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Although poly(methylmethacrylate) (PMMA) cements are widely used in
orthopaedics, they have numerous drawbacks. This study aimed to improve
their bioactivity and osseointegration by incorporating strontium-containing
borate bioactive glass (SrBG) as the reinforcement phase and bioactive filler
of PMMA cement. The prepared SrBG/PMMA composite cements showed
significantly decreased polymerization temperature when compared with
PMMA and retained properties of appropriate setting time and high mech-
anical strength. The bioactivity of SrBG/PMMA composite cements was
confirmed in vitro, evidenced by ion release (Ca, P, B and Sr) from SrBG par-
ticles. The cellular responses of MC3T3-E1 cells in vitro demonstrated that
SrBG incorporation could promote adhesion, migration, proliferation and
collagen secretion of cells. Furthermore, our in vivo investigation revealed
that SrBG/PMMA composite cements presented better osseointegration
than PMMA bone cement. SrBG in the composite cement could stimulate
new-bone formation around the interface between the composite cement
and host bone at eight and 12 weeks post-implantation, whereas PMMA
bone cement only stimulated development of an intervening connective
tissue layer. Consequently, the SrBG/PMMA composite cement may be a
better alternative to PMMA cement in clinical applications and has promising
orthopaedic applications by minimal invasive surgery.

1. Introduction

Since the 1960s [1], poly(methylmethacrylate) (PMMA) bone cement has been
widely used in orthopaedics, especially for kyphoplasty, vertebroplasty and
arthroplasty [2,3], owing to its desirable mechanical strength, relatively low tox-
icity and good handleability in the surgical process [4]. However, due to the
lack of osseointegration, PMMA bone cement cannot bond directly to bone
but forms an intervening connective tissue layer between the bone and
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cement, which occasionally leads to aseptic loosening of the
prostheses when used for arthroplasty [5]. In addition, the
peak polymerization temperature of PMMA may increase
up to 100°C due to heat release during the polymerization
process of MMA monomers, which compromises the sur-
rounding cells and tissues [6]. Many studies have attempted
to improve the clinical performance of PMMA bone cement
by several methods [5,7-11]. Among them, incorporation of
bioactive inorganic fillers such as bioactive glasses (BGs)
[8,9] and glass—ceramics [10] or hydroxyapatite [11] into
the PMMA matrix has been found to be an effective
approach. Although these bioactive fillers can improve the
bioactivity of PMMA cement, they are far from optimal,
because large percentage of bioactive fillers may impair
the mechanical strength and handling properties of
PMMA [12], not to mention that apatite—wollastonite
(A-W) glass—ceramic and hydroxyapatite lack sufficient
biodegradability and osteostimulative activity [4].

BGs, such as the silicate glasses designated 45S5 and
13-93, have the ability to react with the body fluid and convert
to hydroxyapatite, which leads to the formation of a strong
bond with bone and soft tissue [13,14]. Recently, borate BGs,
a novel class of BGs that substitutes partial silicate for
borate, have been the focus for biomedical applications
[14,15] due to their excellent bioactivity, biodegradation,
osteoconductivity and osteoinduction [14,16]. It is easy to con-
trol the degradation rate of borate BGs by manipulating their
composition to match up with the bone-regeneration rate,
which is particularly useful for promoting the regeneration
of bone [14]. Moreover, the compositional flexibility of
borate BGs can be used to serve as a source of many of the
minor elements such as strontium (Sr) that are known to
favour bone growth [14,17].

Sr plays an important role in inhibiting bone resorption and
stimulating bone formation [18,19]. Its mechanism relies on the
ability of Sr** ions to stimulate the alkaline phosphatase (ALP)
activity, the osteogenic-related gene expression of mesenchy-
mal stem cells and the expression of osteoprotegerin [20]. In
addition, Sr has been shown to enhance the proliferation and
osteogenic differentiation of human osteoblast-like cells (MG-
63) and bone marrow stromal cells as well as the expression
of angiogenic factors, leading to a coupling between angiogen-
esis and osteogenesis [21]. Systemic administration of
strontium ranelate was found to increase bone mineral density,
reduce the incidence of hip and vertebral fractures in patients
with osteoporosis [22] and improve the peri-implant bone
volume and implant pull-out strength in animals [23]. How-
ever, the bioavailability of strontium ranelate is low (less than
20% by oral administration), and the use of strontium ranelate
has been associated with adverse effects such as cutaneous
hypersensitivity, venous thrombosis, chronic renal failure
and osteomalacia [24]. Consequently, sustained local release
of Sr** ions from implants may be more suited to systemic
administration.

In this study, we aimed to attain better bone regeneration
by doping Sr into borate BG and further incorporating it into
PMMA to fabricate novel bioactive composite cements,
namely Sr-doped borate bioactive glass (SrBG)/PMMA com-
posite cements. In addition, we investigated the effect of
SrBG on the self-setting behaviour and mechanical strength
of the PMMA matrix to determine if it could comply with
the requirements of International Organization for Standard-
ization (ISO) 5833 [25] (implants for surgery—acrylic resin

cements). Furthermore, we systematically evaluated (i) the
ability of the SrBG/PMMA composite bone cement to
induce apatite formation, (ii) the in vitro cellular response,
namely adhesion, migration, proliferation and differentiation
of MC3T3-E1 on the surface of SrtBG/PMMA composite bone
cement, and (iii) the bone-repair ability in a rat tibia model.

2. Material and methods

2.1. Preparation of poly(methylmethacrylate) cement
and strontium-containing borate bioactive glass/

poly(methylmethacrylate) composite cements

PMMA cement and SrBG/PMMA composite cements were
prepared by mixing solid and liquid components at particular
solid-to-liquid ratios. The solid component of SrBG/PMMA
contained SrBG (10-50 pm) and PMMA (10-80 pm). SrBG
(composition, 6NayO-8 K,0-8MgO-16Ca0-65rO-27B,03-275i0,-2-
P,Os) was prepared by mixing the required amounts of
Na2C03, K2C03, MgCO3, CaCO3, SICO3, SiOZ, H3BO3, NaH2PO4
(analytical grade; Sinopharm Chemical Reagent Co., Ltd,
Shanghai, China), melting the mixture in a platinum crucible
for approximately 1 h at 1200°C and quenching the melt between
cold steel plates. The glass was crushed, ground in a steel mortar
and pestle, and sieved in a stainless steel sieve to yield a particle
size of 10-50 um [26], and PMMA was purchased from
Makevale Group (Ware, UK). The solid component was mixed
using a three-dimensional motion mixer (GH-5L; Ranged
Machinery Co., Ltd, Jiangyin, China) to attain a homogeneous
dispersion. The liquid component contained MMA (monomer,
3 ml) and DMPT (accelerator, 0.14 wl) (Sigma-Aldrich, St Louis,
USA). Details of the PMMA cement and SrBG/PMMA
composite cements are summarized in table 1.

2.2. Handling properties of poly(methylmethacrylate)
cement and strontium-containing borate bioactive
glass/poly(methylmethacrylate) composite

cements

2.2.1. Self-setting properties

The setting properties of the PMMA cement and SrBG/PMMA
composite cements were examined according to the ISO 5833 cri-
teria [25]. The variation in temperatures during the setting
reaction process was measured using a K-type thermocouple
(Spectris, Shanghai, China) connected to data-acquisition equip-
ment (STR90, Shuntong Instrument Co., Ltd, Huai’an city,
China). Immediately after the cement paste was poured into a
self-made Teflon mould under ambient conditions (23°C), the
inner temperatures of the paste were measured and recorded at
5 s intervals for a total time of 25 min. The profile of temperature
versus time was prepared to determine the peak temperature and
setting time. The maximum temperature within the profile was
assigned to the peak temperature during polymerization of the
composite cement. The setting time was defined as the time
point when the exothermic temperature increased to the mid-
point between the ambient and peak temperatures and was
determined using the following equation:

Tmax + Tamb
2 7
where Ty is the setting temperature, Tp,ax the peak temperature

and T, the ambient temperature. The measurements were
repeated five times for reproducibility.

Tset = (2.1)
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Table 1. Compositions of PMMA cement and SrBG/PMMA composite cements.

solid parts (g)

cements filler loading (wt%) PMMA powder (g)
control (PMMA) 0 2
10SrBG/PMMA 10 2
205rBG/PMMA 20 2

2.2.2. Mechanical properties

To determine the mechanical strength of the prepared cements,
cylindrical specimens with 12 mm height and 6 mm diameter
were prepared for compression testing according to the ISO
5833 criteria. The compressive strengths of the PMMA cement
and SrBG/PMMA composite cements were measured using a
universal mechanical testing machine (AG-5KN; Shimadzu,
Japan) at a cross-head speed of 20 mm min . Rectangular speci-
mens of dimensions 3.3 (thickness) x 75.0 (length) x 10.0 (width)
mm were prepared for flexural testing according to the ISO 5833
criteria [25], along with a universal mechanical testing machine
(AG-5KN; Shimadzu, Japan) at a constant cross-head speed of
5mm min~ . Six samples per group were tested to obtain an
average value of the mechanical strength.

2.3. Bioactivity and ion release of
poly(methylmethacrylate) cement and
strontium-containing borate bioactive glass/
poly(methylmethacrylate) composite cements

Cement specimens (10 mm diameter and 3 mm length) were set
for 1 day and soaked in 30 ml of simulated body fluid (SBF) (cal-
culated from the apparent surface area of the specimen according
to a previous study [27]) in plastic containers at 37°C for 30 days.
The specimens were washed with distilled water, dehydrated in
a graded series of ethanol and dried at 60°C. The morphology of
the mineralized layer on the surface of bone cements before and
after soaking in SBF was observed using field emission scanning
electron microscopy (FE-SEM; Nova NanoSEM 450, FEI, The
Netherlands) at an acceleration voltage of 10 kV. The Ca/P
ratio of the mineral layer was determined using energy
dispersive X-ray spectrometry (EDS; Inca X-act, Oxford, UK).

The ion release profile of the SrBG/PMMA composite
cements was evaluated by soaking the cements in phosphate-
buffered saline (PBS) at 37°C. Cylindrical cement samples
(10 mm diameter and 3 mm length) were set for 1 day and
soaked in 30 ml PBS [27] in plastic containers. At each selected
time point, 0.1 ml PBS was taken out carefully, cooled to room
temperature and diluted 10-fold with deionized water. The
ionic concentration of PBS was measured by inductively coupled
plasma optical emission spectroscopy (Optima 7000DV, Perki-
nElmer, Waltham, MA, USA). The ionic concentration of three
immersion samples was measured at each selected time, and
the results were expressed as mean + s.d.

2.4. In vitro evaluation of poly(methylmethacrylate)
cement and strontium-containing borate bioactive

glass/poly(methylmethacrylate) composite cements
2.4.1. Cell culture

The osteogenic MC3T3-E1 cell line used in these experiments was
purchased from the cell bank of Chinese Academy of Sciences at

SrBG (g) liquid parts (ml) S/L (S=PMMA + SrBG)
0 1 2:1

0.2 1 22:1

0.4 1 24:1

0.6 1 26:1

Shenzhen, China. The cells were cultured in a-MEM (Corning,
NY, USA) supplemented with 10% fetal bovine serum (FBS;
Corning, NY, USA) plus 100 Uml ' penicillin and 100 pg ml ™"
streptomycin sulfate. When approximately 80% confluence was
reached, the cells were trypsinized in 0.25% pancreatic enzymes.
Cells of generations 11, which were cultured at 37°C in a humidi-
fied atmosphere of 5% CO,, were used for all the cell culture
experiments.

2.4.2. Cytotoxicity

An MTT assay was performed to determine the cytotoxicity of the
PMMA cement and SrBG/PMMA composite cements through co-
culture of MC3T3-E1 cells with extracts of the PMMA cement and
SrBG/PMMA composite cements. The extracts were prepared
according to the ISO 10993 specifications [28] (biological evalu-
ation of medical devices). The cylindrical cements (10 mm
(diameter) x 3 mm (thickness)) were first treated with 75% ethanol
and then with PBS for 24 h. Subsequently, the cement samples
were soaked in a-MEM (ratio of cement sample to medium, 1/5
(w/v)) at 37°C for 24 h. The medium was then used as the extract
(marked as ‘extract’) in the following cell culture without further
filtration. The MC3T3-E1 cells were seeded into a 96-well plate con-
taining 200 wl per well of growth medium at a density of 1.0 x
10° cells per well and incubated for 24 h to allow cell attachment.
Thereafter, the medium was replaced with 200 wl of the extracts
of PMMA cement and SrBG/PMMA composite cements. After
24 h of culture, 20 ul MTT solution (5 mg ml ") (GBCBIO Technol-
ogy Inc, Guangzhou, China) was added to each well and
incubated at 37°C for 4 h to form formazen, which was then dis-
solved using dimethyl sulfoxide. The optical density of each well
was measured at 570 nm with a plate reader (BioTek Synergy4,
Winooski, VT, USA). The a-MEM without extract was used as
the control.

2.4.3. Cell adhesion

The MC3T3-E1 cells were seeded on the surface of the cements
with 10 mm diameter and 3 mm thickness at a density of 5.0 x
10* cells per well. After 3 days of incubation, the surfaces of the
cement samples were rinsed with PBS to remove the non-adherent
cells. The remaining cells were fixed using 2.5% glutaraldehyde in
cacodylate buffer (Guangzhou Chemical Reagent Factory,
Guangzhou, China) and washed with cacodylate buffer
containing sucrose. After dehydration with gradient alcohol
and sputter-coating with gold, the morphology of the cells
was observed using FE-SEM at an acceleration voltage of 10 kV.

2.4.4. Cell migration

A scratch assay was used to detect the effects of the cements on
horizontal migration. A total of 5 x 10* cells were added to each
well of 6-well plates and grown into a confluent monolayer.
A ‘scratch” was introduced by scraping the monolayer with a
P200 pipette tip (Gilson, Inc., Middleton, WI, USA). The debris
was removed, and the edge of the scratch was smoothened
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by washing twice with D-Hank’s solution (Beijing Solarbio
Science & Technology Co., Ltd, Beijing, China). Extracts of the
cements were prepared as described in §2.4.2. The extracts
were supplemented with 0.5% FBS and poured into a plate;
basal medium with 0.5% FBS served as the control. Each group
had 10 duplicates. After incubation at 37°C for 8-18h, the
plate was observed at the selected time points using an inverted
phase-contrast microscope (CKX41, Olympus (China) Co., Ltd,
Shanghai, China).

A transwell assay was performed to detect the effects of the
cements on vertical migration. A total of 1 x 10° cells in a
medium starved of serum were added to the top chamber of
cell culture inserts (8 mm pore size) in a 24-well plate, and
three extracts supplemented with 0.5% FBS were added to the
bottom chambers; basal medium with 0.5% FBS served as the
control. Each group had 10 duplicates. After incubation for
12h at 37°C, the inserts were removed, and the remaining
migrated cells were agitated gently with a pipette. After fixation
in methanol for 30 s, the migrated cells were stained with crystal
violet (Beyotime, Shanghai, China) and counted. Ten observation
fields were calculated for each duplicate.

2.4.5. Alkaline phosphatase activity

The MC3T3-E1 cells were seeded on the surface of the cements
with 10 mm diameter and 3 mm thickness at a density of 2.0 x
10 cells per well in a six-well plate. After culturing for 3 days
at 37°C, the medium was replaced with a self-made osteogenic
differentiation medium, which contains dexamethasone,
B-glycerophosphate disodium salt hydrate, L-ascorbic acid
2-phosphate sesquimagnesium salt hydrate (Sigma-Aldrich), to
induce differentiation of MC3T3-E1 cells. At 7 and 14 days of incu-
bation, the medium was removed and the cell monolayer was
washed twice with PBS. The cells were then treated with cold
Triton X-100 (Sigma-Aldrich) for 1h under agitation to extract
the ALP. Aliquots of the mixture were taken for estimation of
the protein concentration. The ALP assay was performed accord-
ing to the manufacturer’s protocol using an ALP assay kit
(Beyotime, Shanghai, China). Six duplicates were measured at
each time point.

2.4.6. Collagen secretion

Collagen secretion of the MC3T3-El cells on the surface of
cements was quantified using the Sirius Red staining method
[29]. The MC3T3-EL1 cells were seeded on the samples (four repli-
cates) onto 24-well plates at a density of 1 x 10* cells per well. At
7 and 14 days of incubation, the samples were washed thrice
with PBS and fixed in 4% paraformaldehyde. Following three
rinses in PBS, the samples were stained for collagen secretion
using a 0.1% solution of Sirius Red (Sigma-Aldrich) in saturated
picric acid for 18 h. After washing with 0.1 M acetic acid until no
red colour appeared, the stain on the samples was eluted in
500 ml of the solution (0.2 M NaOH/methanol, 1:1). The optical
density was measured at 540 nm with an enzyme-labelling
instrument (BioTek Synergy4).

2.5. In vivo evaluation of poly(methylmethacrylate)
cement and strontium-containing borate bioactive
glass/poly(methylmethacrylate) composite

cements

2.5.1. Animal experiments and implantation procedure

The study protocol was approved by the Animal Care Commit-
tee of Shenzhen Institute of Advanced Technology, Chinese
Academy of Sciences. All experiments were conducted in accord-
ance with the guidelines of the local Animal Welfare Committee.

Sixteen male Sprague—Dawley rats (three months old, aver- n

age weight 350 g) underwent surgery under general inhalation
anaesthesia using a Univentor 400 anaesthesia unit (Univentor
Ltd, Zejtun, Malta) and isoflurane (Isoba® Vet; Schering-
Plough Ltd, Uxbridge, UK) inhalation (2.3%, with airflow of
450 ml min ). All animals received a local injection of xylocaine
(Shanghai Pharmaceutical Industries Co., Ltd, Shanghai, China)
at the site of implantation and a subcutaneous injection of an
analgesic (Temgesic; RB Pharmaceuticals, Berkshire, UK;
0.024 mg kg~ body weight) post-operatively and twice a day
for 2 days in order to minimize the operative and post-operative
pain. Each leg was shaved and cleaned with 5mg ml~" chloro-
hexidine in 70% ethanol, and the medial aspect of the medial
tibial metaphysis was exposed. The implantation sites were
prepared using 2.5 mm diameter round burs under profuse
irrigation with saline.

The pre-setting sample of SrBG/PMMA composite cement
(denoted as 30SrBG/PMMA as summarized in table 1) and
commercial PMMA cement (OSTEOPAL® V, Heraeus, Germany)
were implanted into the medial metaphysis of the tibia in
both hind legs of the rats. All animals were allowed free
post-operative movement with food and water ad libitum. The
retrieval procedures were performed after eight and 12 weeks
of implantation. At each retrieval time point, the animals were
sacrificed using an overdose of barbiturate (Mebumal; ACO
Laemedel AB, Solna, Sweden), and the implants in the tibial
metaphysis were exposed. Thereafter, the implants were
retrieved and preserved according to the analytical procedures
as described in §§2.5.2. and 2.5.3.

2.5.2. Histological examination

Sections (approx. 5 pm thick) in the longitudinal direction of
the rat tibia were stained with Giemsa stain and examined
using transmitted light microscopy. The excised tibial
specimens of the animals sacrificed at eight and 12 weeks
post-implantation were fixed in 10% formaldehyde and dehy-
drated in a graded series of ethanol. In the subsequent days,
the excised tibial specimens were embedded in PMMA using
alcohol-PMMA mixtures with increasing concentrations of
the embedding media Technovit 7200 VLC (Heraeus Kulzer
GmbH, Wehrheim, Germany). After hardening, 20 mm sections
were cut from the middle of the cement plug on the tibia and
ground to a thickness of 70 mm using a grinding machine
(EXAKT400 CP Micro Grinding System, Norderstedt,
Germany). The surface was then polished with #4000 garnet
papers (Sinopharm Chemical Reagent Co., Ltd). At the end,
the sections were stained with Giemsa stain for histological
observation under a light microscope (Axioskop 40; Carl
Zeiss, Jena, Germany) connected to a digital camera (AxioCam
MRc5 Carl Zeiss).

2.5.3. Micro-computed tomography

The rat tibiae of the animals sacrificed at eight and 12 weeks
post-implantation were fixed in 4% paraformaldehyde, and
the morphology of the reconstructed tibia was assessed using
micro-computed  tomography (micro-CT; Skyscan 1176,
Kontich, Belgium). Scanning was performed at a resolution of
18 pum. The micro-CT images were reconstructed using the
Feldkamp convolution back-projection algorithm and segmented
into binary images using adaptive local thresholding.

2.6. Statistical analysis

Data are presented as mean + s.d. Statistical analysis was
performed using one-way analysis of variance followed
by Tukey’s post hoc test, with the level of significance setat p < 0.05.
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Figure 1. The cross-sectional microstructure of () PMMA bone cement, (b) 10SrBG/PMMA and (c) 30SrBG/PMMA composite cements (the black arrows indicate the SrBG
particles). EDS analysis of the elements (d) Si and (e) Ca shows that SrBG particles are dispersed in the 30SrBG/PMMA composite cement. (Online version in colour.)

3. Results

3.1. Characterization of strontium-containing borate
bioactive glass/poly(methylmethacrylate)
composite cements

Figure 1 shows the cross-sectional microstructure of the
PMMA cement and 10SrBG/PMMA and 30SrBG/PMMA
composite cements. The SrBG powders interacted solidly
within the PMMA matrix (figure 1b,c), and there were some
pores within the SrBG/PMMA composite cements. The
EDS analysis (figure 1d,e) revealed that silicon and calcium
existed within the PMMA matrix. Synergistically, the micro-
structure and EDS analysis of the S'BG/PMMA composite
cements demonstrated the distribution of SrBG particles
within the PMMA matrix.

3.2. Handling properties of strontium-containing borate
bioactive glass/poly(methylmethacrylate)

composite bone cements

3.2.1. Self-setting properties

The peak temperature of polymerization of 10SrBG/PMMA,
20SrBG/PMMA and 30SrBG/PMMA (figure 2a) decreased
with the amount of SrBG in cements (84.4 + 1.85°C, 73.2 +
2.14°C and 65.5 + 2.85°C, respectively), and the peak temp-
erature of the SrBG/PMMA composite cements was
evidently lower than that of PMMA cement (88.7 4+ 2.23°C)
and maximum temperature value specified by the ISO 5833
(90°C) [25]. The setting times for the cements increased
with the SrBG content, from 6.67 + 0.26 min for PMMA
cement to 10.89 + 0.36 min for 305SrBG/PMMA composite
cement (figure 3b), but were still within the appropriate
setting times for operation in a surgical room (615 min).

3.2.2. Mechanical properties
The results of the mechanical test are depicted in figure 3. The
compressive strength of the specimens was 83.59 + 5.65,

89.62 + 6.99, 78.31 + 4.55 and 80.72 + 3.03 MPa for PMMA,
10SrBG/PMMA, 20SrBG/PMMA and 30SrBG/PMMA
cements, respectively (figure 3a), all of which were higher
than the minimum value of compressive strength required
by the ISO 5833 [25] criterion (greater than 70 MPa). The flex-
ural strength of cements decreased with the increase in SrBG
content, which was 61.03 + 3.44, 55.62 + 2.21, 53.13 + 2.68
and 50.1 + 1.69 MPa for PMMA, 10SrBG/PMMA, 20SrBG/
PMMA and 30SrBG/PMMA cements, respectively (figure 3b).
The flexural strength of all SrtBG/PMMA composite cements
satisfied the ISO 5833 [25] criterion (greater than 50 MPa),
although the flexural strength of the 30SrBG/PMMA composite
cement was only slightly higher than the minimum value.
However, the flexural modulus of the SrBG/PMMA composite
cement (figure 3c) increased with the SrBG content in the
cement, and all values of the flexural modulus were far
beyond the critical value of 1800 MPa set by the ISO 5833
[25] criterion.

3.3. Bioactivity and ion release of strontium-containing
borate bioactive glass/poly(methylmethacrylate)
composite cements

When immersed in an aqueous phosphate solution, SrBG
degraded and converted to hydroxyapatite and released
boron (B) and the glass network modifiers (such as Ca**
and Sr*") into the solution [30]. The Ca*" released from the
glass then reacted with the phosphate ions to form an amor-
phous calcium phosphate or hydroxyapatite-like material,
which imparted bioactivity to the cements.

Figure 4 shows the X-ray diffraction patterns of the SrBG/
PMMA composite cements after soaking in SBF for 30 days.
The diffraction peaks for low crystallinity of the hydroxyapa-
tite phase (Standard Card No. JCPD 24-0033) were detected
at 26 26° and 32° for the SrtBG/PMMA composite cements
after soaking in SBF. Figure 5 shows the results of SEM and
EDS analysis for the surface of the cements after soaking in
SBF for 30 days. No or very little particle deposition was
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Figure 4. X-ray diffraction patterns of pure PMMA, 10SrBG/PMMA and
30SrBG/PMMA cements after immersion in simulated body fluid for 30
days. (Online version in colour.)

observed on the surface of the PMMA cement (figure 5a).
EDS analysis demonstrated that there were no Ca and P
elements (figure 5¢). By contrast, newly formed clusters of
particles were observed on the surface of the SrtBG/PMMA
composite cements after exposure to SBF (figure 5b,c). Cover-
age of the deposition layer on the surface increased with an

increase in the SrBG content. Only a small number of granu-
lar crystals appeared on the surface of the 10SrBG/PMMA
composite cement. As the SrBG content increased up to
30%, the newly formed apatite layer had covered more sur-
face of the sample (figure 5c). Higher magnification images
showed that the newly formed apatite layers on the compo-
site cements were composed of aggregates of nanocrystals
with worm-like morphology (figure 5¢,f). EDS analysis con-
firmed that the Ca/P ratio of the formed apatite on the
surface of the 30SrBG/PMMA bone cement was 1.298
(figure 5h).

The changes in the concentrations of B and Sr ions of PBS
solutions during the immersion test are shown in figure 6.
The release profile of B and Sr in 10SrBG/PMMA and
30SrBG/PMMA cements showed a similar tendency, i.e. a
low release rate during the initial 14 days, which increased
tremendously to a much higher rate at the later stages of
immersion time.

3.4, Response of MC3T3-E1 cells in vitro

3.4.1. Cell adhesion and cell proliferation

After 3 days of culture, all the cements supported
MC3T3-E1 cell attachment (figure 7). On the surfaces of
the SrBG/PMMA composite cements, the cells displayed
discernible filopodia (figure 7a,b,d,e). MTT analysis
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Figure 5. Scanning electron microscopy images and EDS analysis of PMMA cement and SrBG/PMMA composite cements after immersion in simulated body fluid for
30 days. (a,d) PMMA, (be) 10SrBG/PMMA, (c,f) 30SrBG/PMMA, (g) EDS analysis of PMMA, (h) EDS analysis of 30SrBG/PMMA. (Online version in colour.)
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Figure 6. Cumulative amount of strontium and boron released from (a) 10 SrBG/PMMA composite and (b) 30SrBG/PMMA composite cements as a function of
immersion time in PBS. The results are presented as mean =+ s.d. (Online version in colour.)

(figure 8) showed that the extract of the SrBG/PMMA com-
posite cements had a much higher relative growth rate
(RGR) than that of the PMMA cement after culture for 3
and 7 days. Overall, the RGR of the extract of all cements
was above the dashed line in figure 8, yielding acceptable
RGRs according to ISO 10993 [28]. Of note, with the

increase in SrBG in the composite cements, the RGR first
increased and then declined. This may be due to the cyto-
toxicity of the higher alkalinity of the microenvironment
caused by ion release from SrBG during the conversion
and degradation process of the 30SrBG/PMMA composite
cement [30].
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Figure 7. Morphology of MC3T3-E1 cells incubated for 3 days on the surface of PMMA and the SrBG/PMMA composite cements. (a,d) 30SrBG/PMMA, (b,e) 10SrBG/

PMMA, (¢f) PMMA.
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Figure 8. RGR of M3T3-E1 cells after culture with the PMMA cement and
SrBG/PMMA cements (dashed line indicates the acceptable RGR). *Significant
difference between groups (p << 0.05). (Online version in colour.)

3.4.2. Cell migration

According to the results of the cell-migration assay (figure 9),
the PMMA cement showed a significant decrease in horizon-
tal migration (p <0.05, n=10). Moderate inhibition was
detected for the 30SrBG/PMMA composite cement, whereas
slight promotion was noted for the 20SrBG/PMMA compo-
site cement. There was no significant difference between the
10SrBG/PMMA and 20S5rBG/PMMA composite cements
(p <0.05, n=10; figure 9a). All the cements had enhanced
vertical migration of MC3T3-E1 cells, but the 20SrBG/
PMMA composite cement showed highest promotion on
vertical migration of MC3T3-E1 cells (figure 9b).

3.4.3. Alkaline phosphatase activity
The ALP activities of MC3T3-E1 cells after culture on the
cements for 7 and 14 days are shown in figure 10a. The

SrBG/PMMA composite cements had higher ALP activities
than the PMMA bone cement (p < 0.05) at both 7 and 14
days. Further, among all composite cements, the 10SrBG/
PMMA cement had the highest ALP activity. There were no
significant differences in the ALP activity among the different
culture times for all the SrBG/PMMA composite cements
(p > 0.05).

3.4.4. (ollagen secretion

Significant enhancements in collagen secretion (figure 10b)
were observed in each SrBG/PMMA composite cement
(p<0.05 n=10). However, the 10SrBG/PMMA and
20SrBG/PMMA composite cements showed a higher pro-
motion than the 30SrBG/PMMA composite cement, but
there was no significant difference between them (p > 0.05).

3.5. In vivo osteointegration of strontium-containing
borate bioactive glass/poly(methylmethacrylate)

composite cements

3.5.1. Histological evaluation

Giemsa surface staining sections of the overview of the rat
tibia (figure 11a—d) show that after implantation for eight
and 12 weeks, the 30SrBG/PMMA composite cements were
well tolerated in the defect sites, and there were no signs of
rejection, necrosis or infection. No bone resorption was
noted around the 30SrBG/PMMA composite cement
implant. The surface of the 30SrBG/PMMA composite
cement was in intimate contact with the bone for most of
the surface without any intervening soft tissue between the
30SrBG/PMMA composite cement and the host bone. Fur-
thermore, more newly formed trabecular bone was visible
around the 30SrBG/PMMA composite cement with a
longer implantation time. Notably, the commercial PMMA
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Figure 10. (a) ALP activities and (b) protein secretion of MC3T3-ET cells after culture with the PMMA cement and SrBG/PMMA composite cements. *Significant
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cement evoked an inflammatory response and foreign body
reaction in the surrounding bony tissues.

Details of the bone—cement interface were further
assessed using histomorphometric analysis after implantation
(figure 11e—h). New-bone formation was visible on the super-
ficial surface of the 30SrBG/PMMA composite cement. An
intervening soft tissue layer of approximately 10-100 pm
thickness was observed at the bone—PMMA cement interface.
There were more areas of intimate contact between the sur-
face of the SrBG/PMMA composite cement and the bone
compared with that seen with PMMA cement (figure 11e—h).

3.5.2. Micro-computed tomography measurement

Figure 12 shows the three-dimensional reconstructed images
and sagittal section images of rat tibia with implantation of
PMMA cement and 30SrBG/PMMA composite cement for
eight and 12 weeks. Interestingly, a layer of circular new
bone formed around the implant at the interface between
the 30SrBG/PMMA composite cement and the host bone at
eight and 12 weeks post-implantation, whereas the PMMA
cement showed no sign of new-bone formation. To our
knowledge, circular new-bone formation at the implant—
bone interface is rare with bioactive fillers/PMMA composite

cements [2,5-9]. This finding demonstrated that the borate
BG had excellent osteoinduction. The per cent bone volume
of PMMA cement and the 30SrBG/PMMA composite
cement at different implantation times is shown in
figure 12c. The per cent bone volume of the 30SrBG/
PMMA composite cement (21.06 +6.34% and 33.94 +
4.84% at eight and 12 weeks post-implantation, respectively)
and the PMMA cement (8.75 + 4.09% and 12.46 + 3.87% at
eight and 12 weeks post-implantation, respectively) increased
with implantation time. Together, these results suggested
that the 30SrBG/PMMA composite cement had a high ability
of osteoinduction and could induce bone formation around
the implants.

4. Discussion

In this study, SrBG was incorporated as the reinforcement
phase and bioactive filler of a PMMA cement to enhance
osteointegration and osteostimulation of PMMA for expand-
ing its application in orthopaedics. The SrBG/PMMA
composite cements were bioactive, and their setting time
and mechanical strength complied with the ISO 5833 criteria.
Moreover, the peak temperature during setting of the
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Figure 11. Giemsa surface staining of the overview (40x) and the bone—cement interface (200x) of rat tibia after implantation of PMMA cement and SrBG/
PMMA composite cement. Fibrous tissue is stained blue with Giemsa stain. (a,b) Rat tibia with implantation of PMMA cement at eight and 12 weeks (around the
PMMA cement, a layer of soft tissue is seen in most parts of the bone —cement interface); (¢.d) rat tibia with implantation of SrBG/PMMA composite cement at eight
and 12 weeks (in many areas around the SrBG/PMMA composite cement, i.e. 30SrBG/PMMA cement, a good bonding to the bone is seen); (ef) implant—bone
interface with implantation of PMMA cement at eight and 12 weeks; (g,h) implant—bone interface with implantation of SrBG/PMMA composite cement at eight and
12 weeks. Red arrows indicated the implant—bone interface. (Online version in colour.)

composite cements was lower than that observed in the
polymerization of pure PMMA cement. Furthermore, the
SrBG/PMMA composite cements could promote adhesion,
migration, proliferation, differentiation and collagen secretion
from pre-osteoblastic MC3T3-E1 cells in vitro and induce
new-bone formation in a rat tibia model in vivo.

4.1. In vitro properties of strontium-containing borate
bioactive glass/poly(methylmethacrylate)
composite cements

The self-setting properties are key characteristics in the appli-
cation of bone cements [31]. The SrBG/PMMA composite
cement showed a lower peak temperature than PMMA
cement (88.7°C) and the ISO 5833 standard [25] (90°C),
which improves the biocompatibility of the cement [4]. In
addition, the 30SrBG/PMMA composite cement showed
the most suitable setting time (10.89 + 0.36 min) among the
cements [25], confirming the superior self-setting properties
of the 30SrBG/PMMA composite cement [31,32].

With regard to the repair of large bone defects that can
present in load-bearing bones, although the target mechan-
ical properties of the implants are not well established, a
commonly used guideline is that the strength of the implant
should match that of the host bone [33]. The compressive
strength and flexural strength of all the SrtBG/PMMA compo-
site cements after setting were higher than the minimum
value required by ISO 5833 [25] (70 MPa) and much higher
than the compressive strength of calcium phosphate cement
[33]. In comparison, the compressive strengths of human
trabecular bone and cortical bone are 2-12MPa and
100-150 MPa, respectively [34], confirming that the SrBG/
PMMA composite cement is a promising implant for repair-
ing loaded bone at some defect sites [35]. When immersed in
SBF, the SrBG/PMMA composite cements showed the
formation of hydroxyapatite on the surface of the cement
and the dissolution of ions such as B and Sr into PBS,
which confirmed the bioactivity. Results of X-ray diffraction

and SEM showed that the converted hydroxyapatite product
was not fully crystallized or that the crystallite size was in the
nanoscale range. Because of their higher surface area and
degradation rate, these partially crystallized or nanoscale
hydroxyapatite particles may be beneficial for cell crawling
and migration [17].

Attachment and spreading of cells belong to the first
phase of the cell/material interaction. The material character-
istics can influence cellular response when cells contact the
surface of biomaterials [4,36]. In this study, both PMMA
and SrBG/PMMA composite cements were able to support
cell adhesion and proliferation; however, the cells on the sur-
face of the STBG/PMMA composite cements showed better
cell growth, suggesting no cytotoxicity of ions released
from the STBG/PMMA composite cements. When compared
with MC3T3 cells cultured with PMMA, those cultured with
SrBG/PMMA composite cements showed a significantly
higher increase in cell vertical migration, ALP activity and
collagen secretion. The improvement of cell proliferation,
bone-related differentiation, collagen secretion and cell
vertical migration may be related to the formation of an
apatite layer [4,37], which favours the cell proliferation and
differentiation. The ionic products (such as BO3~, Sr*,
Ca®" and Si*") released from SrBG within the composite
cements could be also beneficial for osteoblast attach-
ment, proliferation and differentiation, as borate BG has
a stimulatory effect on bone-related cells [14].

4.2. Repair of bone defects in vivo

For a bioactive cement to replace PMMA bone cement, it
should have similar handling properties; better mechanical
characteristics; and most importantly, high osteoconductivity
and osteoinduction [4]. Bone cement with bioactivity can
bond directly and solidly to living bone and strengthen the
bone—cement interface, which is considered weak in bone—
cement—implant constructs [38]. According to the results of
the histological staining, there was no noticeable intervening
soft tissue layer between the composite cements and the host
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Figure 12. Micro-CT evaluation of bone regeneration in the rat tibia defects with implantation of PMMA cement and 30 SrBG/PMMA composite cement for (a) eight
and (b) 12 weeks. Three-dimensional reconstructed images and sagittal images by micro-CT imaging of the area surrounding the cement implants, showing newly
formed bone around the interface between the cement implant and host bone for (a) eight and (b) 12 weeks (area outlined in red); (c) bone volume/total volume
(BV/TV) in the defects implanted with 30SrBG/PMMA composite cement with different post-implantation times. Values are presented as mean +s.d.; n = 3.

*Significant difference between groups (p << 0.05). (Online version in colour.)

bone, which was beneficial for formation of a tight bond
between the host bone and the composite cements. The
SrBG in composite cements had significantly enhanced osteo-
genic capability at the interfacial areas, stimulated greater
bone formation around the interface of the composite
cement implants and showed excellent osteoinduction. The
improved osseointegration may improve fixation of implants
and reduce bone resorption, thereby inducing the formation
of new bone, which can provide a stable interface to avoid
implant failure [23,39]. Our in vivo results are in agreement
with those of previous studies and showed better bone for-
mation than new PMMA-based bioactive bone cements
with amphiphilic phosphorylated 2-hydroxyethylmethacry-
late [40] and bioactive PMMA-based cements with silicate
bioceramic [4] and A-W glass ceramic [41].

Our results suggest that incorporation of SrBG into the
PMMA matrix could provide a more beneficial microenviron-
ment for cell attachment, proliferation and differentiation and
lead to a higher osteogenic capability in a rat tibia model in
vivo. However, the composition of the SrBG/PMMA compo-
site cements after implantation was not studied, and hence it
was not possible to track the phase transformation of SrBG
after implantation. Also, biomechanical tests were not per-
formed, and it cannot be known whether the improved
osteointegration of the SrBG/PMMA composite cements in
this study may lead to better mechanical stability of the
implanted site, or, on the other hand, lead to a compromise
of the biomechanical stability of the implanted site owing to
uncontrolled degradation. Hence, further in vivo study is

necessary to investigate the osseointegration of SrBG/
PMMA composite cements in an ovariectomized animal
model to evaluate treatment in osteoporotic fracture.

5. Conclusion

In this study, bioactive SrBG/PMMA composite cements
were developed by adding different amounts of SrBG into
PMMA cement as the reinforcement phase and bioactive
filler. The SrBG/PMMA composite cements demonstrated
proper setting time and high mechanical strength, which
complied with the ISO 5833 standard. In addition, the SrBG
particles in the composite cements reacted and converted
into hydroxyapatite to form an apatite layer on the cement
surface after soaking in SBF and PBS, and released ion pro-
ducts (such as Ca, P, B and Sr), imparting bioactivity to the
composite cement. When cultured with SrBG/PMMA com-
posite cements, MC3T3-E1 cells showed enhanced vertical
migration, proliferation, ALP activity and collagen secretion,
confirming the cytocompatibility of the composite cement.
Moreover, when implanted in rat tibia defects, SrBG in the
composite cements converted into hydroxyapatite and stimu-
lated new-bone formation around the interface between
the implants and host bone at eight and 12 weeks post-
implantation, whereas pure PMMA bone cement only
showed an intervening soft tissue layer, suggesting that the
SrBG/PMMA composite cements presented better osseointe-
gration and capacity to regenerate bone defects than PMMA
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bone cement. Therefore, the SrBG/PMMA composite bone
cements may be a better alternative to PMMA in future clini-
cal applications and is a promising option for bone repair in
different defect sites, as it requires minimal invasive surgery.
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