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Background  A new treatment strategy is to target specific areas of the skeletal system that are prone to clinically 
significant osteoporotic fractures. We term this strategy as the “local treatment of osteoporosis”. The study was performed 
to investigate the effect of alendronate-loaded calcium phosphate cement (CPC) as a novel drug delivery system for  local 
treatment of osteoorosis.
Methods  An in vitro study was performed using CPC fabricated with different concentrations of alendronate (ALE, 0, 
2, 5, 10 weight percent (wt%)). The microstructure, setting time, infrared spectrum, biomechanics, drug release, and 
biocompatibility of the composite were measured in order to detect changes when mixing CPC with ALE. An in vivo study 
was also performed using 30 Sprague-Dawley rats randomly divided into six groups: normal, Sham (ovariectomized (OVX) 
+ Sham), CPC with 2% ALE, 5%ALE, and 10% ALE groups. At 4 months after the implantation of the composite, animals 
were sacrificed and the caudal vertebrae (levels 4-7) were harvested for micro-CT examination and biomechanical testing.
Results  The setting time and strength of CPC was significantly faster and greater than the other groups. The ALE release 
was sustained over 21 days, and the composite showed good biocompatibility. In micro-CT analysis, compared with the 
Sham group, there was a significant increase with regard to volumetric bone mineral density (BMD) and trabecular number 
(Tb.N) in the treated groups (P <0.05). Trabecular spacing (Tb.Sp) showed a significant increase in the Sham group 
compared to other groups (P <0.01). However, trabecular thickness (Tb.Th) showed no significant difference among the 
groups. In biomechanical testing, the maximum compression strength and stiffness of trabecular bone in the Sham group 
were lower than those in the experimental groups.
Conclusions  The ALE-loaded CPC displayed satisfactory properties in vitro, which can reverse the OVX rat vertebral 
trabecular bone microarchitecture and biomechanical properties in vivo. 
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Osteoporosis is a skeletal disorder characterized by low 
bone mass and deterioration of bone microarchitecture 

resulting in bone fragility. As the aging population 
increases, the rising prevalence of osteoporosis-related 
injuries will have a dramatic impact on health care. Altered 
bone microarchitecture and diminished bone mineral 
density (BMD) ultimately lead to greater bone fragility 
and increased susceptibility to pathologic fracture.1 

The management of osteoporosis is among the greatest 
challenges faced by modern medicine. Indeed, the aging of 
the population is increasing the prevalence of osteoporosis, 
which is associated with tremendous psychological, 
social and economic burdens.2 In China alone, there are 
approximately 13 million osteoporotic vertebral fractures 
annually.3 At present, the mainstay of treatment relies 
on systemic medications intending to increase BMD, 
improve bone mass and bone microarchitecture, and most 
importantly, decrease fracture incidence.4,5 However, the 
enormity of this problem will continue to result in a large 
population of patients who remain at significant risk for 
osteoporotic fracture despite medical optimization. New 
treatment targets should be identified via improvements in 
the knowledge of bone pathophysiology, bone remodeling, 
bone cells, intracellular signaling pathways and drug 
delivery. These improvements constitute evidence of the 

considerable research efforts that are being expended to 
ameliorate osteoporosis.

A new treatment strategy is to target specific areas of the 
skeletal system that are prone to clinically significant 
osteoporotic fractures. We term this strategy as the “local 
treatment of osteoporosis”. This is topical application 
of anti-resorptive, bone formation agents or biological 
materials to treat osteoporosis, which can enhance the 
volumetric BMD, bone microstructure, and biomechanics of 
the local osteoporotic bone. Otsuka et al6 injected calcium 
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phosphate ceramics suspensions containing magnesium, 
zinc and fluoride into the right femur of ovariectomized 
(OVX) rats. The BMD and bone mechanical strength of the 
right femur were significantly higher than the left femur on 
day 28. Peter et al7 used local delivery of zoledronate from 
coated orthopedic implants in osteoporotic rats. Twenty-
five 6-month-old female Wistar rats were OVX for 6 weeks 
before the implantation to induce osteoporosis. The animals 
were randomly separated in five groups representing 
different zoledronate concentrations in the hydroxyapatite 
(HA), coating: 0, 0.2, 2.1, 8.5, and 16 µg/implant. A 
remarkable result showed a window of zoledronate content 
(0.2 to 8.5 µg/implant) in which the mechanical fixation 
of the implant increased. Furthermore, Phillips et al8 
analyzed the effects of osteogenic protein-1 (OP-1; BMP-
7) treatment on osteopenic ovine vertebral architecture and 
biomechanics. After creating an 8 mm diameter defect in 
the mid-vertebral body, sheep underwent intravertebral 
body implantation at two nonadjacent levels. Animals 
were euthanized 6 months after implantation. Histology 
showed varied degrees of bony healing in the injection 
sites. Histomorphometrically, OP-1 treated vertebrae 
showed improvements in percent bone of up to 38% and 
star volume of up to 55% compared to the control group. 
Improvements in whole vertebral body BMD were not 
detected for any treatment. But the above studies had some 
deficiencies, one was that the BMD of local osteoporotic 
bone had not always changed significantly; another was 
that local treatment effects would gradually disappeared 
when the local material release stopped.

Previous studies have shown the promising potency 
of the bisphosphonates (BPs) in reducing osteoporotic 
fracture due to their high affinity for bone mineral and 
powerful inhibitory effects on osteoclast-mediated bone 
resorption through suppressing osteoclast function, 
inhibiting osteoclast differentiation, and promoting 
osteoclast apoptosis.9-12 Among the BPs, the most important 
is alendronate (ALE), which has already been widely 
used in the clinical treatment of systemic metabolic bone 
diseases.13 However, BPs have undesirable effects such as 
gastrointestinal ulceration14,15 and jaw osteonecrosis,16,17 
and also have low oral bioavailability, between 1% and 3% 
of the dose ingested.18 On this basis, the development of a 
strategy for local administration of BPs becomes even more 
intriguing.

Calcium phosphate cement (CPC) is a most important 
biomaterial for medical application because of its excellent 
properties such as bioactivity, self-setting, injectability, and 
plasticity. The multi-porous structure makes it a natural 
lattice for bone tissue in growth when implanted in the 
body.19 Different studies with CPCs have shown that they 
are highly biocompatible and osteoconductive materials, 
which can stimulate tissue regeneration.20-23 As a drug 
delivery system (DDS), a clinical study indicated that CPC 
has distinct effects in curing and preventing osteoporosis.24

Although these studies reported the positive effects of 

BPs and CPC osseointegration in osteoporosis, there is 
no experimental study that describes the effects of locally 
applied BPs combined with CPC in an osteoporotic animal 
or patient. Recently a new DDS using CPC containing three 
different ALE concentrations were developed: β-tricalcium 
phosphate (β-TCP), tetracalcium phosphate (TECP), 
HA, and dicalcium phosphate anhydrate (DCPA).25 We 
hypothesized that the composite would display satisfactory 
properties in vitro when it is administered locally; the 
composite can improve trabecular bone microarchitecture 
and bone biomechanics in locally osteoporotic bone. Based 
on this, our study was designed to observe the effects of the 
composite in OVX rat spine as assessed by high-resolution 
micro-CT and biomechanical testing.

METHODS

In vitro study
Specimen preparation and grouping
The powdered CPC (ReboneGutai, Shanghai Rebone 
Biomaterials Co., Ltd, China) was mixed uniformly with 
ALE in four different concentrations (0, 20, 50 and 100 
mg/g). From the paste, a series of 15 standard cylinders, 6 
mm in diameter and 12 mm in length, of each composite 
was formed in metal molds without any compression 
(liquid/solid: 0.5). After a hardening period of 4 hours, they 
were maintained for 24 hours at 37ºC and 100% relative 
humidity in a thermostatically incubator. The specimens 
were stored in a desiccator for further use. The specimens 
were divided into four groups (n=5 for each group): CPC 
(control group), 2% ALE group (CPC containing 2% ALE), 
5% ALE group (CPC containing 5% ALE), and 10% ALE 
group (CPC containing 10% ALE).

Characterization of the specimens
The chemical structure of the specimen was characterized 
by Fourier transform infrared spectroscopy (FTIR, 
Nicolet 750, Nicolet Co., USA) in transmission mode. 
The morphology and microstructure of the specimens 
were observed using scanning electron microscope (SEM, 
H-800, Hitachi Co., Japan). Before performing SEM, the 
specimens were dried and coated with gold.

Measurement of setting time 
The specimens were tested to the reference ASTM C191-
03 standard,26 using a Vicat apparatus (Shanghai Luda 
Experimental Instrument Co., Ltd. Shanghai, China), which 
had a movable rod of (300.0±0.5) g mass and a removable 
needle of (1.0±0.05) mm diameter fixed at the end of the 
rod. The Vicat needle was carefully lowered vertically on 
the surface of the newly shaped specimens and kept there 
for 5 seconds. The indentation was repeated at intervals of 
30 seconds until the specimen hardened. The initial setting 
time was calculated as when the needle did not penetrate 
more than 2 mm into the specimen; the final setting time 
was also calculated when no mark was visible after the 
needle was applied to the surface.27

Release testing
The released quantity of ALE was measured as follows. 
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Specimens were introduced into 3 ml of phosphate buffer 
(pH 7.25) in a 15 ml test tube with a cap. The tube was 
fixed on the specimen holder in a thermostatically regulated 
water bath maintained at (37.0±0.1) ºC, and shaken at 90 
r/min. During the release test, the entire dissolution medium 
was replaced with fresh buffer at 24 hours. Supernatant 
(1.0 ml) of the specimen media was collected and rinsed 
in an iron (III) chloride/perchloric acid solution so that 
the suspended ALE could be completely extracted into 
the aqueous phase as a previous study described.28 The 
ALE concentration in the iron (III) chloride/perchloric 
acid extraction was examined using ultraviolet (UV) 
spectrophotometry. The analytical methods were validated 
according to linearity, precision, accuracy, and specificity.28 
To determine the duration of likely biological activity, the 
release of ALE was observed over a period of 21 days.

Mechanical testing 
The compressive strength of CPC specimens mixed with 
several concentrations of ALE was investigated to detect 
changes in the mechanical properties. The specimens 
were produced in the same way as in the release study and 
the same concentrations of ALE were used. Comparison 
cylinders of CPC without ALE were tested as controls. For 
each group, five standard-sized cylinders were produced. 
All cylinders were tested on an Instron machine (Instron 
5 848 MicroTester, Instron, Co., USA) under axial 
compression at a speed of 0.1 mm/second. Each testing was 
performed five times and the average value was calculated.

Cell-culture and cytotoxicity assay
Rat mesenchymal stem cells (MSCs) were propagated 
at a density of 1×105/cm2 in T-25 flasks (Corning, USA)
with basal culture media containing alpha Modified 
Eagle Medium, 15% fetal bovine serum (FBS), 2 mmol/L  
L-glutamine, 100 IU penicillin, 100 μg/ml streptomycin, 
and 2.5 μg/ml fungizone (Life Technologies, UK). The cells 
grew for three days, then the medium was replaced with 
fresh medium, and adherent cells grew to 80% confluence 
to obtain samples herein defined as passage zero (P0) cells. 
Cells were then detached from the T-25 flasks by 0.25% 
trypsinization, FBS terminated digestion, PBS washed. Cell 
number and viability were checked using the trypan blue 
dye exclusion test.

The 5th passage (P5) cells were plated at a density of 
1×104/ml per well in 96-well plates containing sterile 
0.2 ml eluant (the substance referred to as eluant is the 
same as the samples produced during the analysis of the 
release kinetics and the eluant was collected at 24 hours) 
of CPC alone (control), and CPC with 2% ALE, 5% 
ALE, and 10% ALE. Plates were cultured using standard 
conditions, in a humidified atmosphere at 37°C with 5% 
CO2 for up to 7 days. Cytotoxicity was evaluated with 
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT, Roche Diagnostics, Germany) assay 
following a standard protocol.29

In vivo study
Animals experimentation
Thirty female Sprague-Dawley rats weighing (230±20) g  

were housed individually in cages. All received regular 
rodent feed and were raised in an air-conditioned 
environment with a relative steady temperature, humidity, 
and with lighting that was controlled in a cycle of light 
12 hours/dark 12 hours. All the rats underwent bilateral 
OVX, except for the normal group. The rats were then 
randomly divided into six groups (n=5 for each group): 
normal, Sham (OVX + Sham), CPC with 2% ALE, 5% 
ALE, and 10% ALE groups. Three months after OVX, 
animals were anesthetized with intraperitoneal injections 
of 30 mg/kg pentobarbital sodium (Merck, Germany) 
before surgery. Under sterile conditions, a posterior midline 
incision was made along the proximal tail exposing the 
dorsal aspect of caudal vertebral bodies C4-C7. A 20-gauge 
needle was carefully inserted into the trabecular bone of 
the vertebral body via the distal endplates of C4-C7. By 
using a Kirschner wire, the defects were dilated along 
the longitudinal axis of the vertebrae. Vertebral body 
defects were filled with 0.1 ml of composite. The dorsal 
muscles and connective tissues were repositioned and 
closed in a routine manner. Prophylactic intramuscularly 
benzylpenicillin sodium was administered at the time of 
surgery and for three days postoperative. The study was 
approved by the Animal Care Committee of the Capital 
Medical University.

Micro-CT analysis 
Micro-CT imaging (GE Health Care Co., USA) at 16 µm 
isotropic voxel resolution was performed on the C5 of each 
group. Nomenclature and symbols were used to describe 
volumetric BMD, trabecular number (Tb.N), trabecular 
thickness (Tb.Th), and trabecular spacing (Tb.Sp). By using 
vertebral endplates as anatomical bony landmarks and a 
fixed region of interest (ROI), Tb.Th was determined from 
the average of direct measurements of the trabecular bone 
thickness of the caudal vertebral bodies. Similarly, analysis 
of the trabecular network (Tb.N and Tb.Sp) consisted of a 
1.0 mm3 ROI used to sample trabecular bone at a specified 
site 1.0 mm from the vertebral endplate.30

Biomechanical axial compression
C6 were harvested from CO2 euthanized animals and 
individually loaded between two plate rods on an Instron 
machine. A compressive force was applied in the 
craniocaudal direction at a normal deformation rate of 0.1 
mm/second. A load-displacement deformation curve was 
displayed with a monitoring recorder linked to the tester in 
each specimen. From the curve, failure force and stiffness 
of the vertebral bodies were obtained.

Statistical analysis
Data are expressed as mean ± standard deviation (SD), and 
statistical analyses were performed using SPSS 13.0 (SPSS, 
Inc., Chicago, IL, USA). One-way analysis of variance 
(ANOVA) was conducted to assess differences among 
control, 2% ALE, 5% ALE, and 10% ALE groups. Mann-
Whitney test was applied for multiple comparisons (n=5). 
All statistical analysis was considered significant at a P 
<0.05. 
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RESULTS

Structural properties of the specimens
The results from FTIR spectroscopy (Figure 1) were almost 
the same between the CPC and the CPC incorporating 
ALE. Only the ranges showing a small difference were 
presented for clarity. In the spectra of the cements, typical 
absorption bands could be found at 1 060 cm-1 because 
of stretching of the phosphate (PO4)

3- groups. The peaks 
around 1 420 cm-1 and 1 562 cm-1 arose from hydroxyl 
(OH)- bending and CO3

2- vibrating. The typical absorption 
band from stretching of the OH- groups in HA appears as a 
weak shoulder around 3 334 cm-1. 

Morphology of the specimens
The cured products of CPC were observed by SEM, 
confirming their anisotropy and porosity (Figure 2). In 
addition, we found that the grain size and porosity of 
cured products of CPC and CPC containing different 
ALE concentrations were almost the same, although they 
showed a tendency to increase with the increase in ALE 
concentration.

Setting time
The setting times of CPC, 2% ALE, 5% ALE, and 10% 
ALE were shown in Table 1. The initial and final setting 
times of the CPC were (10.10±0.74) and (23.70±1.20) 

minutes, respectively. ALE incorporated into the CPC 
prolonged the setting time of the composite. The higher the 
concentration of ALE, the longer the setting time was, and 
there were some significant differences between the groups 
(P <0.05).

Compressive strength 
There were variations in compressive strength between the 
CPC and the CPC containing different ALE concentrations. 
The strength of CPC was (13.000±0.595) MPa, of 2% ALE 
was (5.160±0.268) MPa, of 5% ALE was (5.540±0.233) 
MPa, and of 10% ALE was (5.360±0.552) MPa. The 
strength of the CPC was significantly higher compared with 
the other three groups (P <0.01). Although the strength of 
the 5% ALE group was higher than the 2% and 10% ALE 
groups, the difference was not significant (P >0.05).

 
In vitro release
The in vitro cumulative release of ALE within 21 days 
from different specimens was illustrated in Figure 3. In 
release testing over the initial 5 days, a decline was found 
in the three groups, which had curves of similar shape, 
with a general exponential tendency, despite a burst of 
release at the beginning. Thus, there was a remarkably high 
release rate during the first 5 days. The concentrations of 
the released ALE then gradually slowed down during the 
subsequent 16 days. In 21 days, the released percentage of 
2% ALE, 5% ALE and 10% ALE were 33.2%, 24.4%, and 
20.8%, respectively. In addition, the early release rate of the 
high ALE content group was significantly greater than the 
low ALE content group (P <0.01).

Cytotoxicity of specimens
Rat MSCs were incubated with eluant of CPC, CPC with 
2% ALE, 5% ALE, and 10% ALE groups for 7 days to 
evaluate the cytotoxicity of the three ALE specimens. 

Figure 1. The FTIR of calcium phosphate cement (CPC), CPC 
+ 2% alendronate (ALE), CPC + 5% ALE and CPC + 10% ALE 
(n=5). Triangle indicated the very small difference between the 
CPC and composites.

Figure 2. Scanning electron microscope (SEM) images of calcium phosphate cement (CPC) (A), 2% alendronate (ALE) (B), 5% ALE (C), 
and 10% ALE (D) samples (original magnification ×5 000).

Table 1. The setting times measured for the different groups
 (n=5, mean±SD, minutes)

Groups TI TF

CPC (control) 10.1 ± 0.74 23.7 ± 1.20
2% ALE 20.4 ± 2.30* 32.6 ± 2.07*

5% ALE 24.6 ± 1.82*† 39.2 ± 3.19*†

10% ALE 29.8 ± 1.92*† 47.8 ± 2.39*†

TI: initial setting time; TF: final setting time. *P<0.01: TI 2% alendronate (ALE) 
compared with ALE 5%, and 2% ALE compared with 10% ALE; TF 2% ALE 
compared with ALE 5%, and 2% ALE compared with 10% ALE; †P<0.05: TI 5% 
ALE compared with 10% ALE; TF 5% ALE compared with 10% ALE.
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Figure 4 showed the results of the MTT tests, indicating 
that the number of viable cells in the culture medium 
increased with time of incubation. There were no significant 
differences between the groups. Within each group, there 
were significant differences at different times (P <0.01).

Microstructural properties  
In the locally osteoporotic caudal vertebrae, the local 
treatment with ALE-loaded CPC significantly increased 
BMD (P <0.05) and Tb.N (P <0.05) compared with Sham 
group (Figure 5A and 5B), but BMD was not significantly 
different in treated groups compared with the CPC 
and normal groups. Moreover, there was no significant 
difference in Tb.N between the Sham and CPC group. 
Tb.SP was significantly higher in the Sham group than in 
the other groups (Figure 5C, P <0.01). However, there were 
no significant differences among the groups with regard to 
the Tb.Th (Figure 5D). The Sham group showed a marked 
deterioration in the microstructure of caudal vertebral 
trabeculae (Figure 6). 

Biomechanical properties 
Biomechanical strength was significantly increased in 
treated groups compared with the Sham group under axial 
compression testing of caudal vertebrae (Figure 7A, P 
<0.05). There were also similar changes in stiffness among 
groups (Figure 7B). In addition, stiffness was significantly 

higher in the normal group than in the Sham and CPC 
groups, but there was no significant difference between 
the Sham and CPC groups. Furthermore, there were no 
significant differences among the normal, 2% ALE, 5% 
ALE, and 10% ALE groups with regard to strength and 
stiffness.

DISCUSSION

Local treatment of osteoporosis is a potential therapeutic 
strategy that involves the augmentation of osteoporotic 
bone with bioresorbable and bioactive cement mixed with 
ALE. Although several biomaterials have been used as 
vehicles for the transport and sustained release of anti-
osteoporotic agents, there are some disadvantages including 
no degradation, low release rate, and insufficient support 
for the local osteoporotic bone.8,31 However, CPC has been 
shown to be highly biocompatible in the in vivo setting as 
a bone void filler with the potential to be remodeled into 
normal bone.22,32 Therefore, the purpose of the present study 
was to investigate CPC as a carrier material for releasing 

Figure 3. The cumulative release of ALE from CPC with 
different ALE concentrations. Error bars were shown as mean ± 
SD (n=5).

Figure 4. The MTT assay of rat mesenchymal stem cells (MSCs) 
cultured in 96-well plastic plates with eluant of CPC, 2% ALE, 
5% ALE, and 10% ALE for 7 days (n=5). A: Absorbance. 
Subscripts 1, 3, and 7 represented at day 1, 3, and 7. *P<0.01: 
CPC7 compared with CPC3 and CPC1, and CPC3 compared with 
CPC1; 

†P<0.01: 2% ALE7 compared with 2%; ALE1 and 2% 
ALE3, and 2% ALE3 compared with 2% ALE1; 

‡P<0.01: 5% 
ALE7 compared with 5% ALE3 and 5% ALE1, and 5% ALE3 
compared with 5% ALE1, 

§P<0.01:10% ALE7 compared with 
10% ALE3 and 10% ALE1, and 10% ALE3 compared with 10% 
ALE1. 

Figure 5. Microstructure in caudal vertebrae analyzed by micro-CT radiomorphometry (n=5). A: Sham group showed a significant decrease 
in BMD compared with other groups (*P <0.05); but BMD was not significantly different between the treated groups and CPC or normal 
groups. B: There were significant increase in Tb.N in treated groups compared with CPC and Sham groups (normal group with CPC and 
Sham groups, *P <0.05; 2% ALE compared with CPC and Sham groups, †P <0.05; 5% ALE compared with CPC and Sham groups, ‡P 
<0.01; 10% ALE compared with CPC and Sham groups, §P <0.01). C: Tb.SP was significantly higher in the Sham group than in the other 
groups (*P <0.01). D: There were no significant differences in Tb.Th among the groups. 
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ALE in local osteoporotic bone. To ensure that the ALE 
was left unchanged after mixing with the carrier material, 
the infrared spectrum, setting time, the microstructure, 
biomechanical strength, drug release, and cell cytotoxicity 
were analyzed in vitro.

The clusters of peaks in the FTIR profiles (Figure 1), 
around 1 060 cm-1, demonstrated a typical apatite spectrum 
of PO4

3-.33,34 The 3 334 cm-1 bands were attributed to the 
OH- stretching of DCPA and water.35 These bands are 
characteristic of HA.36 Small absorption bands in the 
spectra 1 450–1 560 cm-1 can be seen, indicating that CO3

2-

, at least partly, substitutes for PO4
3- in the apatite lattice 

(B-type CO3
2).37 The CO3

2- is probably from atmospheric 
CO2.

38 Small differences in the ranges might result from 
interference of foreign particles, which can be found in the 
spectrum of CPC. Hence, there is no obvious change to the 
characteristic CPC bands after ALE incorporation.

Setting time of the CPC can be affected or modified by 
introducing a drug either to the powder phase or its liquid 
phase, and as a consequence, the physicochemical and 
mechanical properties can change.39–42 In generally, the 
setting time of CPC is normally 3–20 minutes.43 In the 
current study, the values of the initial and final setting 
times of CPC were (10.1±0.74) and (23.7±1.20) minutes, 
respectively. The presence of ALE greatly affected 
both initial and final setting times, which increased 
with increasing concentrations of ALE, and there were 
significant differences among the groups. The lengthening 
of the setting times may be useful in applications requiring 
prolonged periods of composite handling and workability.44 
Furthermore, we noticed a marked reduction in mechanical 
strength when ALE was added into the CPC. The strength 
of the CPC was significantly higher compared with the 
three ALE groups (P <0.01). This decrease in mechanical 
strength was attributed to increased porosity and some 
inhibition of the setting reaction, as suggested by the 
presence of a certain amount of reactants when ALE 
was incorporated. Our findings were in accordance with 
Panzavolta et al44 who documented similar decreases in 
setting time and mechanical strength. The mechanical 
strength of the composite roughly corresponded with the 
physiological compressive strength of human vertebral 
cancellous bone, which fell within a range of 2–20 MPa.45,46 

In theory, the composite should provide proper support 
within the vertebral body.

The results on ALE release suggested that the release rate 
from the composite increased with an increase in drug 
concentration in the cement, as reported in a previous 
paper.47 The burst release was probably related to the 
surface-adsorbed drug particles dispersing rapidly from 
matrix into buffer in the first 5 days while the subsequent 
decline in release rate could be ascribed to the chelation 
between the cured product of CPC with HA and ALE. In 
addition, the higher release rate of the high drug content 
composite was probably a result of almost complete 
occupation of adsorption sites on the HA surface chelated 
with ALE molecules. There were more drugs in the 
physical adsorption state of supersaturation, which made 
the dissolution rate of ALE molecules from the surface 
of HA faster. In 21 days, the released percentage of 2% 

Figure 7. Axial compression testing of osteoporotic caudal 
vertebrae. Error bars represented standard deviation of five 
caudal vertebrae. A: Sham group exhibited significantly 
decreased strength compared with normal, 2% ALE, 5% ALE, 
and 10% ALE groups (*P <0.05), CPC group also exhibited 
significantly decreased strength compared with 5% ALE (†P 
<0.05). B: Sham group exhibited significantly decreased 
stiffness compared with normal, 2% ALE, 5% ALE, and 10% 
ALE groups (*P <0.05), CPC group also exhibited significantly 
decreased stiffness compared with the same groups (†P <0.05)

Figure 6. Effect of ovariectamized (OVX) and ALE-loaded CPC local treatment on 3D morphological changes in the rat osteoporotic 
caudal vertebrae. OVX induced a marked deterioration in microstructure of vertebral trabeculae (A), microstructure of vertebral trabeculae 
in normal (B), CPC alone (C), CPC with 2% ALE (D), 5% ALE (E), and 10% ALE (F).
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ALE, 5% ALE, and 10% ALE were 33.2%, 24.4%, and 
20.8%, respectively. Although it seemed a bit low relative 
to osteoporotic patients still exceeding the 70mg/60kg 
oral dose plasma concentrations of ALE,48,49 and with 
the degradation of CPC, the released percentage could 
increase. In addition, Zhou et al50 suggested that drug 
release involves two different mechanisms: drug molecule 
diffusion and polymer matrix degradation. We supposed 
this kind of delivery system involves the following two 
release processes: (1) the drug is first hybridized with CPC 
nanoparticles because of the high affinity of ALE for HA, 
and the release of ALE from the CPC is controlled by the 
solubility of the CPC, and (2) ALE is enclosed in the pores 
of the CPC, which induces a more significant retarded 
release of ALE from the composite matrix.

In addition, to evaluate the biocompatibility of ALE-loaded 
CPC materials, the P5 rats MSCs were incubated with 
eluant of CPC, 2% ALE, 5% ALE, and 10% ALE for 7 
days, and the number of viable cells in the culture medium 
increased during this time. There were no differences 
between groups, whereas each group showed significantly 
higher values at 3 and 7 days compared to day 1. Also, the 
longer the duration, the larger the number of viable cells 
was. The specimens showed good biocompatibility in terms 
of the proliferation of the cells. The results were consistent 
with other reports concerning the cytotoxicity of ALE 
which was released from a bioactive matrix.37,51

The OVX rat caudal vertebrae as a model of postmeno-
pausal spine bone loss has been well documented.30 Oral 
ALE has already been widely used in the clinical treatment 
of osteoporosis.10,11,13 To date, the local application of ALE 
on vertebral trabecular microstructure and biomechanical 
strength remains yet to be not fully elucidated. Here we 
showed that OVX rat caudal vertebral cancellous bone, 
treated by ALE-loaded CPC, exhibited a significant increase 
in BMD, Tb.N, strength, and stiffness and a decrease in 
Tb.SP compared with the Sham group. 

The biomechanics of the caudal vertebrae is associated 
with numerous parameters, including bone mass, BMD, 
and the relative contributions of trabecular bone.52,53 In 
the presence of diminished BMD, the altered trabecular 
bone has been implicated in the weakened biomechanical 
strength evident in the osteoporotic spine. Our findings 
revealed that estrogen deficiency significantly affected 
the bone microstructure of the caudal vertebrae in OVX 
rats. Six months after ovariectomy, there were significant 
changes in bone microstructure except for Tb.Th, similar 
to previous reports.54 Among the total bone microstructure 
parameters, BMD were significantly higher in the treated 
groups and in the normal group compared with the Sham 
group (P<0.05), but there were no significant differences 
between the CPC and the 2% ALE, 5% ALE, and 10% 
ALE groups. Tb.N was significantly higher in the 2% ALE, 
5% ALE, 10% ALE, and normal groups compared with the 
sham and CPC groups; there were no significant differences 
between the 2% ALE, 5% ALE, and 10% ALE groups. In 

addition, Tb.SP was significantly higher in the sham group 
than in the other groups. We found that the Tb.Th did not 
decrease during the progression of bone loss induced by 
OVX. Even the ALE-loaded CPC treated rats had thinner 
trabeculae, which may be due to compensatory responses 
that have been elucidated by other researchers.55,56 
However, the molecular mechanism of compensatory 
responses is unclear, and such a compensatory behavior did 
not overcome the biomechanical impairments caused by 
OVX. 

In the in vivo study, we showed that the OVX rat caudal 
spine exhibited pathologic bone changes consistent with the 
osteoporosis phenotype. ALE-loaded CPC treating caudal 
vertebrae delayed the pathological changes of the trabecular 
bone microstructure induced by OVX. Of the in vivo 
study, CPC seemed to prevent osteoporosis as previously 
described.24 However, it appeared hardly convincing with 
regard to Tb.N and biomechanical properties. This may 
be due to CPC not being fully absorbed, which led to 
some error on the parameters of BMD and Tp.SP. The 2% 
ALE, 5% ALE, and 10% ALE groups appeared to have 
therapeutic effects on the osteoporotic spine. Furthermore, 
5% ALE demonstrated relatively better performance in 
compression strength compared with 2%ALE and 10% 
ALE, and exhibited significantly higher compression 
strength compared with CPC, while 2% ALE and 10% 
ALE did not. Despite the successful results, our study had 
several limitations. First, the OVX rat model could not 
completely represent the pathophysiologic condition of 
postmenopausal patients. In particular, it cannot represent 
the osteoporotic vertebral compression fracture. Second, 
the ROI of micro-CT may not be suitable for clinical 
examination. Because the group size was limited, the study 
was slightly underpowered to determine the statistical 
significance for all the assessed parameters, but we could 
see the trends. However, this does not affect our judgment 
about the effects of ALE-loaded CPC for local treatment of 
osteoporotic rat spine. Recently, some research suggested 
that the compressive strength of calcium sulfate cement 
(CSC) is better than CPC.57 In addition, zoledronate 
(Reclast), the latest generation of an anti-osteoprotic 
drug that requires 5 mg once-a-year infusion, can treat 
postmenopausal osteoporosis. We have reasons to believe 
that CSC mixed with Reclast may have prospections for 
treatment. It can not only overcome the slightly lower 
compressive strength of CPC, but also prolong the local 
anti-osteoporotic effect. Future advances should investigate 
the effects of the new composite in local osteoporotic bone 
and increase the sample size. Furthermore, we should 
inspect the BMD and bone microarchitecture at different 
time intervals and determine what happens when the 
bisphosphonate release stops.

In conclusion, CPC containing ALE as a DDS displayed 
satisfactory properties in vitro. The setting time increased 
with increased concentration of ALE. Although the 
addition of ALE decreased the mechanical strength of the 
composite, it still corresponded roughly to the physiological 
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compressive strength of human vertebral cancellous bone. 
In addition, a sustained release of ALE was observed over 
21 days and the novel DDS had good biocompatibility. In 
vivo, the OVX rat caudal spine exhibited pathologic bone 
changes consistent with the osteoporosis phenotype. CPC 
seemed to prevent osteoporosis, but was hardly convincing 
with regard to its Tb.N and biomechanical properties. ALE-
loaded CPC can enhance the OVX rat vertebral trabecular 
bone microarchitecture and biomechanical properties. 
Furthermore, 5% ALE demonstrated relatively better 
performance.
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