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ABSTRACT: The development of a new generation of injectable
bone cements that are bioactive and have enhanced osteogenic
capacity for rapid osseointegration is receiving considerable
interest. In this study, a novel injectable cement (designated Sr-
BBG) composed of strontium-doped borate bioactive glass
particles and a chitosan-based bonding phase was prepared and
evaluated in vitro and in vivo. The bioactive glass provided the
benefits of bioactivity, conversion to hydroxyapatite, and the
ability to stimulate osteogenesis, while the chitosan provided a
cohesive biocompatible and biodegradable bonding phase. The Sr-
BBG cement showed the ability to set in situ (initial setting time =
11.6 + 1.2 min) and a compressive strength of 19 + 1 MPa. The
Sr-BBG cement enhanced the proliferation and osteogenic

Sr-BBG cemen!

Sr-BBG cement

differentiation of human bone marrow-derived mesenchymal stem cells in vitro when compared to a similar cement (BBG)
composed of chitosan-bonded borate bioactive glass particles without Sr. Microcomputed tomography and histology of critical-
sized rabbit femoral condyle defects implanted with the cements showed the osteogenic capacity of the Sr-BBG cement. New
bone was observed at different distances from the Sr-BBG implants within eight weeks. The bone—implant contact index was
significantly higher for the Sr-BBG implant than it was for the BBG implant. Together, the results indicate that this Sr-BBG
cement is a promising implant for healing irregularly shaped bone defects using minimally invasive surgery.
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1. INTRODUCTION

Borate bioactive glasses have been receiving considerable
research and development interest in recent years because of
their attractive properties such as bioactivity, biocompatibility,
and the ability to stimulate osteogenesis." > Because of their
lower durability resulting from the borate glass network, borate
bioactive glasses react faster and convert more completely to
hydroxyapatite (HA) in an aqueous phosphate solution when
compared to the silicate bioactive glasses such as 4585 and 13—
93.* To date, borate bioactive glasses have been studied and
applied mainly in the form of porous scaffolds or granules.
Three-dimensional (3D) porous scaffolds composed of borate
bioactive glasses have shown the capacity to stimulate the
proliferation and differentiation of osteogenic MLO-AS cells
and human bone marrow-derived mesenchymal stem cells
(hBMSCs) in vitro and also to stimulate bone regeneration in
rat calvarial defects in vivo.”
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Implantation of 3D scaffolds and granules typically require
open surgery. While granules are easier to handle during
surgery, they can migrate into the surrounding tissue and are
limited to the repair of nonloaded bone defects.’ As 3D
scaffolds cannot adequately fill bone defects, particularly defects
with an irregular shape, they can lead to limited bone—implant
contact (BIC) and poor osseointegration. Implantation of 3D
scaffolds commonly requires machining of the graft to fit the
defect shape prior to surgery or modifying the surgical site to
match the implant shape. Those procedures can lead to a
higher risk of surgery-related injuries, longer surgery time, and
longer postoperative care.
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Injecting a synthetic bone substitute directly into the defect
site by minimally invasive surgery can potentially overcome
some of the problems associated with 3D scaffolds and
granules.*” Consequently, there is considerable interest in the
development of injectable cements for the repair of bone
defects, in particular, large irregularly shaped defects. Bone
cements for minimally invasive surgery should have the
requisite injectability and setting time for ease of surgical
implantation, bioactivity for bonding with bone, and the ability
to serve as a carrier for local delivery of osteogenic or
osteoinductive factors to facilitate cellular infiltration and
subsequent integration with host bone.

Strontium (Sr), a trace element in the human body, has been
reported to play a role in stimulating bone formation and
inhibiting bone resorption.*’ The mechanism is believed to
depend on the ability of Sr* ions to stimulate the alkaline
phosphatase (ALP) activity and the osteogenic-related gene
expression of mesenchymal stem cells (MSCs) and the
expression of osteoprotegerin (OPG).'°™'* Sr has also been
shown to enhance the proliferation and osteogenic differ-
entiation of human osteoblast-like cells (MG-63) and BMSCs
as well as the expression of angiogenic factors, which can lead
to a coupling between angiogenesis and osteogenesis.">”'®
Systemic administration of strontium ranelate was found to
increase bone mineral density (BMD), reduce the incidence of
hip and vertebral fractures in osteoporotic patients,lé’17 and
improve the peri-implant bone volume and implant pull-out
strength in animals.'"®'” However, the bioavailability of
strontium ranelate is low (<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.”*>* Consequently,
sustained local release of Sr** ions from implants could be
preferable to systemic administration.

The release of Sr from different bone cements has been
investigated recently. A Sr-containing poly(methyl methacry-
late) (PMMA) bone cement was reported to show enhanced
bioactivity and biocompatibility. Release of Sr** ions from the
PMMA cement was believed to promote osteoblast prolifer-
ation and facilitate the precipitation of HA, leading to an
increase in the strength of the bone—implant interface.”>** An
injectable Sr-containing calcium phosphate cement (CPC)
showed promising setting time, compressive strength, and
radiopacity.”® The cement stimulated the proliferation and
differentiation of osteoblastic cells and hBMSCs in vitro®®*’
and enhanced new bone formation at the bone—cement
interface and in the entire metaphyseal fracture defect area in
rats.”® However, PMMA cements commonly suffer from poor
bonding with bone and high exothermic reaction in situ, while
CPCs generally suffer from the need for high-temperature or
elaborate processing techniques, slow degradation rate, and low
strength.

The objective of the present study was to develop and
evaluate an injectable bone cement composed of Sr-doped
borate bioactive glass particles and a chitosan-based solution
that served as the hardening phase. The Sr-doped bioactive
glass was selected because of its bioactivity, osteogenic capacity,
and the ability to release Sr** ions in a controlled manner.
Chitosan is biocompatible and biodegradable,”® and when
dissolved in an aqueous medium, it produces a highly viscous
solution. The characteristics of the cement, such as injectability,
setting time, compressive strength, bioactivity, and degradation
were evaluated. In vitro cell culture was used to assess the
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ability of the cement to stimulate the proliferation and
osteogenic differentiation of hBMSCs. The capacity of the
cement to stimulate bone formation at varying distances from
the bone—cement interface was studied in a rabbit femoral
condyle defect model using microcomputed tomography
(micro-CT) and histology.

2. MATERIALS AND METHODS

2.1. Preparation of Sr-BBG Cement. The injectable
cement developed in the present study (designated Sr-BBG)
was formed from Sr-doped borate bioactive glass particles and a
chitosan-based hardening solution. The Sr-doped bioactive
glass was obtained by doping the parent bioactive glass
(composition 6Na,O, 8K,0, 8MgO, 22Ca0, 54B,0;, 2P,0s;
mol %) with 9 mol % SrO. The glass was prepared by
conventional melting and casting methods using the requisite
amounts of analytical grade Na,COj;, K,CO;, CaCO;, H;BO;,
(MgCO0,),-Mg(OH)-25H,0, NaH,PO,-2H,0, and SrCO; and
ground to form particles of size <40 ym. The hardening phase
was prepared by mixing a chitosan solution (20 g of chitosan
powder in 1 L of 1.0 M acetic acid) with a f-glycerophosphate
solution (560 g of f-glycerophosphate in 1 L of deionized
water) at a ratio of 7:1 by volume. (All chemicals were obtained
from Sinopharm Chemical Reagent Co., Ltd,, China). The Sr-
BBG cement paste was prepared by manually mixing the glass
particles with the hardening liquid at a powder-to-liquid ratio of
2.0 g/mL. For comparison, the cement (designated BBG)
composed of the parent borate bioactive glass particles
(without Sr) and the chitosan-based liquid was prepared by
the same method. The cement paste was allowed to set in
cylindrical polyethylene molds to form disc-shaped specimens
for in vitro testing and cell culture experiments.

2.2. Injectability, Initial Setting Time, and Compres-
sive Strength. The injectability of the cements was evaluated
using an extrusion test described previously.’® Briefly, after
mixing, the paste was transferred into a commercial 10 mL
syringe (diameter of opening = 1.7 mm). Then the paste was
extruded from the syringe (held rigidly in a fixture) by applying
a force of 100 N at a cross-head speed of 10 mm/min using a
computer-controlled mechanical testing machine (CMT6104;
SANS Test Machine Inc.,, China). The injectability coefficient
(I) of the cements was defined as

I=[(M, — M)/M,] x 100 (1)

where M, is the initial mass of the cement loaded into the
syringe, and M is the mass remaining in the syringe after
extrusion. Three samples of each cement were tested, and the
results were expressed as a mean + standard deviation (SD).
The initial setting time of the cement pastes was measured
using Gillmore needles according to ASTM C266—99. The
compressive strength of cylindrical cement samples (S mm in
diameter X10 mm) was measured using a CMY6104 SANS
testing instrument at a cross-head speed of 0.5 mm min™" and a
preload of 1 kN. At least three samples of each cement were
tested, and the mean strength + SD was determined.

2.3. Evaluation of in Vitro Bioactivity and Degrada-
tion in Simulated Body Fluid. Simulated body fluid (SBF)
with ion concentration nearly equal to that of human blood
plasma was prepared according to the method described by
Kokubo and Takadama.>' The degradation of the cements was
studied as a function of immersion time in SBF at 37 °C for as
long as 90 d. Cylindrical samples of each cement (4.7 mm in
diameter X 3.5 mm), preset for 4 h, were immersed in 10 mL of
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SBF in sterile polyethylene containers. At each time point, the
samples were removed from the SBF, washed with deionized
water, dried at 90 °C, and weighed. The SBF was cooled to
room temperature, and its pH was measured using a pH meter
(FE20; Mettler Toledo). At least three samples of each cement
were measured at each immersion time, and the results were
expressed as a mean + SD.

The surface morphology and microstructure of the cement
samples before and after immersion in SBF were examined in a
field-emission scanning electron microscope (FESEM) fitted
with an energy-dispersive X-ray (EDS) spectrometer (Hitachi
S-4700; Tokyo, Japan). X-ray diffraction (XRD) (D/max-2500
V B2+/PC; Rig-aku, Tokyo, Japan) was used to determine the
presence of crystalline phases in the cements before and after
immersion in SBF. At each time point, the concentration of
(BO;)*” and Sr** ions in the SBF was measured using
inductively coupled plasma atomic emission spectroscopy
(ICP-AES; Optima 2100 DV; U.S.A.).

2.4. In Vitro Cell Culture. Primary hBMSCs were isolated
and subcultured as previously described.** The use of the
hBMSCs was approved by the Ethical Committee of Shanghai
Sixth People’s Hospital, Shanghai Jiao Tong University School
of Medicine. Cells at the fourth to seventh passage were used
for subsequent cell culture experiments.

2.4.1. Cell Adhesion and Proliferation. Cell adhesion and
cell-biomaterial interaction were assessed by seeding 1 X 10°
hBMSCs on BBG and Sr-BBG cement discs (6 mm in diameter
X 3 mm) in 24-well culture plates. The cells were incubated in
Dulbecco’s modified Eagle’s medium (DMEM; GIBCO,
Invitrogen Pty Ltd., Australia) supplemented with 10% fetal
calf serum (FCS; InVitro Technology, Australia). The cell
cultures were maintained at 37 °C in a humidified atmosphere
of 5% CO,. After 3 d, the samples were removed from the
culture wells, rinsed with phosphate-buffered saline (PBS), and
fixed with 2.5% glutaraldehyde in PBS for 1 h. After removing
the fixative by washing with a buffer containing 4% (w/v)
sucrose in PBS, the samples were postfixed in 1% osmium
tetroxide in PBS and dehydrated in a graded series of ethanol
(50%, 70%, 90%, 95%, 100%) and hexamethyldisilazane
(HMDS). The specimens were coated with gold and examined
in an FESEM (Hitachi; S-4700).

A Cell Counting Kit-8 assay (CCK-8, Dojindo Molecular
Technologies, Inc. Japan) was used to assess the proliferation of
hBMSCs on the BBG and Sr-BBG cement discs. Briefly, 1 X
10* hBMSCs were seeded on each cement disc and cultured for
1, 3, and 7 d. Then 360 uL of culture medium and 40 uL of the
CCK-8 solution were added to each well at each time point,
and the system was incubated at 37 °C for another 4 h. An
aliquot of 100 uL was taken from each well and transferred to a
fresh 96-well plate. The absorbance of these samples was
measured at 450 nm using a spectrophotometric microplate
reader (Bio-Rad 680, U.S.A.). The results were determined as
the optical density minus the absorbance of the blank wells.

2.4.2. Cell Differentiation. ALP activity was measured after
seeding 1 X 10° hBMSCs on discs of each cement and culturing
for 7 and 14 d. The experiments were performed in triplicate.
At each time point, the culture medium was decanted, and the
cell layer was washed gently three times with PBS and then
once in cold 50 mM Tris buffer. Then the hBMSCs were lysed
in 200 uL of 0.2% Triton X-100. Lysates were sonicated after
being centrifuged at 14000 rpm for 1S min at 4 °C.
Supernatant (SO uL) was mixed with 150 uL of working
solution according to the manufacturer’s protocol (Beyotime
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Biotech, China). The conversion of p-nitrophenylphosphate
into p-nitrophenol in the presence of ALP was determined by
measuring the absorbance at 405 nm using a microplate reader
(Bio-Rad 680, U.S.A.). All samples were assayed in triplicate.
The ALP activity was calculated from a standard curve after
normalizing to the total protein content, and the results were
expressed in mM of p-nitrophenol produced per minute per
milligram of protein.

The expression levels of the osteogenic-related genes, runt-
related transcription factor 2 (RUNX2), osteocalcin (OCN),
bone morphogenetic protein-2 (BMP-2), type I collagen
(COL-1), and bone sialoprotein (BSP) were measured using
qRT-PCR. The cells were seeded at a density of 2 X 10* cells/
disc, cultured for 7 and 14 d, and then harvested using TRIzol
reagent (Invitrogen Pty Ltd.,, Australia) to extract the RNA.
Then the RNA was reverse-transcribed into complementary
DNA (cDNA) using a Revert Aid First Strand cDNA Synthesis
Kit (Thermo Scientific). The gqRT-PCR analysis was performed
on an ABI Prism 7300 Thermal Cycler (Applied Biosystems,
Australia) using SYBR Green detection reagent. The relative
expression of the genes was normalized against the house-
keeping gene GAPDH. All samples were assayed in triplicate.
The relative expression was calculated using the formula
2—(normalized average Ct) % 100.

2.5. In Vivo Evaluation of Sr-BBG Cement in a Rabbit
Femoral Condyle Defect Model. 2.5.1. Surgical Procedure
and Treatment. All animal experimental procedures were
approved by the Animal Research Committee of Shanghai Sixth
People’s Hospital, Shanghai Jiao Tong University School of
Medicine. A total of 12 adolescent male New Zealand white
rabbits weighing 3.0—3.5 kg were used. The rabbits were
anesthetized using an intramuscular injection of S0 mg/kg
ketamine hydrochloride and 5 mg/kg xylazine. Lateral approach
was performed to expose the distal femoral epiphysis, and a
critical-sized condyle defect (6 mm diameter and 12 mm
depth) was created with an electric trephine (Nouvag AG,
Goldach, Switzerland) under irrigation with 0.9% sterile saline
solution. Mixing of the cement components started after the
femoral defect was surgically created. Then the BBG or Sr-BBG
cement paste was injected into the defects using a syringe (six
defects filled with Sr-BBG and six with BBG), and the wounds
were sutured. Prophylactic antibiotic was given for 3 d.

2.5.2. Microcomputed Tomography. The animals were
euthanized under general anesthesia at four or eight weeks
postimplantation, and the femoral condyles were explanted and
fixed in 4% paraformaldehyde. The morphology of the
reconstructed femurs was assessed using micro-CT (Skyscan
1176, Kontich, Belgium). Scanning was performed at a
resolution of 18 um. Images were reconstructed based on the
Feldkamp convolution back-projection algorithm and seg-
mented into binary images using adaptive local thresholding.
The percentage of new bone volume relative to tissue volume
(BV/TV) and the trabecular bone pattern factor (Tb.Pf) were
calculated at different distances from the cement implant
surface (at 6, 12, 18, and 24 pixels; 1 pixel ~ 18 um).

2.5.3. Histologic Processing. After dehydration in a graded
series of ethanol (75—100%), the undecalcified specimens were
embedded in PMMA. Transverse sections were cut, ground,
and polished to a final thickness of ~40 ym.>> The sections
were stained with Van Gieson’s picrofuchsin to identify new
bone formation at the bone—cement interface. The bone and
cement were stained red and black, respectively. The contact
percentage giving the extent to which the mineralized bone was

DOI: 10.1021/am507008z
ACS Appl. Mater. Interfaces 2015, 7, 2393—2403


http://dx.doi.org/10.1021/am507008z

ACS Applied Materials & Interfaces

Research Article

110 B 1
=

— 12-
- £

< 100 = 0]
o Q
- £

£ 907 = 8
K <

£ 80 g °

Q i3 4
£ 8

™ g 2
£

u 04

BBG cement Sr-BBG cement

BBG cement

Compressive strength (MPa)
o
T

Sr-BBG cement BBG cement Sr-BBG cement
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Figure 2. SEM images and EDS analysis of BBG and Sr-BBG cements before (0 d) and after immersion in SBF for 90 d. SEM images of the surface
of BBG and Sr-BBG cement as fabricated (after hardening) (A1 and B1) and after immersion for 90 d (A2 and B2). EDS spectra of the surface of the

BBG and Sr-BBG cements after immersion for 90 d (A3 and B3).

attached directly to the cement (ie, the BIC index) was
measured.

2.6. Statistical Analysis. The data were expressed as a
mean + SD. An independent Student’s t test was used to
compare differences between groups, and a p value of <0.05 was
considered to be statistically significant.

3. RESULTS

3.1. Characteristics of Sr-BBG Cement. The injectability,
initial setting time, and compressive strength of the BBG and
Sr-BBG cements are shown in Figure 1. The injectability of the
Sr-BBG cement (98 + 1%) was not significantly different from
that of the BBG cement (95 + 1%) (Figure 1A). There was no
phase separation of the cements on extrusion from the syringe,
which might be attributed to the cohesiveness between the
bioactive glass particles and the chitosan hardening solution.>*
The initial setting time of the Sr-BBG cement (10.6 + 1.2 min)
was significantly longer than that for the BBG cement (7.3 +
0.9 min), (Figure 1B), indicating a retarding effect of Sr on the
setting of the cement. There was no significant difference
between the compressive strength of the hardened Sr-BBG and
BBG cements (19 + 1 MPa and 20 + 1 MPa, respectively)
(Figure 1C).
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Figure 2 shows scanning electron microscopy (SEM) images
and EDS spectra of the surface of the BBG and Sr-BBG
cements before and after immersion in SBF. The as-prepared
cements showed a rough surface in which some glass particles
and large pores were visible (Figure 2A1,B1). Upon immersion
in SBF, a product was formed on the surface of the cements
within 20 d. At 90 d, the surface was composed of nearly
globular particles (Figure 2A2,B2). EDS analysis of the surface
of the cements immersed for 90 d in SBF showed major peaks
corresponding to Ca and P, indicating the formation of a
calcium phosphate material (Figure 2A3,B3). The Ca/P atomic
ratio of the material formed on the BBG and Sr-BBG cement
was 1.54 and 1.62, respectively.

XRD showed that the as-prepared Sr-BBG cement was
amorphous (Figure 3). After immersion for 20 d in SBF, the
XRD pattern showed a broad peak of low intensity (height)
that corresponded to the main peak in a reference HA (JCPDS
72—1243). The broad low-intensity peak might be an
indication that the as-formed HA had not fully crystallized,
that the crystallite size of the HA product was in the nanometer
range, or a combination of both. The peak intensity increased,
and a second HA peak appeared, as the immersion time was
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Figure 3. XRD patterns of Sr-BBG cement before (A) and after
immersion in SBF for 20 d (B) and 90 d (C). The pattern of a
reference hydroxyapatite (JCPDS 72—1243) (D) is shown for
comparison.

increased to 90 d. The XRD patterns for the BBG cement were
similar to those in Figure 3, and they are omitted for brevity.

Figure 4 shows the weight loss of the cements, the pH value
of the SBF, and the amount of borate (BO;)>~ and Sr** ions
released from the cements as a function of immersion time in
SBF. The weight loss increased rapidly in the first 5—10 d but
slowed considerably thereafter (Figure 4A). At any given
immersion time, the weight loss of the Sr-BBG cement was
smaller than that of the BBG cement. The pH of the SBF also
increased rapidly during the first 5—10 d, but it decreased
gradually at longer immersion times (Figure 4B). The pH of
the SBF reacted with the Sr-BBG cement was smaller than that
for the BBG cement at immersion times less than ~60 d, but
there was no significant difference in the pH when the
experiments were terminated at 90 d. There was little difference
in the amount of (BO;)* ions released from the BBG and Sr-
BBG cements into the SBF (Figure 4C). The amount of Sr**
ions released from the Sr-BBG cement into the SBF increased

with immersion time, reached a maximum at approximately day
20 and decreased slowly thereafter (Figure 4D).

3.2. Adhesion and Proliferation of hBMSCs on Sr-BBG
Cement. SEM images of the cements after 3 d of culture
showed that the presence of hBMSCs with a well-spread
morphology on the surface of both cements (Figure S). The
number of hBMSCs per unit area of the St-BBG cement surface
was higher than that for BBG cement. The CCK-8 proliferation
assay showed that both cements supported the proliferation of
hBMSCs (Figure 6). The number of cells increased with culture
time (1, 3, and 7 d) and, at days 3 and 7, the number of cells on
the Sr-BBG cement was significantly higher than it was on the
BBG cement (p < 0.05), which is consistent with the SEM
observation.

3.3. Differentiation of hBMSCs on Sr-BBG Cement. At
both culture times (7 and 14 d), the ALP activity and
osteogenic gene expression (RUNX2, OCN, BMP-2, COL-1,
and BSP) of the hBMSCs cultured on the Sr-BBG cement were
significantly higher when compared to those of the hBMSCs
cultured on the BBG cement (Figures 7 and 8). The results
showed that the Sr-BBG cement had a significantly better
ability to stimulate osteogenic differentiation of hBMSCs at
both time points when compared to the BBG cement.

3.4. Bone Regeneration and Integration of Sr-BBG
Cement in Vivo. 3.4.1. Microcomputed Tomography
Analysis. Micro-CT imaging of the rabbit femoral condyle
defects implanted with the Sr-BBG cement showed a small
amount of newly formed bone surrounding the implant at four
weeks postimplantation and more extensive bone formation at
the bone—cement interface at eight weeks. In comparison, it
appeared that a smaller amount of new bone was formed at the
periphery of the BBG cement at four weeks. However, a
difference in the amount of newly formed bone at the periphery
of the BBG and Sr-BBG cements could not be clearly observed
from the micro-CT images at eight weeks (Figure 9). The
volume of new bone formed at varying distances from the
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Figure 5. SEM images showing the attachment of hBMSCs on BBG (A) and Sr-BBG (B) cement after culturing for 3 d.
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Figure 6. Proliferation of hBMSCs cultured on BBG and Sr-BBG
cements for 1, 3, and 7 d. *Significant difference between groups (p <
0.05).
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Figure 7. ALP activity of hBMSCs cultured on BBG and Sr-BBG
cements for 7 and 14 d. *Significant difference between groups (p <
0.05).

bone—cement interface was determined to quantitatively assess
the osteogenic capacity of the cements. As shown in Table 1,
the BV/TV at varying distances from the periphery of the Sr-
BBG cement was significantly higher than that for the BBG
cement at both four and eight weeks postimplantation. In
addition, the Tb.Pf (an index that decreases with increase in
bone mass) at varying distances from the periphery of the Sr-
BBG implants was significantly lower than that for the BBG
implants at four and eight weeks postimplantation. The results
indicated that the Sr-BBG cement had a better capacity to
stimulate bone regeneration at the interfacial areas when
compared to the BBG cement for the implantation periods
used.
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3.4.2. Histomorphometric Analysis. The bone—cement
contact was further assessed using histomorphometric analysis
at four and eight weeks postimplantation (Figure 10A). Van
Gieson’s picrofuchsin stained sections showed that both
cements were well-tolerated in the defect sites and that there
were no signs of rejection, necrosis or infection. At four weeks
postimplantation, there was only a small amount of newly
formed bone, and large gaps were evident around the BBG
cement. In comparison, for the Sr-BBG cement, the amount of
newly formed bone appeared to higher, and the gaps around
the cement were noticeably smaller. With an increase in the
implantation time to eight weeks, small gaps infiltrated with
fibrous tissue were still present around the BBG cement,
suggesting limited bone—cement contact. In comparison, no
infiltration of fibrous tissue between the bone and the implant
was observed for the Sr-BBG cement, indicating direct bone—
cement contact. Bone ingrowth into the voids formed as a
result of the degradation of the Sr-BBG cement was observed at
eight weeks postimplantation, showing superior osseointegra-
tion when compared to the BBG cement. The BIC index for
the Sr-BBG cement implant was 26 + 6% and 36 + 9%,
respectively, at four and eight weeks postimplantation, which
was significantly higher than these same values for BBG cement
implant, 13 + 3% (four weeks) and 26 + 4% (eight weeks)
(Figure 10B).

4. DISCUSSION

An injectable cement (Sr-BBG) composed of Sr-doped borate
bioactive glass particles and a chitosan-based bonding phase
was developed and evaluated in vitro and in vivo. In addition to
being bioactive and biodegradable, the cement showed clinically
relevant injectability and setting time and the ability to
stimulate not only the osteogenic differentiation of hBMSCs
in vitro but also bone regeneration and integration in vivo.
The setting time is an important property for a cement that is
intended for clinical applications. Hardening of the cement
should occur neither too quickly (to allow time for molding
and injection) nor too slowly (to prevent migration to
undesirable sites and the need to close the defect site
immediately after injection).>® The Sr-BBG cement in the
present study showed a setting time of 10.6 + 1.2 min that was
in the suggested clinical range of 10—15 min.*® The Sr-BBG
cement also showed excellent injectability (98 + 1%) at room
temperature. Together, these properties indicate that the Sr-
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Figure 8. Osteogenic gene expression of RUNX2 (A), OCN (B), BMP-2 (C), COL-1 (D), and BSP (E) for hBMSCs cultured on BBG and Sr-BBG
cement discs as determined by qRT-PCR analysis after 7 and 14 d. *Significant difference between groups (p < 0.05).

BBG cement might have promising potential for implantation
by minimally invasive surgery.

The strength of the hardened cement is another important
property in bone-repair applications.’” The compressive
strength of the Sr-BBG cement (19 + 1 MPa) was almost
twice the highest compressive strength of human trabecular
bone, indicating that the cement could be used for regenerating
bone in some load-bearing sites. The high strength of the
cement is believed to be a direct result of the chitosan
hardening phase that undergoes a sol—gel transition, forming a
strong cohesive bonding phase.

The formation of HA on the surface of a biomaterial plays an
important role in enhancing its bonding to bone.”® XRD
patterns of the Sr-BBG and BBG cements showed a major peak
corresponding to HA within 20 d of immersion in SBF. The
intensity of the peak increased, and a second HA peak appeared
as the immersion time was increased to 90 d. Formation of an
HA layer on the Sr-BBG cement immersed in SBF for 90 d was
also confirmed by SEM and EDS analyses.

The interaction of a biomaterial with cells is a key factor in
osseointegration. Cell adhesion is the initial step of cellular
interaction with the surface of an implant. It is a key regulator
of cell proliferation, differentiation, activation, and migration,
which can determine the fate of the biological interaction at the
interface with the implant. SEM images and assays of cell
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proliferation showed a significantly larger number of cells on
the Sr-BBG cement at incubation times of 3 and 7 d when
compared to the BBG cement. These trends are compatible
with the results of a previous study, which showed a better
ability of Sr-doped HA to support the attachment and
proliferation of human osteoprecursor cells when compared
to undoped HA.*

The composition of a biomaterial could affect the biological
response of cells due to dissolution of ions from biomate-
rial.**" The effect of Sr’* ions on the proliferation and
osteogenic differentiation of osteoblasts or MSCs has been
investigated previously. One study found a maximum in
osteogenic marker expression at Sr** concentrations of S X
107> mM but an inhibitory effect on the proliferation of
primary human osteoblasts at Sr** concentrations greater than
1 mM.* Other studies showed a stimulating effect on ALP
expression and bone nodule formation in MSC cultures at Sr**
concentrations of up to 2 mM and a positive influence on long-
term cultures of MC3T3-E1 cells at Sr** concentrations of up
to 1 mM.*** The upper limit of the Sr** concentration
released by Sr-BBG cement in the present study (~70 ppm or 7
X 107> mM) was in the range reported to stimulate
proliferation and osteogenic differentiation of cells of the
osteoblastic lineage.*
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(WB8) in critical-sized rabbit femoral condyle defects.

Table 1. Bone Structural Parameters at Different Distances
from the Surface of the Sr-BBG and BBG Cements
Implanted for Four and Eight Weeks in Critical-Sized Rabbit
Femoral Condyle Defects

sample BBG cement Sr-BBG cement
time distance BV/TV* Tb.Pf* BV/TV* Tb.Pf*
(w) (um) (%) (mm™") (%) (mm™")
4 216 6 23 26 9
4 432 10 19 33 6
8 216 30 10 42 4
8 432 42 6 56 2

“BV/TV: bone volume/total volume; Tb.Pf: bone trabecular pattern
factor. Data correspond to a representative rabbit in each experimental

group.

The results of the present study showed that the Sr-BBG
cement significantly enhanced the expression of osteogenic
genes (RUNX2, OCN, BMP-2, COL-1, and BSP) at both
incubation times used (7 and 14 d). Type I collagen (COL-1)
is an early marker for cell maturation, whereas OCN is a
terminal marker gene for osteogenic differentiation. Thus, the
Sr-BBG cement appeared to support both the cell maturation
and early terminal osteoblast differentiation. These results are
compatible with those of previous studies.***>*® Strontium-
doped HA materials have been shown to promote the
proliferation, osteogenic differentiation, and vascular endothe-
lial growth factor (VEGF) expression of human osteoblast-like
cells (MG-63)."> One of the potential mechanisms for
osteogenesis is enhanced angiogenesis. Activation of VEGF
receptors can induce the expression of genes associated with
osteogenesis and angiogenesis, such as RUNX2, BMP-2, and

==}
o

Hl BBG cement
Il Sr-BBG cement *
—

@
<

B
(=]
1

n
?

Bone-implant contact index (%)

o
I

4W 8w
Post-implantation time

Figure 10. Histological analysis of newly formed bone and bone—implant contact (BIC) index for BBG and Sr-BBG cements implanted for four and
eight weeks in critical-sized rabbit femoral condyle defects. (A) Undecalcified sections stained with Van Gieson’s picrofuchsin. The new bone appears
red, and the cement appears black. B indicates bone; yellow arrows indicate BIC area. (B) BIC index for the BBG and Sr-BBG cements determined

from the histomorphometric measurements.
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osteopontin (OPN). RUNX2, BMP-2, and OPN are
sequentially expressed during osteogenesis. As a result of a
positive feedback mechanism, a higher expression of RUNX2,
BMP-2, and OPN could further promote the secretion of
VEGEF, which, in turn, could stimulate an angiogenic response.

The substitution of Sr for Ca in mesoporous bioactive glass
(MBG) scaffolds was found to modify the dissolution of Ca**
and Si*" ions from the MBG and to better stabilize the pH
around the scaffolds when compared to MBG scaffolds without
St.* The ions released from the Sr-BBG cement and the more
stable pH environment due to its degradation could stimulate
the metabolic activity, proliferation, and differentiation of the
MSCs (BMP-2 expression).***"*7

Strontium can also affect cellular activity via the membrane-
bound calcium sensing receptor (CaSR) in both osteoblasts
and osteoclasts.**>° Since Sr** ions have shown a positive
influence on the Wnt/f-catenin pathway by triggering
mitogenic signaling,®' it is possible that the presence of Sr**
ions could enhance the ability of MSCs and preosteoblasts to
proliferate and differentiate into bone-forming osteoblasts and
promote the formation of extracellular matrix.****** In the
present study, the Sr** ions released from the Sr-BBG cement
presumably created a better microenvironment for osteo-
genesis, resulting in enhanced adhesion, proliferation, and
differentiation of the hBMSCs.

Implantation of the Sr-BBG cement in critical-sized rabbit
femoral condyle defects provided a method for evaluating its
potential in eventual clinical application. The Sr-BBG cement
significantly enhanced osteogenesis at the interfacial areas,
stimulated greater bone formation, and showed a higher BIC
index when compared to the BBG cement. Bone ingrowth into
the Sr-BBG cement occurred within eight weeks of
implantation, indicating better osseointegration when com-
pared to the BBG cement. The better osseointegration could
have a positive effect in improving the fixation of implants while
concurrently reducing the activation of osteoclasts and
preventing long-term host bone resorption and implant failure.

Our in vivo results are compatible with those of previous
studies that showed better bone formation and BIC of Sr-
substituted HA coatings®> and Sr-doped HA bone-graft
extender.*® Local delivery of Sr** from surface-functionalized
titanium implants was found to enhance BIC in the femoral
shaft of rats.”” It has been suggested that bone ingrowth into
bone cements could decrease bone resorption and promote the
formation of a stable interface.”* Previous studies attributed the
enhanced new bone formation by Sr** ions to the increased
osteogenic differentiation of endogenous MSCs.*>**

While an in-depth study of the molecular mechanisms was
beyond the scope of the present study, the results indicated that
several factors might be responsible for the better ability of the
Sr-BBG cement to improve bone regeneration and BIC when
compared to the BBG cement. Those factors include the ability
of the cement to mineralize to HA, provide a sustained delivery
of Sr** ions in the defect site, and enhance the secretion of
angiogenic factors. The release of Sr** ions could also modify
the alkaline microenvironment produced by the degradation of
BBG cements, resulting in a more stable pH environment that
could further stimulate the metabolic activity, proliferation, and
differentiation of mesenchymal progenitor cells.

5. CONCLUSIONS

A novel injectable cement (designated Sr-BBG) developed in
the present study, composed of Sr-doped borate bioactive glass
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particles and a chitosan-based hardening phase, showed
clinically relevant injectability and setting time, as well as
bioactivity due to the bioactive glass phase. When compared to
a similar cement (designated BBG) composed of the borate
glass particles without Sr, the Sr-BBG cement enhanced the
proliferation and osteogenic differentiation of hBMSCs in vitro.
The Sr-BBG cement showed a better capacity than the BBG
cement to regenerate bone at the implant—bone interface at
four and eight weeks postimplantation in a critical-sized rabbit
femoral condyle defect model. By combining its osteogenic
capacity with the ability to serve as a carrier for pharmaceuticals
or growth factors, the Sr-BBG cement could provide an
attractive implant to treat irregularly shaped bone defects using
minimally invasive surgery.
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