig. 11a(ii) at the same
magnification. Both fluorochrome labels and Giemsa staining locate
new bone formation around the implants. Xylenol orange gives a
red color while calcine green gives a green color under fluorescence
microscopy in fluorochrome labeling and Giemsa staining yields a
purple color under optical microscopy. In addition, no giant cells or
macrophages are found. Fig. 11b shows the histological analysis of
the bone around the implants 6 months after implantation.
Compared to the photographs taken after 2 months, more new
bone tissues are formed around the implants. The black dots at the
implant site are magnesium micro-particles.
4. Discussion

An ideal augmentation material should have certain properties
including suitable injectability, ease of handling, suitable adapted
viscosity, low curing temperature, adapted and lasting mechanical
properties, biocompatibility, bioactivity, and slow degradation [20].
Studies have reported that cements with mechanical properties
similar to cancellous bone may be beneficial in terms of reducing
the fracture risks, and also reinforcing the non-fracture osteopo-
rotic bone without altering the stress distribution significantly
under physiological loading [14,15]. Hence both PMMA and
calcium-based bone cements may not be the best choice due to
their mismatch mechanical properties with human bone.

In this study, we fabricate a composite by incorporating mag-
nesium micro-particles into polycaprolactone matrix with adjust-
able mechanical properties. Magnesium ions are essential to
human metabolism and naturally found in bone tissues. Zreiqat
et al. [39] have reported that the presence of magnesium ions
means that it is possible to enhance osteoblast adhesion on
alumina. Li et al. [40] have shown that magnesium is one of the
most important bivalent ions associated with the formation of
biological apatite and has no inhibitory effects on the growth of
marrow cells. Both Rude et al. [41,42] and Toba et al. [43] suggest
that magnesium supplementation affects bone metabolism, while
magnesium deficiency results in impaired bone growth and
increased bone resorption in trabecular bone. Hence, magnesium
ions play an important role in many biological functions such as
bone metabolism.
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Fig. 8. (a) Compressive moduli of pure PCL, 45 mm and 150 mm TMSPM-coated Mg/PCL
composites in SBF immersion up to 2 months. (b) Corresponding magnesium ion
concentrations from the immersion extracts. No significant difference of the
compressive moduli of pure PCL and sliane-coated composites was found.
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The silane coupling agent [44,45] is one of the most commonly
used materials to modify inorganic particles to improve the adhe-
sion between the inorganic particles and polymer matrix [46,47].
With the use of the TMSPM sliane coupling agent which acts as an
interface between theMgmicro-particles and PCL, the compressive
modulus increases significantly compared to the uncoated Mg/PCL
composites. However, according to the SBF immersion test, when
compared to the magnesium ion released and weight lost of the
composites with and without silane coating, no significant differ-
ence is found. Therefore, the results suggest that the TMSPM silane
treatment is able to alter the mechanical properties of the com-
posites by forming better bonding between the Mg and PCL instead
of altering the magnesium ions release pattern. Moreover, mag-
nesium hydroxide is formed during the degradation of magnesium
micro-particles, which may help neutralize or even increase the pH
as acidic products are formed during PCL degradation [26]. This is
very important since slightly alkaline conditions may be more
favorable to bone formation [48].

The immersed composites are examined by scanning electron
microscopy at different time points and calcium and phosphate are
detected from the magnesium micro-particles after immersion for
1 day, suggesting the formation of surface apatite [49,50]. With the
apatite layer composed of magnesium, calcium, phosphate, and
hydroxide formed on the composites, the osteoinductivity, osteo-
conductivity, and bone layer can be enhanced [51]. Therefore, the
release of magnesium ions from Mg/PCL composites is able to
promote bone growth. According to the results of the GFP osteo-
blasts culture and cell viability, cells grow very well on the silane-
coated Mg/PCL composites and no toxic effects can be observed.
In fact, according to the report of the biocompatibility screening of
different silane coupling agents, toxic effects can only be found at
high concentrations [52].

The osteogenic differentiation properties are also important
since the major applications of the substitutes are bone-related. If
the composites possess osteogenic differentiation properties, they
can promote bone healing. According to the ALP assay, significantly
lower specific ALP activity is found from the control PMMAdue to its
non-bioactive property [16]. In contrast, significantly higher specific
ALP activities are found from the silane-coated composites after day
14 suggesting that the new composites favor osteoblastic differen-
tiation. The result can be explained by optimal magnesium release
during the cell culture. According to Fig. 7aec, the proper amount of
magnesium ions can enhance cell viability and osteoblastic differ-
entiation. As the magnesium ion released from the composites is
below 200 ppm throughout the SBF immersion period for up to 2
months and also short term DMEM immersion, the increase in
magnesium ion concentrations arewithin 50 ppm from 24 h to 48 h.
Indeed, it is expected that the concentrations should be similar from
48 h onwards according to the calculation. Therefore, this explains
why the silane-coated composites are able to enhance osteogenic
differentiation compared to the pure PCL. Consistent results are
obtained from the qRT-PCR studies and significantly higher ALP
expression is found from the silane-coated Mg/PCL composites. The
results are further validated by Hussain et al.’s study [53], who has
reported that by adding magnesium calcium phosphate into gelatin
Fig. 7. (a) Cell viabilities of MC3T3-El pre-osteoblasts cultured in mediumwith different conc
with a reference wavelength of 640 nm to determine the cell viability in comparison to th
dividing the absorbance values of the samples to the control. All the values were found to
activities of MC3T3-El pre-osteoblasts cultured in medium with different concentrations of
wavelength and the ALP activity was normalized to the total protein level of the samples. *
was assessed by measuring the mRNA expression level of alkaline phosphatase (ALP), type
after days 3 and 7. The mRNA level was normalized with the house keeping gene glycerald
levels of Col1a1 and Opn were found with the cells cultured in 50 ppm magnesium ion co
higher (p < 0.05) expression levels of ALP and Runx2 was found on day 7.
sponges, a higher level of ALP activity can be obtained as compared
to the sponges without magnesium calcium phosphate. Also, the
ALP activity increaseswith increasing amounts of addedmagnesium
calcium phosphate. Although Hussain et al. do not show that mag-
nesium is directly involved in the ALP activity, they suggest that the
presence of magnesium is one of the reasons for the enhanced ALP
entrations of magnesium ions. The absorbance was detected at a wavelength of 570 nm
e control (no added magnesium ions). The percentage cell viability was calculated by
be significantly different (p < 0.05) when compared to the control. (b) Specific ALP

magnesium ions on Day 3, Day 7 and Day 14. The absorbance was detected at 570 nm
denotes a significant difference to the control (p < 0.05). (c) Osteogenic differentiation
I collagen (Col1a1), osteopontin (Opn) and runt-related transcription factor 2 (Runx2)
ehyde 3-phosphate dehydrogenase (Gapdh). Significantly higher (p < 0.05) expression
ncentration medium as compared to normal medium (Control), whereas significantly
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activity. Hence, magnesium has certain effects on the ALP activity.
However, the mechanism of up-regulation of alkaline phosphatase
activity by magnesium ions has not been well studied systemati-
cally. Moreover, the higher expressions of the other 3 bone markers
on the silane-coated Mg/PCL composites illustrate the important
roles in the osteogenic differentiation enhancement. The results
suggest that the silane-coated Mg/PCL composites are able to
enhance the differentiation and bone formation.

Before conducting the in vivo animal studies, the mechanical
properties are first evaluated. The mechanical properties during
degradation are critical to orthopedic applications because they
must be maintained during degradation until bone healing. After
immersion for 2 months, no significant difference is found from the
silane-coated Mg/PCL composites by comparing the compressive
moduli before immersion, suggesting that the suitability of the
materials as orthopedic implants.

Bone formation is quantified by micro-computed tomography.
More bone formation is observed from the silane-coated Mg/PCL
composites than PMMA and PCL, especially at the early time points
before 1 month, showing that the composites are able to enhance
bone formation in a shorter period of time after implantation. Bone
formation is mainly attributed to magnesium. The silane-coated
Mg/PCL composites are reported to have significantly higher spe-
cific ALP activities and up-regulation of the bone-related markers
than pure PCL. This explains why the silane-coated Mg/PCL com-
posites attract more new bone formation and better osteo-
conductivity than PMMA and PCL at the early time points.
Moreover, owing to the slow release from the composites during
degradation, no gas bubbles are found around all the composites
during the implantation period [54,55]. Although a similar bone
volume is found compared to PMMA and PCL after 6 months of
implantation, the Mg composites are able to stimulate new bone
formation in a shorter period of time and so the overall healing
time is shortened.

Fluorochrome labeling is used to locate the site of new bone
formation since it is designed to bind with calcium ions and be
incorporated into the site of mineralization [32]. Therefore, by us-
ing different fluorochrome labels at different injection times, new
bone formed at different periods can be located. The results of the
fluorochrome labeling can also be used to correlate with the his-
tological photographs with Giemsa staining. Since xylenol orange
and calcine green are injected onweeks 3, 5 and 7, new bone can be
formed continuously on the silane-coated Mg/PCL composites. No
apparent inflammation or adverse effects are found around from
the implants indicating good biocompatibility.

During degradation of the silane-coated Mg/PCL composites,
magnesium ions are released. They are absorbed by the body,
circulate through blood and body fluid, and are stored in bone,
muscle, serum and different types of cells. The excess amount of
magnesium ions not absorbed by the body is excreted in the urine
and since the kidneys regulate the excretion of magnesium, side-
effects caused by excess amounts of magnesium ions in body are
rare [56]. However, in order to make sure that the new composites
are safe to use, the magnesium ion concentrations in the serum,
kidney, and liver are checked. According to the magnesium ion
concentration in the serum, no significant difference is found before
and after implantation, indicating that degradation of magnesium
Fig. 10. (a) Percentage changes in serum magnesium levels before and after implan-
tation. Whole blood was separated by centrifugation and the serum isolated and
collected for analysis of serum Mg levels. Magnesium ion levels in (b) kidney, (c) liver
after 8 weeks (2 months) and 24 weeks (6 months) implantation. The magnesium ion
concentration was determined by inductively-coupled plasma optical emission spec-
trometry (ICP-OES). No significant difference was found with different samples at
different time points.



Fig. 11. (a) (i) Fluorochrome labeling and (ii) histological photographs of Giemsa stained bone tissue formed around the implants after 2 months’ implantation in the lateral
epicondyl. ‘I’ represented the implant location and red arrows show the location of newly formed bone after Giemsa staining. (b) Histological photographs of Gimesa stained bone
tissue formed around the implants after 6 months’ implantation in the lateral epicondyl. Photographs on the upper row are the lowmagnification (40�) pictures showing the whole
structure of bone around the implants, whereas photographs on the lower row are pictures with higher magnification (100�) showing the new bone formation around the im-
plants. ‘I’ represented the implant location. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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does not increase themagnesium ion concentration in the serum. All
the serum magnesium levels are under the recommended one and
therefore safe [57]. Furthermore, no significant difference is found
from the Mg concentrations in the kidney and liver, providing evi-
dence that the magnesium ions do not produce deleterious effects.

Based on the in vitro and in vivo studies, with the addition of
magnesium micro-particles, bone substitutes with adequate
biodegradability, biocompatibility, osteoconductivity, and suitable
mechanical properties can be fabricated. More importantly, the
silane-coated Mg/PCL composites stimulate new bone formation
especially at the early time points and so the healing time can be
shortened. The newly developed materials have potential ortho-
pedic applications, especially osteoporotic bone augmentation for
either filling bone defects or percutaneous vertebroplasty to treat
vertebral compression fracture. Although the most commonly used
bone cement for vertebroplasty nowadays is PMMA, it has been
reported that the mismatch in mechanical properties between
PMMA and human cancellous bone can significantly increase the
risk of adjacent vertebral body fractures [8,58,59]. Therefore, the
new composites may solve the problems. Additionally, this study
demonstrates the idea of controlling the mechanical properties of
the composites by incorporating magnesium micro-particles. With
different concentrations of magnesium micro-particles incorpo-
rated, composites with tailored mechanical strength can in prin-
ciple be produced.

5. Conclusion

This study demonstrates the feasibility of the silane-coated Mg/
PCL composites as bone substitutes in bone augmentation. By
incorporating magnesiummicro-particles, the compressive moduli
of the composites can be adjusted to be within the range of human
cancellous bone. Cells grow and proliferate well on the silane-
treated Mg/PCL composites supplying evidence of good cyto-
compatibility. Moreover, the silane-coated Mg/PCL composites
show beneficial effects on osteoblastic differentiation suggesting
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that the composites can stimulate new bone formation. Further-
more, the compressive moduli of the silane-coated composites are
maintained after 2months of SBF immersion revealing that they are
able to provide sufficient mechanical support prior to completely
bone healing. Finally, the in vivo animal studies show no inflam-
mation andmore new bone formation on the silane-coated Mg/PCL
composites compared to the PCL and currently used bone substi-
tute PMMA. Hence, this bone substitute with good degradability,
biocompatibility, osteogenic differentiation properties, and me-
chanical properties have potential clinical applications.
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