
EXPERIMENTAL AND THERAPEUTIC MEDICINE  17:  79-90,  2019

Abstract. Repairing critical-sized bone defects has been a 
major challenge for orthopedic surgeons in the clinic. The 
generation of functioning bone tissue scaffolds using osteo-
genic induction factors is a promising method to facilitate 
bone healing. In the present study, three-dimensional (3D) 
printing of a poly(lactic-co-glycolic acid) (PLGA) scaffold 
with simvastatin (SIM) release functioning was generated by 
rapid prototyping, which was incorporated with collagen for 
surface activation, and was finally mixed with SIM‑loaded 
PLGA microspheres. In vitro assays with bone marrow-derived 
mesenchymal stem cells were conducted. For the in vivo study, 
scaffolds were implanted into segmental defects created on the 
femurs of Sprague-Dawley rats. At 4 and 12 weeks following 
surgery, X-ray, micro-computed tomography and histological 
analysis were performed in order to evaluate bone regenera-
tion. The results demonstrated that collagen functionalization 
of PLGA produced better cell adhesion, while the sustained 
release of SIM promoted greater cell proliferation with no 
significant cytotoxicity, compared with the blank PCL scaf-
fold. Furthermore, in vivo experiments also confirmed that 
SIM‑loaded scaffolds played a significant role in promoting 
bone regeneration. In conclusion, the present study success-
fully manufactured a 3D printing PLGA scaffold with 
sustained SIM release, which may meet the requirements 
for bone healing, including good mechanical strength and 

efficient osteoinduction ability. Thus, the results are indicative 
of a promising bone substitute to be used in the clinic.

Introduction

Bone defects arise following surgery for bone tumors, 
traumatic injury or congenital disorders, and often require 
surgical intervention using effective bone grafts. Ideal scaf-
folds for bone tissue engineering usually require strong 
mechanical properties as well as good biocompatibility (1), 
new bone-synchronizing degradation abilities (2,3), adjustable 
pore structure and osteogenesis-promoting capabilities (4). 
To date, the most frequently used bone substitute materials 
include metal, ceramics and natural or synthetic polymers (5). 
However, metallic scaffolds may weaken bone growth due to 
stress shielding as a result of excessive rigid fixation, while 
ceramic is associated with brittleness and poor degrad-
ability (6-8). Due to these issues with the current bone repair 
materials available, further investigation is required in order to 
identify novel bone tissue engineering scaffolds. 

Poly(ε-caprolactone) (PCL) has drawn much attention 
in the field of bone tissue engineering due to its excellent 
biocompatibility, biodegradability, mechanical properties and 
workability (9). However, the major limitations of PCL are 
that it lacks a cell recognition site and is hydrophobic, thus, 
it can induce in vivo fibrous encapsulation (10). Therefore, a 
number of previous studies have been performed to investigate 
methods of enhancing the cell affinity of PCL, such as through 
surface coating with collagen (11-13). 

An ideal bone tissue engineering scaffold should be as 
similar as possible to the natural bone, which is a type of miner-
alized collagen composite with hierarchical structure; thus, 
many previous studies have focused on using biomimetic strat-
egies in order to fabricate scaffolds (5,14,15). As a completely 
computer aided process, three-dimensional (3D) printing 
technology, also known as rapid prototyping (RP), provides a 
new method to accurately design and produce scaffolds with 
high porosity and connectable pore networks (8,16). In order 
to build a scaffold that matches the function and structure of 
natural bone, a hierarchical composite scaffold is constructed 
by combining the RP technology with the bionic functional 
manufacturing strategy, as applied in the present study.
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Simvastatin (SIM), which is currently used clinically to 
lower blood cholesterol and low-density lipoprotein, has been 
hypothesized to promote osteoblast proliferation and differ-
entiation, inhibit osteoclast activity and support immune cells 
such as macrophages; thus, it has been proposed to enhance 
bone repair (17-21). A controlled drug release system is able 
to provide a sustained stimulus for bone regeneration. For this 
reason, the controlled release of SIM was applied in the present 
study with poly(lactic-co-glycolic acid) (PLGA) microspheres. 
Owing to its good biocompatibility and drug-loading proper-
ties, PLGA has been approved by the US Food and Drug 
Administration for application in pharmaceuticals, medical 
materials and tissue engineering (22). Furthermore, micro-
spheres based on PLGA are of stable degradability and are 
easy to fabricate since the size and distribution of particles 
are controllable; they are therefore becoming increasingly 
favorable as drug carriers (23-26).

In the present study, a PCL macro-porous framework 
construct was first generated using RP technology, which had 
favorable mechanical properties to support nascent bone tissue 
in growth. Then, collagen (COL) incorporating SIM-loaded 
PLGA microspheres was coated on to the PCL framework 
using the evacuation method to formulate bone-like micro-
porous networks and to provide a sustained osteoinduction 
stimulus. The in vitro osteogenic effect of the scaffolds was 
evaluated using bone marrow-derived mesenchymal stem 
cells (BMSCs), and their in vivo osteogenic potential was 
investigated using a rat femur defect model.

Materials and methods

Materials. PCL was purchased from Shenzhen Esun 
Industrial Co., Ltd. (Shenzhen, China). COL was purchased 
from Sichuan Mingrang Bio-Tech Co., Ltd. (Sichuan, China). 
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydro-
chloride crystalline (EDC), SIM and PLGA were purchased 
from Sigma Aldrich (Merck KGaA, Darmstadt, Germany). 
A Cell Counting Kit-8 (CCK-8) was obtained from Dojindo 
Molecular Technologies, Inc. (Kumamoto, Japan). Polyvinyl 
alcohol (PVA) and dichloromethane were purchased from 
Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China).

Generation of SIM‑loaded PLGA (SIM‑PLGA) microspheres. 
SIM-PLGA microspheres were prepared by utilizing the 
single emulsion solvent evaporation method, as previously 
described (27). A total of 460 mg PLGA and 23 mg SIM were 
dissolved in 6 ml dichloromethane. The mixture was ultrasoni-
cally shaken for 30 sec and left standing at room temperature 
for 30 min. It was then slowly dropped into aqueous solution 
containing 3% PVA, and stirred for 6 h until it fully solidified 
into microspheres. Then the microspheres were rinsed three 
times with deionized water, centrifuged at 300 x g and 4˚C 
for 10 min, pre‑frozen at ‑80˚C for 2 h and restored following 
lyophilization for 24 h. 

Encapsulation eff iciency. The content of SIM in the 
microspheres was determined using an ultraviolet (UV) 
spectrophotometer (Beckman Coulter, Inc., Brea, CA, 
USA) (26,28-30). UV scanning from 100 to 1,000 nm was 
used to identify the absorption peak of SIM. It was identified 

that the absorbance of SIM solution was greatly affected by 
its concentration at 250 nm. The standard absorption curve of 
SIM was calculated according to the absorbance of samples 
with known SIM concentrations at 250 nm. The SIM content 
in the solution was calculated according to the standard 
absorption curve. Briefly, 1 mg SIM‑PLGA microspheres was 
dissolved in 5 ml acetonitrile and sonicated at 40,000 Hz for 
40 sec at room temperature. The UV absorbance of the sample 
was examined and the concentration of SIM was determined 
using the standard curve. Encapsulation efficiency of the 
SIM-PLGA microspheres was calculated according to the 
following formula: Encapsulation efficiency (%)=(amount of 
encapsulated SIM)/(amount of total SIM) x100%.

Release properties. A total of 1 mg of PLGA microspheres 
was incubated with 5 ml PBS and placed in a vibrating screen 
with constant stirring (60 rpm) at 37˚C. After 1, 3, 7, 14, 21 
and 28 days, 2.5 ml of the supernatant was removed and an 
equal volume of fresh PBS was added. The content of SIM in 
the solution was quantified using a UV spectrophotometer as 
aforementioned.

PCL scaffold generation and functionalization. PCL scaffolds 
were generated with a fused deposition modeling 3D printer 
(Glarun Technology Co., Ltd., Nanjing, China) as previously 
described (5). Briefly, a 3D porous CAD model was estab-
lished and modified in stl format using Magics software 2.1 
(Materialise, Leuven, Belgium), processed in the 0‑60‑120˚ 
pattern with a filament width of 500 µm, and the final vertical 
and lateral pore sizes of 1,000 and 250 µm, respectively. The 
PCL scaffold was then produced according to the stl module. 
Firstly, the raw PCL material was heated to 120˚C, so that 
PCL melted to a half flow state. Using the computer controls, 
according to the shape of the STL file module, PCL with a 
diameter of 500 µm was squeezed from the nozzle along the 
X‑ and Y‑axis, cooled to room temperature and allowed to 
solidify. Then, the nozzle was raised to a specific height along 
the Z‑axis and the process was repeated. The new half flow 
PCL was squeezed from the nozzle and tightly bound to the 
lower layer after cooling and solidifying.

Generation of the PCL/COL/SIM‑PLGA scaffold. For surface 
activation, the PCL scaffolds were first alkaline‑treated with 
5 M NaOH solution at 37˚C for 24 h, and then subsequently 
immersed in COL solution (1 wt% in 0.1 M acetic acid), vacu-
umed for 30 min, frozen at ‑80˚C and freeze‑dried at ‑50˚C for 
48 h in order to obtain the preliminary COL-PCL composite. 
The scaffolds were then cross-linked with 5 mM EDC solu-
tion for 24 h, thoroughly washed with 5 wt% glycine solution 
and distilled water three times, and freeze‑dried at ‑50˚C for 
24 h. To incorporate the SIM-PLGA into the PCL/COL scaf-
folds, 7 mg of microspheres was added to 10 ml COL solution, 
thoroughly mixed by manual agitation and freeze‑dried as 
aforementioned. 

Morphology and porosity observations. The morpholo-
gies of the scaffold and the microspheres were observed by 
field‑emission scanning electron microscopy (SEM; Hitachi 
S-4800; Hitachi, Ltd., Tokyo, Japan) at a beam energy of 10 
and 3 keV, respectively. To evaluate the PCL/COL scaffold, 
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the molded samples were cut into 5x2.5x2.5 mm pieces, which 
were then gold-coated prior to observation. The porosity of the 
scaffolds was measured using an ethanol infiltration method. 
The sample was slowly immersed into a known volume (V1) of 
absolute alcohol solution (Aladdin Bio-Chem Technology Co., 
Ltd.) inside a measuring cylinder. After 1 h, the total volume 
of alcohol and sample was regarded as V2. Following careful 
removal of the sample, the residual volume of alcohol solution 
was measured as V3. The results were determined from the 
following formula: Porosity (%)=(V1-V3)/(V2-V3) x100%.

In vitro cell seeding, proliferation, viability and cytotox‑
icity evaluations. BMSCs were obtained from newborn 
Sprague-Dawley rats as described in a previous study with 
ethical approval from the Animal Care and Use Committee 
of Shanghai Ninth People's Hospital (Shanghai, China) (31). 
The protocol conformed to the National Institutes of Health 
Guidelines concerning the Care and Use of Laboratory 
Animals (32). The cell culture medium consisted of 89% 
Dulbecco's modified Eagle's medium (Invitrogen; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA), 10% fetal bovine 
serum (Invitrogen; Thermo Fisher Scientific, Inc.) and 1% 
penicillin‑streptomycin (Invitrogen; Thermo Fisher Scientific, 
Inc.). Passages 2-3 of BMSCs w ere used for the subsequent 
experiments.

For evaluation of cell‑seeding efficiency, 5x105 cells in 
100 µl D10 medium were added into the constructs (PCL, 
PCL/COL and PCL/COL/SIM‑PLGA; n=5 each group). The 
cell number was counted as W1. Following incubation for 
4 h, the seeded constructs were removed and washed with 
PBS. Cells that had adhered were digested with trypsin and 
were counted as W2; thus, the cell seeding efficiency was 
calculated according to the following formula: Cell seeding 
efficiency=W2/W1.

To evaluate cytotoxicity, 1x103 BMSCs were seeded onto a 
96-well plate and incubated for 4 h in D10 medium, then the 
medium was replaced with fresh medium, fresh D10 medium 
with 5% DMSO, or the extract fluid of PCL, PCL/COL, or 
PCL/COL/SIM-PLGA, which was prepared by immersing 
the constructs in D10 medium for 72 h (n=5). CCK‑8 assays 
were then performed to assess the cytotoxicity 1 day later at a 
wavelength of 450 nm.

To evaluate cell proliferation, 3x104 cells in 20 µl D10 medium 
were seeded into the PCL, PCL/COL, PCL/COL/SIM-PLGA, 
or decalcified bone matrix (DBM; cut to 5x2.5x2.5 mm) 
in 24-well plates and incubated in 1 ml of D10 medium for 
1 h. The procedure was then repeated on the other side of the 
constructs. At 1, 3 and 7 days after seeding, cell proliferation 
on the different constructs was assessed by CCK-8 assay. DBM 
was prepared as described in a previous study (33).

Alkaline phosphatase (ALP) and Alizarin red staining. Since 
it is difficult to extract the mRNA of cells directly cultured 
on scaffolds, and the blank scaffold would have very poor 
osteoinduction since this property is primarily due to the 
encapsulated drug, cells were cultured on the well plate and 
scaffolds were placed on the Transwell membrane above 
the cells (34). BMSCs (1x104) of passage 3 were seeded in 
24-well plates. After 6 h, 1 ml of osteogenic induction medium 
(50 mg/ml ascorbic acid, 10 mM β-glycerophosphate and 10 nM 

dexamethasone) was added. Then, the 0.8‑µm‑pore inserts and 
the different scaffolds were added to the wells of the culture 
plates. On day 7 following osteogenic induction, the cells were 
fixed in 4% paraformaldehyde for 20 min at room temperature 
and stained in ALP staining solution (Beyotime Institute of 
Biotechnology, Haimen, China) at 37˚C for 10 min in the dark. 
ALP activity after 7 and 14 days of culture was quantified 
using the QuantiChrom™ Alkaline Phosphatase Assay kit 
(BioAssay Systems; Thermo Fisher Scientific, Inc.), and the 
total protein content was assessed with a BCA Protein Assay 
kit (Thermo Fisher Scientific, Inc.). The mineralized matrix 
nodules formed by BMSCs were evaluated using Alizarin red 
staining. On day 21, the cells were washed three times with 
PBS, fixed in 4% paraformaldehyde at room temperature for 
30 min and incubated with Alizarin red solution (Beyotime 
Institute of Biotechnology) for 10 min at room temperature. To 
quantify the levels of mineralization, the mineralized matrix 
nodules were dissolved in 10% (w/v) cetylpyridinium chloride 
(Aladdin Bio-Chem Technology Co., Ltd.) and the absorbance 
was measured at 450 nm using a microplate reader.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). The expression of genes associated with osteogen-
esis was assessed by RT-qPCR, as previously described (35). 
After 7 and 14 days of culture, total RNA was prepared using 
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) in 
order to determine the mRNA expression of ALP and COL 
type 1 (COL 1), which are associated with osteogenesis. cDNA 
was obtained by reverse transcription at 37˚C for 1 h using 
BeyoRT™ II First Strand cDNA Synthesis kit with gDNA 
Eraser (Beyotime Institute of Biotechnology) from 1 µg 
RNA and stored at ‑20˚C. qPCR was conducted using SYBR 
GreenER qPCR SuperMix reagents (Invitrogen; Thermo 
Fisher Scientific, Inc.). The following thermocycling condi-
tions were used for the PCR: Initial denaturation at 95˚C for 
10 min; 30 cycles of 95˚C for 15 sec, and 60˚C for 1 min; and a 
final dissociation cycle at 95˚C for 15 sec, 60˚C for 1 min and 
95˚C for 15 sec. The following 5'‑3' primer sequences were 
used: ALP forward, CGT GGA AAC CTG ATG TAT GCT and 
reverse, ACT CCT ATG ACT TCT GCG TCT G; COL 1 forward, 
GAA AGA GAA AGA CCC CAG TTA C and reverse, ATA CCA 
TCT CCC AGG AAC AT; β-actin forward, CCT CTA TGC CAA 
CAC AGT and reverse, AGC CAC CAA TCC ACA CAG; BSP 
forward, GAT AGT TCG GAG GAG GAG GG and reverse, CTA 
ACT CCA ACT TTC CAG CGT; OPN forward CCT GGA CCT 
CAT CAG CAT TT and reverse TTG GAG CAA GGA GAA CCC; 
RUNX2 forward GCA CCC AGC CCA TAA TAG A and reverse 
GAC GGT TAT GGT CAA GGT GAA; OCN forward GGA 
GGG CAG TAA GGT GGT GAA and reverse GAA GCC AAT 
GTG GTC CGC TA. β-actin forward CAC GAA ACT ACC TTC 
AAC TCC and reverse CAT ACT CCT GCT TGC TGA TC. The 
2-ΔΔCq method was used to calculate the relative expression of 
each target gene against the β-actin (36).

In vivo study of segmental defect repair on rat femurs. The 
following animal experiments were performed with ethical 
approval from the Animal Care and Use Committee of 
Shanghai Ninth People's Hospital (Shanghai, China), and 
conformed to the National Institutes of Health Guidelines 
concerning the Care and Use of Laboratory Animals (37).
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A diagram of the experimental procedure is presented in 
Fig. 1. A total of 12 male Sprague-Dawley rats aged 6-8 weeks 
(~200 g) were purchased from the Shanghai Jiao Tong 
University Research Center of Laboratory Animal (Shanghai, 
China). The animals were housed and acclimatized at the 
experimental animal laboratory of Shanghai Ninth People's 
Hospital (Shanghai, China) under controlled temperature 
(25˚C) and humidity (55%) with a 12‑h light/dark cycle, with 
free access to food and water. The rats were randomly divided 
into three groups: i) PCL (bone defect + blank PCL scaffold); 
ii) PCL/COL (bone defect + PCL scaffold coated with COL); and 
iii) PCL/COL/SIM-PLGA (bone defect + PCL scaffold coated 
with COL and SIM‑loaded PLGA microspheres; n=4 each 
group). Rats were anesthetized via intraperitoneal injection of 
1% pentobarbital sodium (Invitrogen; Thermo Fisher Scientific, 
Inc.; 40 mg/kg). Under a standard surgical procedure, the femur 
was fully exposed and holes were made on both femoral ends 
with a micro bone drill. Then, a titanium plate (15x2.8 mm) 
was fixed along the femur using tapping screws (1 mm in diam-
eter, 6 mm in length). Then, a 5 mm-long segmental defect was 
made in the middle position corresponding to the plate with 
the bone drill, which was then cleaned with 0.9% saline and 
the PCL, PCL/COL and PCL/COL/SIM-PLGA scaffolds were 
transferred to the defect area respectively. 

X‑ray examination was performed at 4 and 12 weeks after 
surgery. At 12 weeks post‑surgery, the animals were sacrificed 
and the femurs of rats were fixed in 4% paraformaldehyde at 
room temperature for a week. The specimens were then detected 
by micro‑computed tomography (micro‑CT; SCANCO µ‑80 
Micro-CT; SCANCO Medical AG, Brüttisellen, Switzerland). 
3D reconstruction and calculation of the new bone tissue was 
subsequently performed with the built-in micro-CT software. 
The regions of interest were restricted to the cylindrical 
part covering the defect, whereas regions with CT values of 
1,300-3,500 were determined as bone tissue.

Histological assay. Following micro-CT testing, the speci-
mens were decalcified with 10% EDTA, dehydrated, paraffin 
embedded, sectioned into 5‑µm‑thick slices for hematoxylin 
and eosin (HE; 30 min at room temperature) and Masson 
trichrome (20 min at room temperature) staining, and 
examined by light microscopy.

For immunohistochemistry, the sections were blocked 
with 5% bovine serum albumin (Invitrogen; Thermo Fisher 
Scientific, Inc.) for 30 min at room temperature and then incu-
bated with the anti-osteocalcin (OCN; Abcam, Cambridge, 
UK; cat. no. ab198228; 1:200) primary antibody overnight at 
room temperature. The sections were then incubated with the 
horseradish peroxidase‑conjugated goat anti‑rabbit IgG (H+L) 
secondary antibody (Beyotime Institute of Biotechnology; 
cat. no. A0208) at a dilution of 1:200 for 1 h at room tempera-
ture, visualized with 3,3-diaminobenzidine solution, and 
counter‑stained with hematoxylin (Beyotime Institute of 
Biotechnology) for 1 h at room temperature. Image Pro Plus 
software 6.0 (Media Cybernetics, Inc., Rockville, MD, USA) 
was used to analyze the results. 

Statistical analysis. All data are expressed as the 
mean ± standard deviation. The results were evaluated by 
one-way analysis of variance with Tukey's post-hoc using SPSS 

15.0 software for Windows (SPSS, Inc., Chicago, IL, USA). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Surface characterization. As demonstrated in the SEM images, 
the SIM‑PLGA microspheres assumed a configuration with a 
smooth, glossy surface and regular spherical shape (Fig. 2A), 
indicating that the experimental conditions for the manu-
facture of microspheres were stable and suitable (31,38,39). 
The particle diameter (Fig. 2B) ranged from 2‑20 µm (mean, 
12.11 µm). The narrow particle size distribution suggested 
that the drug release from scaffolds would be relatively 
stable (40,41). In addition, the encapsulation efficiency of SIM 
inside the PLGA microspheres reached ~86.3%. An initial 
outbreak release was detected in the first 3 days. As indicated 
in the in vitro release diagram, ~40% of the primarily inte-
grated SIM was leaked from the PLGA microspheres within 
the first 3 days, which was followed by sustained release over 
27 days (Fig. 2C). At the end of the release assay, almost 90% 
of the SIM-loaded microspheres were released (Fig. 2C), and 
the cumulative drug release achieved ~86.9%.

In the present study, the PCL scaffold alone exhibited a 
vertical aperture at 917±14.8 µm. Porous COL with good 
biological activity was well compounded onto the PCL scaf-
fold by vacuuming and freeze-drying, forming a thin coating 
layer. COL displayed porosity with homogeneous pore sizes, 
filling in the horizontal pores in a reticular pattern and covering 
the trabecula of the PCL scaffold. Therefore, the PCL/COL 
composite possessed a two-level pore structure, consisting 
of macro‑porous PCL (~1,000 µm) and microporous COL 
(~100 µm). Following further incorporation, PLGA micro-
spheres were evenly distributed in the COL network (Fig. 3A). 
The pore size of PCL/COL was 126.7±18.42 µm, whereas that 
of PCL/COL/SIM‑PLGA was 125.7±15.82 µm (Fig. 3B). In 
addition, the porosity of the three constructs was 59.05±1.7, 
57.5±0.1 and 57.4±0.1%, respectively (Fig. 3C). These results 
revealed that a reduced but hierarchical structure was formed 
following COL modification, while the incorporation of 
SIM‑PLGA had no significant effect on porosity.

In vitro cellular evaluation
Cell proliferation and viability. BMSCs were directly seeded 
on the scaffold. The cell‑seeding efficiency was revealed to be 
54±2.2% for PCL, 88.6±2.0% for PCL/COL and 89±1.6% for 
PCL/COL/SIM-PLGA. PCL/COL and PCL/COL/SIM-PLGA 
exhibited a significantly higher efficiency (1.64‑ and 1.65‑fold 
increase, respectively) when compared with PCL alone 
(Fig. 4A). The improvement in cell seeding may be attributable 
to the greater contact area with the COL network and more 
adhesion sites from the COL matrix, while PLGA micro-
spheres may have exerted little influence. The extracted fluid 
test demonstrated that there was no significant cytotoxicity in 
the scaffolds when compared with the untreated BMSC group, 
indicating that no toxic substances were identified during 
the COL cross-linking process, and thus demonstrating its 
biosafety (Fig. 4B). Furthermore, the greatest levels of prolif-
eration were produced by the SIM-PLGA group, which may be 
caused by the SIM released from the scaffold (Fig. 4C).
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Osteogenic potency of BMSCs. To assess the osteogenic 
potency of BMSCs treated with the different constructs, the 
present study performed Alizarin red and ALP staining. Cells 
were cultured on the well plate and scaffolds were placed on 
a Transwell membrane above the cells. Typical osteogenic 
differentiation was observed in all three groups. However, 
the SIM/PLGA group exhibited higher ALP activity and 
more mineralized nodules (Fig. 5A). Despite the increase in 
ALP expression noted in all three groups following 14 days 
of differentiation when compared with that observed after 
7 days (Fig. 5B), the SIM‑PLGA group exhibited signifi-
cantly higher expression levels when compared with the 
other three groups at 7 and 14 days. Furthermore, quantita-
tive analysis of Alizarin red staining indicated that the OD 
value of the SIM/PLGA group was the highest among the 
four groups, suggesting that the mineral deposition and the 
osteogenic differentiation of BMSCs improved. By contrast, 
the DBM group exhibited similar osteogenesis to the PCL 
group, as determined by the quantitative results of Alizarin 
red staining (Fig. 5C).

Osteogenic gene expression. RT-qPCR was performed to 
examine the mRNA levels of ALP, bone sialoprotein, COL 1, 
runt-related transcription factor 2, osteopontin and OCN in the 
BMSCs of the different groups. As presented in Fig. 6, the 
SIM‑PLGA group exhibited significantly higher expression 
levels of all osteogenic genes when compared with the other 
groups at days 7 and 14.

In vivo study of rat femur defects
X‑ray and micro‑CT examination. As indicated in Fig. 7A, 
at 4 weeks post-surgery, the X-ray images revealed that the 
PCL group exhibited only a small amount of bone tissue 
growth, with no significant increase in bone deposition at 
12 weeks and no bone fracture healing. On the other hand, 
significant levels of bone tissue growth were observed at 
4 weeks in the PCL/COL and PCL/COL/SIM-PLGA groups. 
Notably, complete defect repair with continuous cortical 
bone was achieved in the PCL/COL/SIM-PLGA group 
at 12 weeks post-implantation. The results of micro-CT 
demonstrated that there was scattered bone tissue near the 
defect edges as opposed to obvious newly formed bone in 
the PCL group. As shown in the 3D reconstructed images, 
new bone formation reconnected the fractured ends, with the 
newly formed cortical bone enveloping the scaffolds. Both 
the PCL/COL and PCL/COL/SIM-PLGA attained improved 
results compared with the PCL group, and the incorporation 
of SIM-PLGA further enhanced the osteogenic ability of 
the PCL/COL scaffolds. Furthermore, the new bone volume 
calculated according to the 3D reconstructed images indi-
cated that the PCL/COL/SIM‑PLGA group exhibited the best 
bone regeneration among the three groups (Fig. 7B).

Histological qualitative and quantitative analysis. The HE 
staining results revealed that the defect area was filled with 
loose fibrous connective tissue, which was stained a light 
red, and was wrapped around the PCL trabecula (Fig. 8A). 

Figure 1. Flow chart depicting the sequence of experiments conducted in the present study. The mixture of PLGA and SIM was ultrasonically shaken for 30 sec 
and stirred in 3% polyvinyl alcohol for 6 h until it fully solidified into microspheres. The microspheres were lyophilized for 24 h and added to COL solution, 
then thoroughly mixed by manual agitation. Subsequently, PCL scaffold was immersed in the mixture of COL and microspheres, cross‑linked with 5 mM 
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride crystalline solution for 24 h and freeze-dried for 48 h. The bioactivity of the scaffold was 
tested both in vitro and in vivo. PLGA, poly(lactic-co-glycolic acid); SIM, simvastatin; COL, collagen; PCL, poly(ε-caprolactone); SEM, scanning electron 
microscopy. 
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The results of Masson trichrome staining were in accor-
dance with that of HE, as the fibrous tissue, stained a light 
blue, surrounded the scaffolds forming a fibrous interface 

at the scaffold-bone juncture. In the PCL/COL group, only 
a marginal amount of fibrous tissue formed, and the defect 
was filled mostly with newly formed bone tissue; both 

Figure 3. Scanning electron microscopy images of the constructs. (A) PCL frameworks exhibited macroporous (~1,000 µm) architectures with complete 
interconnectivity. In the COL‑modified PCL scaffold (PCL/COL), microporous (126.2±18.42 µm) COL networks homogeneously occupied the voids of the 
framework and covered the trabecula of the PCL scaffold. PLGA microspheres were evenly distributed in the COL of the PCL/COL/SIM-PLGA scaffold, with 
minor only effects on the pore structure and porosity. Summary of (B) pore structure and (C) porosity. *P<0.05, as indicated. PLGA, poly (lactic-co-glycolic 
acid); SIM, simvastatin; COL, collagen; PCL, poly(ε-caprolactone).

Figure 2. Characteristics of SIM‑loaded microspheres. (A) Blank SIM‑PLGA microspheres exhibited smooth and round morphology. (B) Particle size distribu-
tion of the blank SIM‑PLGA microspheres was in the range of 2‑30 µm. (C) Cumulative in vitro release profile of SIM from PLGA microspheres. PLGA, 
poly(lactic-co-glycolic acid); SIM, simvastatin.
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mature (dark blue) and immature (light blue) bone tissue was 
observed. In the PCL/COL/SIM-PLGA composite scaffold 
group, the bone tissue in the bone defect was further improved, 

and was primarily composed of mature bone tissue stained a 
dark blue. The new bone tissue directly integrated with the 
scaffold material by connecting with the original bone tissue 

Figure 5. Early and late stages of BMSC osteogenic differentiation, as determined by ALP staining and ARS, respectively. (A) Representative images of ALP 
staining after 14-day culture and ARS after 21-day culture. (B) ALP activity results. (C) Summary of ARS results. The PCL/COL/SIM-PLGA construct 
significantly promoted the osteogenic differentiation of BMSCs in both the early and late stages. *P<0.05, as indicated. PLGA, poly(lactic-co-glycolic acid); 
SIM, simvastatin; COL, collagen; PCL, poly(ε-caprolactone); BMSC, bone marrow-derived mesenchymal stem cells; ALP, alkaline phosphatase; ARS, 
Alizarin red staining; OD, optical density.

Figure 4. In vitro cellular evaluation of the PCL/COL/SIM‑PLGA composite constructs. (A) Cell seeding efficiency assay. (B) Cytotoxicity evaluation of 
the extracted liquid of the scaffolds. (C) Level of cell proliferation in the scaffolds. The PCL/COL/SIM‑PLGA scaffold possessed the greatest biocom-
patibility and exhibited more favorable biological properties, achieving better cellular adhesion and proliferation capacities. *P<0.05, as indicated. PLGA, 
poly(lactic-co-glycolic acid); SIM, simvastatin; COL, collagen; PCL, poly(ε‑caprolactone), DBM, decalcified bone matrix; OD, optical density.
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at the fracture end, which was consistent with the results of 
micro-CT. Thus, the PCL/COL/SIM-PLGA construct served 
well in osteogenesis. In addition, quantitative analysis of 
new bone area also indicated that the PCL/COL exhibited an 
improved osteoinduction ability compared with the blank PLC 
scaffold and the PCL/COL/SIM‑PLGA scaffold exhibited the 
highest new bone area among the three groups.

Immunohistochemical staining of OCN. The immunohis-
tochemical staining results (Fig. 9) demonstrated that the 
PCL/COL/SIM‑PLGA group exhibited significantly higher 
OCN expression compared with the PCL/COL group, as 
determined by the number of OCN-positive areas (indicated 
by brown staining). In addition, the level of OCN expression 
in the PCL/COL and PCL/COL/SIM-PLGA groups was 
significantly increased compared with the PCL group, which 
suggested that the composited PCL possessed improved osteo-
genic ability, with collagen facilitating the PCL to form bone 
tissue and SIM-PLGA promoting further osteogenesis.

Discussion

In order to accelerate bone reconstruction, an optimal bone 
implant for clinical practice requires both a porous structure 
and optimal biocompatibility. The present study employed 
hybrid 3D PCL scaffolds consisting of PCL, COL and 
SIM/PLGA, and the results revealed two key points. Firstly, 
the low degradation rate of the PCL scaffold with an intercon-
nected porous structure provided good mechanical strength 
and allowed for the delivery of nutrients through the scaffolds. 
COL modification produced scaffolds with macro/micro 
hierarchical structures where cells attached and proliferated 

well among the COL RGD (Arg-Gly-Asp motif) domains 
and integrin receptors (13). Secondly, the scaffolds conferred 
high absorbability to the SIM-PLGA microspheres, enhancing 
osteogenesis and the osteointegration of biomimetic PCL/COL 
scaffolds.

In our previous study, PCL frames that were incorporated 
with a COL scaffold significantly increased the surface 
area and bulk modulus, making best use of the advantages, 
and bypassing the disadvantages, of using scaffold mate-
rials (5). In the present study, in order to further improve the 
biological functionalities of the composite, SIM-PLGA was 
subsequently incorporated into the COL scaffold in order to 
achieve controlled SIM discharge. To elucidate the impact 
of SIM-PLGA incorporation, the pore size, release diagram, 
mechanical structure of the scaffolds, cell activity and in vivo 
bone restoration effect were measured.

As indicated in previous research, SIM enhances bone 
formation by reducing apoptosis and increasing osteogenesis in 
MSCs (21), as well as inhibiting bone resorption by suppressing 
the proliferation and differentiation of osteoclasts (42). In the 
present study, it was also observed that SIM could augment 
the proliferative and differentiative capabilities of BMSCs, 
indicating its potential as a bone regenerative molecule. This 
was also confirmed by the superior osteogenesis elicited by 
the incorporation of SIM-PLGA in femur bone defect repair. 
However, it remains difficult to systemically manipulate the 
uptake of SIM due to its poor drug absorptivity. On the other 
hand, sufficient doses via local injection may cause inflamma-
tion (15). To improve the efficacy of SIM and circumvent its side 
effects, the present study selected PLGA microspheres as a drug 
vehicle due to their agreeable biocompatibility, low toxicity and 
controllable rate of degradation (24,25,43). Sustained release of 

Figure 6. Gene expression analyses of (A) ALP, (B) COL 1, (C) BSP, (D) OPN, (E) RUNX2 and (F) OCN in the different groups after 7 and 14 days of culture. 
The results are presented as relative ratios to the PCL group at day 7. The expression of osteogenic genes was greatly enhanced by the PCL/COL/SIM‑PLGA 
scaffold. *P<0.05, as indicated. PLGA, poly(lactic-co-glycolic acid); SIM, simvastatin; COL, collagen; PCL, poly(ε-caprolactone); ALP, alkaline phosphatase; 
COL 1, collagen type 1; BSP, bone sialoprotein; RUNX2, runt-related transcription factor 2; OPN, osteopontin; OCN, osteocalcin.
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SIM plays an essential role in bone regeneration, as a release 
time of 2‑3 weeks is required for growth factors to fulfill ideal 
bone repair (44). As demonstrated in the release diagram, the 
release of SIM from the PLGA microspheres lasted >27 days, 
indicating that PLGA microspheres may serve as appropriate 
carriers for growth factors.

Porosity is an important determinant of optimal regenerative 
materials (45). Osteochondral formation usually occurs in pores 
of a small size; and non-chondral osteogenesis is usually present 
in pores of a larger size (46,47). Based on previous work (5), the 
present study fabricated scaffolds with a pore size of 1,000 µm 
through 3D printing. To simulate the anatomic constitution of 
human cancellous bone, COL was combined with the PCL 
scaffold via dry-freezing, thereby acquiring a hierarchical 
porous structure with a saturated void space (48). Within the 

COL network, the PLGA microspheres exhibited homogeneous 
distribution with the pore size slightly diminished.

Since bones function as load-bearing parts, the materials 
for bone implants must retain strong mechanical properties in 
order to secure all of the osteogenic cells with sufficient space 
for tissue regeneration. Due to its good mechanical strength 
and low rate of degradation, PCL is widely considered to be an 
appropriate candidate for osteogenic scaffolds. Previous studies 
have revealed that the compressive strength and modulus of 
PCL, with a hierarchical pore structure, is similar to that of 
human cancellous bone (1,49) and could be utilized for bone 
tissue engineering (1,4), as demonstrated by the present study.

In conclusion, the results of the present study provide 
the basis for a new strategy for bone tissue regeneration, 
which incorporates polyesters and biomolecules, forming 

Figure 7. Analysis of bone regeneration of the femur defect with the implanted scaffolds using X-ray and micro-CT. (A) Plain X-ray images of the femur defects 
at 4 and 12 weeks after transplantation with PCL, PCL/COL or PCL/COL/SIM-PLGA. Micro-CT scan of the femur bone defect at 3 months after surgery. 
(B) Bone volume. The rats in the PCL/COL/SIM‑PLGA group exhibited improved bone repair when compared with the other groups. *P<0.05, as indicated. 
PLGA, poly(lactic-co-glycolic acid); SIM, simvastatin; COL, collagen; PCL, poly(ε-caprolactone); CT, computed tomography.



ZHANG et al:  SIMVASTATIN-LOADED SCAFFOLD PROMPTS BONE REPAIR88

a hierarchical structure containing a PCL scaffold of a 
macro‑scale filled with micro‑sized COL. With the sustained 

release of SIM, the present study obtained superior bone 
formation with sufficient mechanical strength. 

Figure 9. Expression of OCN in the defect area. (A) Representative images of immunohistochemical staining of OCN. (B) Percentage of positively stained 
cells per field of view was calculated. The PCL/COL/SIM‑PLGA group exhibited the greatest levels of OCN staining. *P<0.05, as indicated. PLGA, 
poly(lactic-co-glycolic acid); SIM, simvastatin; COL, collagen; PCL, poly(ε-caprolactone); OCN, osteocalcin.

Figure 8. Analysis of bone regeneration of the femur defect by using HE and Masson staining. (A) HE and Masson stained tissue sections of bone regeneration 
in the defect areas, implanted with PCL, PCL/COL or PCL/COL/SIM-PLGA constructs, at 3 months after surgery. (B) The SIM-loaded scaffold demonstrated 
the most robust osteogenic activity, and the majority of the defect area in the SIM‑loaded scaffold group was filled with eosin‑stained newly formed bone 
tissue. *P<0.05, as indicated. S, scaffolds; NB, newly formed bone; FB, fibrosis; PLGA, poly(lactic‑co‑glycolic acid); SIM, simvastatin; COL, collagen; PCL, 
poly(ε‑caprolactone); HE, hematoxylin and eosin.
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