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Abstract: Most allogenic bone graft substitutes have only osteoconductive properties. 

Developing new strategies to improve the osteoinductive activity of bone graft substitutes is 

both critical and practical for clinical application. Previously, we developed novel simvastatin-

encapsulating poly(lactic-co-glycolic acid) microspheres (SIM/PLGA) that slowly release 

simvastatin and enhance fracture healing. In this study, we combined SIM/PLGA with a rap-

idly absorbable calcium sulfate (CS) bone substitute and studied the effect on bone healing in 

critical-sized calvarial bone defects in a rat model. The cytotoxicity and cytocompatibility of 

this combination was tested in vitro using lactate dehydrogenase leakage and a cell attachment 

assay, respectively. Combination treatment with SIM/PLGA and the CS bone substitute had 

no cytotoxic effect on bone marrow stem cells. Compared with the control, cell adhesion was 

substantially enhanced following combination treatment with SIM/PLGA and the CS bone 

substitute. In vivo, implantation of the combination bone substitute promoted healing of critical-

sized calvarial bone defects in rats; furthermore, production of bone morphogenetic protein-2 

and neovascularization were enhanced in the area of the defect. In summary, the combination 

of SIM/PLGA and a CS bone substitute has osteoconductive and osteoinductive properties, 

indicating that it could be used for regeneration of bone in the clinical setting.

Keywords: calcium sulfate, simvastatin, calvarial bone defects, osteoconductive, 

osteoinductive

Introduction
Previous studies have estimated that 7.9 million fractures occur each year in the USA, 

and 5%–20% of all fractures result in delayed union or non-union.1–4 Approximately 

500,000 bone grafting procedures are performed annually in the USA, and 2.2 million 

are performed worldwide in orthopedics, neurosurgery, and dentistry.5,6 The classic 

standard treatment for bone grafting is the autologous bone graft, which has both 

osteoconductive and osteoinductive properties. However, autograft harvesting is typi-

cally associated with an 8.5%–20% risk of complications, including poor cosmesis, 

infection, and chronic pain at the donor site.7–9 Allografts, which are easily obtained 

and managed, are effective alternatives for avoiding the disadvantages of autografts, 

but carry a risk of transmission of live viral disease and bacterial infection. Therefore, 

a variety of bone substitutes has been introduced.

An ideal bone graft substitute should be osteoconductive, osteoinductive, biocom-

patible, bioresorbable, and easy to use.10,11 Bone graft alternatives are commercially 

available for orthopedic use, but most are osteoconductive and have little or no 

osteoinductive capability. Therefore, encapsulating osteoinductive proteins or drugs 
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in bone substitutes with controlled-release properties is the 

major challenge.

Calcium sulfate (CS) has been used as a bone void filler 

since the late 1980s. It has resorbable osteoconductive prop-

erties but may not provide sufficient biomechanical support 

and osteoconductivity in large bone defects because it gener-

ally dissolves within 6–12 weeks.10 Therefore, it is not recom-

mended for non-unions or periarticular fractures. However, 

because of its resorbability, CS can be used as an implant 

device when loaded with certain materials (eg, antibiotics, 

pharmacological agents, growth factors) without any evi-

dence of local or systemic adverse effects.11–14

Calcium phosphate (CP) ceramics have been used since 

the 1980s in orthopedics,15 and are similar in composition to 

an inorganic apatite.16,17 In general, CP and hydroxyapatite 

(HAp) show effective biocompatibility, with osteoconduc-

tive properties and without immunogenic or toxic side 

effects.16,17 However, HAp-sintered ceramics, which are 

widely used, have limited bioresorbability, causing the 

HAp to remain in the body long after implantation.18 CP 

exhibits superior degradation characteristics during bone 

regeneration compared with HAp.19 However, the degrada-

tion is extremely slow in non-loaded critical-sized defects.20 

Therefore, Passuti et al have modified and combined other 

materials (HAp or CP alone or combined with autogenous 

bone grafts) to improve functionality and promote rapid 

resorption.21 The limitations of these materials are that 

ceramics are available only as powders, cements, or porous 

implants, and have a number of disadvantages such as dif-

ficulty in implantation, a long duration required for complete 

integration and replacement with newly formed bone, and 

an inability to fill irregular gaps. Therefore, they are not 

useful when used alone in the treatment of atrophic non-

unions of long bones because of the lack of growth factors 

and vascularity.22

Bone morphogenetic proteins (BMPs) are low-molecular-

weight glycoproteins with pleomorphic functions ranging 

from extracellular and skeletal organogenesis to bone gen-

eration and regeneration.23 Generally, the clinical application 

of native growth factors without carriers is limited by their 

short half-life and the problem of bursting release.23 The 

Infuse® bone graft (recombinant human BMP-2 combined 

with collagen fleece, Medtronic) has been approved by the US 

Food and Drug Administration as an autograft replacement 

material for certain indications, excluding use in cervical 

spine fusion.24–26 Therefore, identification of non-protein 

small molecules to stimulate fracture healing would provide 

an alternative method.

Simvastatin, a 3-hydroxy-3-methylglutaryl coenzyme A  

reductase inhibitor, is used clinically to reduce blood cho-

lesterol levels.27,28 Mundy et al demonstrated that statins 

stimulate BMP-2 gene expression in osteoblasts.29 Our 

previous research has shown that the controlled-release 

properties of simvastatin microspheres not only enhance 

callus formation during initiation of fracture healing but 

also increase neovascularization and cell growth in the 

grafted bone.30

The objective of this study was to identify a bioactive 

bone substitute that induces tissue regeneration and enhances 

critical bone defect healing. We hypothesized that the com-

bined use of controlled-release simvastatin-encapsulating 

poly(lactic-co-glycolic acid) microspheres (SIM/PLGA) and 

rapidly absorbable CS with drug-carrying properties produc-

ing osteoinductive and osteoconductive cues can enhance 

bone healing in critical bone defects. We evaluated the cyto-

compatibility of this combination in cultured bone marrow 

mesenchymal stem (D1) cells and assessed its osteogenic 

effect using a rat model of critical calvarial defects.

Materials and methods
cell culture
We purchased the mouse bone marrow mesenchymal stem 

cells from the American Type Culture Collection, maintained 

them in Dulbecco’s Modified Eagle’s Medium (Gibco BRL, 

Life Technologies, Invitrogen), and supplemented them with 

10% fetal bovine serum (BD Biosciences), 0.15% sodium 

bicarbonate (Sigma-Aldrich), 10 mM nonessential amino 

acids (Gibco), 0.01% vitamin C (Gibco), and 100 U/mL  

of penicillin/streptomycin (Gibco) in a humidified 5% 

CO
2
 atmosphere at 37°C. The medium was changed every 

2 days.

lactate dehydrogenase assay
The cytotoxicity of the bone graft substitute was analyzed 

using an indirect method according to the instructions of ISO-

10993-5. The sterilized bone graft substitute was incubated 

with culture medium at 37°C for 24 hours. Subsequently, 

the extraction medium was collected for analysis of cyto-

toxicity. D1 cells were seeded into 96-well culture plates 

at a density of 1×104 cells per well 1 day before the lactate 

dehydrogenase (LDH) assay. Next, the culture medium was 

replaced with the extraction medium obtained from the bone 

graft substitute and cultured for 24 hours. Cytotoxicity was 

evaluated by detecting LDH activity using an LDH assay 

kit (Clontech) according to the manufacturer’s instructions. 

A medium with 10% phenol (Sigma-Aldrich) was used as 
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the positive control, and the culture medium was used as the 

negative control.

cell attachment assays
For cell attachment tests, D1 cells were seeded on sterilized 

bone grafts at a density of 1×105 cells/mL. Three hours after 

the cells became adhered to the bone grafts, the cell/bone 

graft constructs were rinsed and removed from the 48-well 

cell culture plates. The number of unattached viable cells 

was counted using a handheld Scepter automated cell counter 

(Millipore). Cells seeded on 48-well culture plates without 

bone grafts were used as the control, and a polyvinyl chloride 

disk was used as the negative control.

Fabrication of cs-based bone graft 
substitutes
Three milligrams of PLGA or SIM/PLGA (sustained-release 

for 14 days)30 were tableted to 5 mm in diameter to fit the 

critical size of the defect. The commercial artificial bone 

substitute Osteoset® (medical grade CS pellets, Wright Medi-

cal Group) was used in this study. The bone graft substitutes 

were fabricated according to the manufacturer’s instructions, 

and 32 mg of Osteoset was used. Subsequently, PLGA or 

SIM/PLGA and CS pellets were compressed in disc-shaped 

Teflon molds to form discs that were 0.5 mm thick, and were 

dried at room temperature.

animals
A total of 60 male Sprague-Dawley rats (age 8 weeks, 

weight 200–350 g) were used in this study. All animals 

were housed at the Kaohsiung Medical University Animal 

Research Center, and the experimental procedures were 

approved by the Institutional Animal Care and Use Com-

mittee (Kaohsiung Medical University approval 98186). 

All rats with calvarial defects were randomized into four 

groups (15 rats/group) as follows: a control (CS) group in 

which the calvarial defect was treated with an Osteoset 

bone graft alone; a CS/PLGA group treated with Osteoset 

+ PLGA microspheres; and a CS/SIM/PLGA group treated 

with Osteoset and SIM/PLGA. The rats were euthanized 

at 8, 10, or 12 weeks post implantation, after which the 

calvarial specimens were harvested, fixed in 4% paraform-

aldehyde at 4°C for 24 hours, and subsequently analyzed 

for histomorphology.

critical-sized calvarial defects in rats
The critical-sized calvarial defects (5 mm in width and 

approximately 0.7 mm in depth) were prepared according 

to our previous study.31 The bone graft substitute constructs 

were implanted under anesthesia by intraperitoneal injection 

of ketamine (Parke-Davis; 10 mg/100 g body weight) in 

combination with xylazine hydrochloride (Bayer HealthCare; 

12 mg/100 g body weight). The hair over the calvarium was 

shaved with a depilator and cleaned. A midline calvarial 

incision was made and a 5 mm hole was drilled to penetrate 

through the calvarial bone using a trephine burr with constant 

phosphate-buffered saline irrigation. Extreme care was taken 

to avoid damaging the dura mater. Rats with critical-sized 

(5 mm) calvarial defects were implanted with or without 

bone graft substitutes in the defect sites. The wounds were 

sutured after implantation with 5–0 nylon sutures. All rats 

survived and showed no wound infections throughout the 

experiment.

histological analysis and immunostaining 
of bone tissue
Quantitative histochemical and immunohistochemical analy-

ses were used to investigate the microscopic changes in bone 

tissue. Prior to hematoxylin-eosin and immunohistochemistry 

staining, all bone tissue samples were decalcified (0.5 M 

ethylenediaminetetraacetic acid-2H
2
O in double-distilled 

water [186.1 g/L]), followed by fixation with 4% paraform-

aldehyde. The samples were then embedded in paraffin wax. 

We divided the samples into frontal and rear portions accord-

ing to the middle of the defect in each sample. For each side,  

5 μm sections were prepared sequentially from the mid-line 

to the edge, and 15 sections were collected from each side. 

A total of 30 sections were obtained from the front to the 

rear in each sample. Sections 1–3 were defined as the frontal 

area, sections 14–16 as the middle area, and sections 28–30 

as the rear area. These sections were routinely stained with 

hematoxylin-eosin. At a magnification of 40×, we counted 

the area of bone matrix formation in the calvarial defect, and 

the area was measured using Image-Pro Plus 5.0 software 

(Media Cybernetics Inc). The percentage of bone matrix 

within the calvarial defect was calculated and compared with 

that of the control group. Immunohistochemistry staining for 

BMP-2 and von Willebrand factor (vWF) was performed. 

The sections were treated with 1 mg/mL pronase (Sigma-

Aldrich) for 1 hour and then incubated overnight at 4°C 

with a 1:700 dilution of polyclonal rabbit anti-vWF antibody 

(Millipore). Goat anti-rabbit immunoglobulin (Abcam) 

was used in a 1:2,000 dilution as the secondary antibody at 

37°C for 60 minutes. Peroxidase activity was detected using 

0.4 mg/L of 3,3-diaminobenzidine in phosphate buffer at 

pH 7.3 in the presence of 0.12% H
2
O

2
. The sections were 
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then counterstained with hematoxylin. At a magnification 

of 400×, the number of stained endothelial vessels within 

the surgical calvarial defects was calculated and compared 

between the samples and controls.

statistical analysis
Each experiment was repeated at least three times, and the data 

(expressed as the mean ± standard error of the mean) from 

representative experiments are shown. Statistical significance 

was evaluated by one-way analysis of variance, and multiple 

comparisons were performed using Scheffe’s method. A value 

of P0.05 was considered to be statistically significant.

Results
cytotoxicity of cs combined with  
sIM/Plga
The cytotoxic effects of the bone grafts were measured using 

the LDH assay. Except for the phenol-treated (positive con-

trol) group, the LDH activity exhibited no changes after the 

D1 cells were cultured with the extraction medium from the 

bone graft substitutes (Figure 1).

Cell affinity for CS combined with  
sIM/Plga
We tested the bone graft properties of cell attachment using 

a cell attachment assay. Approximately 77% and 32% of the 

D1 cells were attached on the CS/SIM/PLGA and CS bone 

grafts, respectively (Figure 2). Only 4.5% of the D1 cells 

were attached on the polyvinyl chloride (negative control) 

material (Figure 2).

hematoxylin-eosin staining of critical-
sized calvarial defects
The effect of CS with or without SIM/PLGA on bone 

repair was evaluated at 8, 10, and 12 weeks after surgery 

(Figures 3–5). The rat calvaria were harvested and analyzed 

using hematoxylin-eosin staining. The region of the calva-

rial defects in the control and CS groups revealed mostly 

fibrous tissue with minimal bone formation at 8 weeks after 

implantation. The calvarial defects of the CS/PLGA and CS/

SIM/PLGA groups maintained higher matrix-filled areas and 

cellularity than the control and CS groups (Figures 3–5). 

At 10 weeks after surgery, only the CS/SIM/PLGA group 

showed obvious new bone formation in the calvarial defects; 

the other three groups exhibited patterns similar to those seen 

at 8 weeks after surgery (Figure 4). The bone healing process 

in all groups at 12 weeks after surgery (Figure 5) was similar 

to that after 10 weeks of bone healing, as shown in Figure 4.  

After quantification of new bone formation, the CS/SIM/

PLGA group exhibited substantially increased new bone 

formation in the critical-sized calvarial defect at 10 and  

12 weeks after surgery (Figure 6). In addition, the CS and 

CS/SIM/PLGA groups showed more new bone formation 

than the control and CS/PLGA groups at 8 weeks after 

surgery.

Immunohistochemistry staining of  
critical-sized calvarial defects
Immunohistochemistry was used to examine BMP-2 

(Figures 7 and 8) and vWF (Figures 9 and 10) expression 

in newly formed bone at 8, 10, and 12 weeks after surgery 

and also to investigate whether SIM/PLGA enhanced 

Figure 1 The cytotoxic effects of Phenol (positive control), cs and cs/sIM/Plga 
bone grafts.
Notes: D1 cells were treated with extraction medium obtained from the bone grafts. 
lDh leakage was analyzed to evaluate cell cytotoxicity. The values are shown as the 
mean ± standard error of the mean, n=4. ***P0.001 compared with control group. 
Abbreviations: cs, calcium sulfate; sIM, simvastatin; Plga, poly(lactic-co-glycolic 
acid) microspheres; lDh, lactate dehydrogenase.

Figure 2 cell adherent effect of D1 cells seeded on PVc (negative control), cs, and 
cs/sIM/Plga bone grafts.
Notes: The values are shown as the mean ± standard error of the mean, n=3. 
***P0.001 compared with the PVc group. 
Abbreviations: PVc, polyvinyl chloride; cs, calcium sulfate; sIM, simvastatin; 
Plga, poly(lactic-co-glycolic acid) microspheres.
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bone healing by stimulating osteogenesis and neovascu-

larization. No or little BMP-2 expression was observed 

at the defect area in the control group at all three time 

points (Figures 7A–C and 8A–C). Minor BMP-2 expression 

was observed at the defect area in the CS group at 8 and 10 

weeks after surgery (Figures 7D–E and 8D–E), but lower 

BMP-2 expression was found at 12 weeks after surgery 

(Figures 7F and 8F). In the CS/PLGA group (Figures 7G–I 

and 8G–I), BMP-2 expression was extremely low at  

8 weeks after surgery, and minor BMP-2 expression was 

observed in the defect area at 8 and 10 weeks after surgery. 

Obvious BMP-2 expression was observed in the CS/SIM/

Figure 3 histological specimens from calvarial defects 8 weeks after implantation of bone graft substitutes with hematoxylin-eosin staining.
Note: calvarial defects implanted without bone graft substitutes were used as controls. 
Abbreviations: cs, calcium sulfate; sIM, simvastatin; Plga, poly(lactic-co-glycolic acid) microspheres.

Figure 4 histological specimens from calvarial defects 10 weeks after implantation of bone graft substitutes with hematoxylin-eosin staining.
Note: calvarial defects implanted without bone graft substitutes were used as controls. 
Abbreviations: cs, calcium sulfate; sIM, simvastatin; Plga, poly(lactic-co-glycolic acid) microspheres.
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PLGA group at 8 weeks after surgery (Figures 7J and 8J),  

and a similar expression pattern continued through weeks 

10–12 after surgery (Figures 7K–L and 8K–L).

With regard to neovascularization, limited vWF expres-

sion was observed at the defect area in the control, CS, and 

CS/PLGA groups at all three time points (Figures 9A–I and 

10A–I). However, in the CS/SIM/PLGA group, vWF expres-

sion was observed at 8 weeks after surgery and uniformly 

distributed in the defect area (Figures 9J and 10J). Obvious 

vWF expression was observed at weeks 10–12 after surgery 

(Figures 9K–L and 10K–L).

Discussion
An optimal bone substitute for critical-sized bone defects 

should not only be biocompatible and osteoconductive 

but also requires an osteoinductive environment for bone 

regeneration.32 In this study, we used CS (Osteoset) as a bone 

graft substitute because of its rapid resorption and ability 

to carry controlled-release SIM/PLGA for local delivery to 

enhance bone healing. Before clinical application, safety has 

to be ensured, and easy attraction of cells attaching to the 

scaffold surface has to be demonstrated. First, we confirmed 

that this composition was safe in vitro. Although controlled-

release simvastatin microspheres were shown to have no 

cytotoxic effect in a previous study,30 the use of a CS bone 

substitute combined with SIM/PLGA required further evalu-

ation to determine whether such a combination is cytotoxic. 

We confirmed in LDH assay that CS/SIM/PLGA did not 

result in any cytotoxic effects. In addition, we showed that 

D1 cells attached to the bone substitute complex (CS/SIM/

PLGA) using an attachment test. This indicates that the CS/

SIM/PLGA bone substitute was not cytotoxic and exhibited 

high cellular affinity. We expect that this new bone substi-

tute would attract bone marrow stem cells and provide an 

appropriate niche for cells to grow.

Figure 5 histological specimens from calvarial defects after 12 weeks of implantation of bone graft substitutes with hematoxylin-eosin staining.
Note: calvarial defects implanted without bone graft substitutes were used as controls. 
Abbreviations: cs, calcium sulfate; sIM, simvastatin; Plga, poly(lactic-co-glycolic acid) microspheres.

Figure 6 Histological quantification study of new bone matrix formation at 8, 10, 
and 12 weeks after implantation of bone graft substitutes.
Note: **P0.0001 compared with controls and between treatment groups, 
respectively. 
Abbreviations: cs, calcium sulfate; sIM, simvastatin; Plga, poly(lactic-co-glycolic 
acid) microspheres.
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Figure 7 Immunohistochemistry analysis of bone morphogenetic protein-2 expression in calvarial defects 8, 10, and 12 weeks after implantation of bone graft substitutes.
Notes: calvarial defects implanted without bone graft substitutes were used as controls. (A–L) Higher magnification of the rectangle inset areas are shown as Figure 8.
Abbreviations: cs, calcium sulfate; sIM, simvastatin; Plga, poly(lactic-co-glycolic acid) microspheres.

Figure 8 Immunohistochemistry analysis of bone morphogenetic protein-2 expression in calvarial defects at 8, 10, and 12 weeks after implantation of bone graft substitutes.
Notes: calvarial defects implanted without bone graft substitutes were used as controls. A–L show the higher magnification of the rectangle inset areas in Figure 7. Control 
group (A–C); cs group (D–F); cs/Plga group (G–I); cs/sIM/Plga group (J–L).

A meta-analysis of studies comparing CP bone substitutes 

with autografts suggested that use of CP bone substitutes 

circumvented the need for a second incision to harvest 

autografts, was associated with fracture reduction, and 

likely improved functional outcomes.32,33 Larsson et al have 

reported the effect of these substitutes in fractures of the 

tibia plateau, hip, and distal radius.33 However, according to 

a study by Russell et al approximately 10% of the CP was 
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Figure 9 Immunochemistry analysis of von Willebrand factor expression in calvarial defects at 8, 10, and 12 weeks after implantation of bone graft substitutes.
Notes: calvarial defects implanted without bone graft substitutes were used as controls. (A–L) Higher magnification of the rectangle inset areas are shown as Figure 10.
Abbreviations: cs, calcium sulfate; sIM, simvastatin; Plga, poly(lactic-co-glycolic acid) microspheres.

Figure 10 Immunohistochemistry analysis of von Willebrand factor expression in calvarial defects at 8, 10, and 12 weeks after implantation of bone graft substitutes.
Notes: Calvarial defects implanted without bone graft substitutes were used as controls (magnification 400×). A–L show the higher magnification of the rectangle inset areas 
in Figure 9. control group (A–C); cs group (D–F); cs/Plga group (G–I); cs/sIM/Plga group (J–L).

still visible in most patients at one year after implantation 

surgery.34 The use of similar substances such as CS has not 

been as successful as using CP. Ziran et al reported that use 

of CS in non-unions led to no improvement in bone healing 

and increased wound drainage because of its rapid resorp-

tion within 6–8 weeks.35 Therefore, CS is not recommended 

for non-unions or periarticular fractures, but Osteoset bone 

graft substitutes may be used as a drug carrier to deposit 

tobramycin in local areas. According to the aforementioned 

studies, CP is difficult to resorb within one year in clinical 

use, and HAp lasts longer than CP. By contrast, CS is easily 

resorbed but has drug deposit properties.

Flierl et al reported that the surgical management of 

long bone fracture non-unions with allografts had higher 
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rates of surgical revisions (47%) and revision bone grafting 

(32%).36 Our in vivo results show that the osteoconductive 

factor alone was not sufficient in healing critical-sized calva-

rial defects. We attribute this to the lack of osteoinductive 

factors stimulating neovascularization. Several in vitro 

studies have indicated that statins increase the expression 

of osteogenic marker genes other than BMP-2, including 

Runt-related transcription factor 2, osteocalcin, osteopon-

tin, and alkaline phosphatase, in osteoblastic cells and bone 

marrow-derived cells.37–39 Therefore, SIM/PLGA can serve 

as an osteoinductive factor and improve the bone healing of 

critical-sized calvarial defects. In this study, BMP-2 staining 

showed that treatment with CS/SIM/PLGA continuously 

stimulated BMP-2 expression during the healing of critical-

sized calvarial defects. BMP is known not only for being an 

osteoinductive agent that can enhance bone repair but also 

for being a potent stimulator of new blood vessel formation.40 

This indicates that this novel CS/SIM/PLGA combination 

could provide an appropriate niche over the critical-sized 

defect area for bone repair. The vWF staining data showed 

that treatment with CS/SIM/PLGA promoted neovascular-

ization at an early stage of bone healing and maintained this 

activity during the healing of critical-sized calvarial defects. 

This suggests that simvastatin-stimulated neovasculariza-

tion might help transport stem cells into non-union areas to 

facilitate bone regeneration.

Conclusion
In this study, we demonstrated that a rapidly resorbable CS 

bone substitute with drug-carrying ability combined with 

osteoinductive SIM/PLGA substantially enhanced osteo-

genic and angiogenic activity and promoted bone healing 

in critical-sized calvarial defects in rats. We developed an 

ideal bone substitute, ie, CS/SIM/PLGA, which exhibited 

both osteoconduction and osteoinduction effects for clinical 

application. Our data suggest that this novel bone substi-

tute combination may improve the biomechanical support 

for early callus formation after implanting the CS bone 

substitute, and thus may be used to heal substantial bone 

defects.
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