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Abstract. A novel tri‑layer membrane consisting of polycap‑
rolactone (PCL) fibrous sheets and structured nanofibers with 
a gelatin (Gt) shell and a simvastatin‑containing PCL core 
(PCL‑Gt/PCL‑simvastatin membrane) was prepared. The soft 
external layer comprised of Gt/PCL‑simvastatin, the external 
layer of PCL and the middle layer of both microfilaments, 
interwoven together. The membrane was designed to promote 
osteoinduction and act as a barrier against cells but not against 
water and molecules in order to promote guided bone regen‑
eration. The structure of the membrane was characterized by 
scanning electronic microscopy. The in vitro release rates of 
simvastatin over 32 days were determined by high‑perfor‑
mance liquid chromatography. For in vitro biological assays, 
bone marrow mesenchymal stem cells and human fibroblasts 
were cultured on the different surfaces of the membrane. 
Cell adhesion, proliferation, distribution, and differentiation 
were examined. For in vivo testing, cranial defects were 
created in rabbits to assess the amount of new bone formed 
for each membrane. The results revealed that membranes 
with multi‑layered structures showed good cell viability and 
effective osteoinductive and barrier properties. These results 
suggest that the novel multi‑layered PCL‑Gt/PCL‑simvastatin 
membranes have great potential for bone tissue engineering.

Introduction

In bone tissue engineering, the use of composite carriers that 
encapsulate bioactive components is a key strategy for drug 

delivery. Carriers may contain drugs, small molecules or 
even nanomaterials (1,2). Electrospun nanofibers are effective 
biocompatible drug carriers because of their ability to repair 
bone tissue. These fibers can deliver significant amounts of 
therapeutics and have, therefore, attracted attention as poten‑
tial drug delivering scaffolding materials (3,4). In addition, 
nanofibers are highly porous, providing an artificial milieu 
that is structurally comparable to the naturally occurring 
extracellular matrix (ECM) (1,5). As such, electrospun nano‑
fibers are frequently utilized in tissue engineering (1,6,7). 
Electrospinning can also produce nanofibers with high bioac‑
tivity. These are based on natural polymers, including gelatin 
(Gt), chitosan and hyaluronic acid, and synthetic polymers, 
including poly‑D, L‑lactide‑coglycolide (PLGA), polycap‑
rolactone (PCL) and polyurethane. These polymers are all 
highly biocompatible and biodegradable (5).

Guided bone regeneration (GBR) has been demonstrated 
to be effective in periodontal therapy (8) and is an important 
strategy in bone tissue engineering (9). In GBR, the typical 
barrier membrane consists of two surfaces: The porous 
surface that faces the osseous bone defect, to guide bone 
formation, and the dense surface that faces the soft tissue, to 
prevent non‑osteogenic cells (such as fibroblasts) from inter‑
fering with bone healing (10). Thus, the barrier membrane 
plays a crucial role in bone regeneration (8). In recent years, 
co‑electrospinning has been used to generate hybrid nanofi‑
bers with specific features, such as its interconnected porous 
structures, broad surface areas and capability of delivering 
drugs (11‑13). These nanofibers have the features of both natu‑
rally occurring and synthetic polymers, which improve their 
ability to induce bone tissue repair. Multi‑layered scaffolds are 
also useful for vascular tissue engineering (14‑16). The struc‑
tural diversity of these scaffolds is more advantageous than 
homogeneous structures due to their enhanced mechanical 
features, biodegradability and biocompatibility (14,17,18). 
Unfortunately, complications such as delamination (poor 
biomechanics and operability) and difficulty in molding 
three‑dimensional structures (compact structure that can 
impede cell migration) with many constituents have restricted 
the widespread development of multi‑layered scaffolds (19,20).

Simvastatin, a cholesterol‑lowering drug, can promote 
bone growth and this is hypothesized to be through stimula‑
tion of BMP‑2 expression (21,22). Simvastatin has also been 
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successfully integrated into drug delivery vehicles consisting 
of a methylcellulose gel surrounded by a polylactic acid (PLA) 
membrane. Using this system, a single administration of 
2.2 mg of simvastatin was demonstrated to induce bone growth 
in vivo, however, soft‑tissue inflammation was observed (23).

In the present study, two multi‑layered co‑electrospun 
nanofibers membranes made of natural (Gt) and synthetic 
(PCL) polymers were designed. These membranes have both 
porous and dense layers to improve their osteogenic efficacy 
and barrier function. In addition, these membranes were 
loaded with simvastatin to promote bone growth (Fig. 1). 
These membranes were designed to promote osteoinduc‑
tion and act as a barrier against cells but not against water 
and molecules in order to promote guided bone regeneration 
(GBR). The in vitro biological function of the membranes was 
then evaluated. In order to verify the osteogenic and barrier 
effects of the membranes, bone marrow mesenchymal stem 
cells (BMMSCs) and human fibroblasts were seeded on the 
surface of the porous and dense layers, respectively. The cell 
distribution on the different surfaces was observed using a 
confocal laser scanning microscope (CLSM). The osteogenic 
effects of simvastatin on critically‑sized calvarial defects in 
rabbits were evaluated to assess the membrane's potential for 
GBR.

Materials and methods

Materials. PCL (85 kDa) and histopaque‑1077 were obtained 
from Sigma‑Aldrich (Merck KGaA). 2,2,2‑trifluroroethanol 
(TFE) was obtained from the Weihai Newera Chemical 
Co., Ltd. Gelatin (Gt, 200 Bloom) was supplied by the 
Department of Polymer Science and Engineering, Zhejiang 
University (China). Simvastatin was purchased from BioSino 
Biotechnology & Science, Inc. 0.05% trypsin‑5 Mm EDTA 
was from Biochrom GmbH (Merck KGaA). Human foreskin 
fibroblasts (HFFs‑1) were obtained from the American Type 
Culture Collection. Culture media and other cell culture 
medium supplements were obtained from Thermo Fisher 
Scientific, Inc.

Preparation of the multilayered nanofibers. Simvastatin was 
dissolved in a PCL (20% w/w in TFE) solution to obtain a 
final concentration of 3.5%. Gt was dissolved in TFE to obtain 
a 12% solution. Coaxial electrospinning was conducted with 
reference to a previous study (24). The Gt/TFE solution was 
used to create the outer shell, while the PCL/TFE solution 
containing simvastatin was used to create the inner core. 
All feed rates were set at 1 ml/h. The spinning electrode 
and the collector were separated by 16 cm, with a voltage of 
9‑10 kV/cm. Collection was carried out over 3 h to obtain the 
Gt/PCL‑simvastatin membrane. A single jet was used to elec‑
trospin the PCL mat on the Gt/PCL‑simvastatin membrane. 
The spinning electrode and the collector were 17 cm apart, 
with a voltage of 11‑12 kV/cm. The duration of electrospinning 
was 4 h, and the feed rate was 1 ml/h. Finally, a bi‑layered 
PCL‑Gt/PCL‑simvastatin membrane (membrane A) was 
obtained. The layers were 100‑150 µm thick.

The tri‑layered PCL‑Gt/PCL‑simvastatin membrane 
(membrane B) was fabricated in a similar manner to membrane 
A. First, the coaxial Gt/PCL‑simvastatin fibers were 

electrospun for 2 h, followed by the introduction of PCL nano‑
fibers onto the coaxial membrane by simultaneous spinning 
using another electrode. The position of the spray nozzle for 
the PCL nanofibers was adjusted to ensure maximum overlap 
of the receiving area of the core‑shell and PCL fibers. The two 
nanofibers were collected for 1.5 h, before coaxial electrospin‑
ning was stopped. The electrospinning of the PCL nanofibers 
was continued for 2 h. The structure of the multiple‑layered 
nanofibrous membranes is shown in Fig. 1. The membranes 
were stored at room temperature.

Scaffold characterization. A scanning electron microscope 
(SEM; model no. JSM‑5300; JEOL, Ltd.) was used to assess 
the surface and morphology of the nanofibers under x1,000 
magnification. Image‑Pro Plus v6.0 (Media Cybernetics, Inc.) 
was used to measure the average fiber diameter and pore size 
(n=100) of the materials. The samples used for SEM were 
subjected to vacuum drying and were sputter‑coated with 
gold‑palladium for 60 sec.

In order to evaluate nanofiber degradation, three membrane 
pieces were immersed in 10 ml phosphate‑buffered saline 
(PBS, pH 7.2±0.1) and placed in a 37˚C water bath for 1 and 
3 months, with PBS refreshed monthly. Sample degradation 
was examined by SEM observation.

The membranes were cut into squares (10x10 mm; n=3) 
and used to assess the in vitro release of simvastatin over one 
month. After sterilization using Cobalt‑60 (2 h), the specimens 
were immersed in PBS (1 ml) and incubated at 37˚C under rota‑
tion (150 RPM). Supernatants were obtained daily and stored 
at ‑20˚C, with the addition of fresh PBS (1 ml). The amount 
of released simvastatin was assessed by high‑performance 
liquid chromatography (HPLC), and the cumulative release of 
simvastatin was plotted.

Culture of bone marrow mesenchymal stem cells (BMMSCs). 
BMMSCs were isolated from iliac crest marrow aspirates of 
human donors (aged 20‑25 years) with no known disease 
(n=4). Informed consent was obtained and signed by the 
donors and the study was approved by the Research Ethics 
Committee of The First Affiliated Hospital, College of 
Medicine, Zhejiang University (Hangzhou, China; Reference 
number 2013‑273). The human samples were collected in the 
operating room of The First Affiliated Hospital of Zhejiang 
University School of Medicine between November 2014 and 
October 2020.

The isolation and culture procedure of BMMSCs 
were performed as described in our previous study (25). 
Histopaque‑1077 density gradient centrifugation was used for 
BMMSC isolation. The collected mononuclear cells (MNCs) 
underwent PBS washes and resuspension in Dulbecco's modi‑
fied Eagle's medium (DMEM) containing 10% fetal bovine 
serum (FBS) and 100 U/ml penicillin/streptomycin and were 
plated at a density of 2x106 MNCs/cm2. Incubation was carried 
out at 37˚C in a humidified environment containing 5% CO2, 
and the medium was replenished at 3‑4‑day intervals. At 80% 
confluency, BMMSCs were passaged after trypsinization.

Seeding and culturing of cells on the membranes. BMMSCs at 
passage 3 were seeded on the coaxial surface of the membranes 
(10x10 mm) after sterilization (Cobalt‑60, 2 h), placed in 
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a 24‑well culture plate under pressure (glass column), and 
incubated overnight in a humid environment containing 5% 
CO2 at 37˚C, as previously described (25,26). For seeding, 
cells at 5.4x106 cells/ml were added drop by drop onto the 
membrane, with approximately 3.2x105 cells per membrane. 
Third‑passage HFFs‑1 were added to the PCL surface of 
the membranes, as described above, at 5.4x106 cells/ml. 
Membrane A was used as the control group and membrane 
B as the experimental group. Constructs were incubated for 

2.5‑3 h to ensure cell adhesion to the membrane. Incubation 
was performed at 37˚C, as described above, with the medium 
refreshed at 3‑4‑day intervals. At defined time points, trip‑
licates per seeding group were obtained for cell adhesion, 
distribution and differentiation assessment.

Cell morphology, proliferation, and distribution on 
membranes. To assess cell adhesion and morphology, 
cell‑loaded membranes at 10, 30 and 60 min post‑seeding were 
submitted to two PBS washes, glutaraldehyde fixation (2.5%; 
2 h; 4˚C), and two additional PBS washes. Graded ethanol 
solutions (30, 50, 70, 80, 90, 95 and 100%) were used for 
dehydration, followed by sputter coating with gold and SEM 
analysis.

Cell proliferation was estimated with the Cell Counting 
Kit‑8 (CCK‑8; Dojindo Molecular Technologies, Inc.) after the 
cells were cultured on the membranes for 1, 3, 5 and 7 days. 
Cell proliferation was compared to cells seeded on Petri 
dishes as control. CCK‑8 solution (10 µl) was added to each 
well (three wells for each group) and the cells were incubated 
at 37˚C for 4 h. Absorbance at 450 nm was determined using a 
microplate reader (Bio‑Tek Instruments, Inc.).

For cell distribution assessment, PBS‑washed cell‑loaded 
membranes were incubated with 4',6‑diamidino‑2‑phenylin‑
dole (DAPI; Invitrogen; Thermo Fisher Scientific, Inc.) for 
30 min, washed, and further incubated in fresh medium for 
1 h. These procedures were performed at 37˚C in a humidi‑
fied 5% CO2 atmosphere. Laser confocal scanning microscopy 
was performed and raw 3D images were analyzed using 
NIS‑Elements Basic Research v3.0 (Nikon Instruments Inc.) 
for cell distribution.

Reverse transcription‑quantitative PCR (RT‑qPCR) for the 
determination of osteogenic gene expression. Total RNA 
from cell‑membrane samples was obtained using the RNeasy 
micro kit (Qiagen GmbH). RNA amounts and purity were 
assessed on a Bio‑Photometer (Eppendorf). First‑strand cDNA 
(in 100‑µl reaction volumes) synthesis was performed with a 
QuantiTect Reverse Transcription kit (Qiagen GmbH) based 
on 100 ng of total RNA, as recommended by the manufac‑
turer (37˚C for 15 min and 85˚C for 5 sec). qPCR was carried 
out on an Applied Biosystems 7500 Real‑Time PCR System 
(Life Technologies; Thermo Fisher Scientific, Inc.) with a 
QuantiTect SYBR Green PCR kit (Qiagen GmbH). Reactions 
contained 1 µl of cDNA, 4.5 µl of Real Master Mix/SYBR 
solution (Qiagen GmbH), 1 µl of each primer and 2.5 µl of 
RNase‑free water. The early‑stage osteogenic differentiation 
gene core‑binding factor‑α1 (Cbf‑α1) (27,28) and alkaline 
phosphatase (ALP) (29), the middle‑to‑late stage osteogenic 
marker osteonectin (ON) (30), and the late stage markers 
osteocalcin (OCN) and osteopontin (OPN) (31) were assessed 
using glyceraldehyde‑3‑phosphate dehydrogenase (GAPDH) 
for normalization. Cells cultured without a membrane consti‑
tuted the control group for assessing target gene expression. 
The primer sequences used are listed in Table I. Amplification 
was carried out for 40 cycles in a real‑time PCR device, 
with a program consisting of HotstarTaq DNA polymerase 
activation (2 min, 95˚C), denaturation (15 sec, 95˚C) and 
annealing for 15 sec at 62˚C (ON, OCN, OPN), 63˚C (Cbf‑α1) 
or 59˚C (GAPDH), with a final extension (20 sec, 68˚C). Cycle 

Figure 1. Schematic structure of the multi‑layered membranes. (A) The 
bi‑layered membrane consisted of a porous (co‑axial Gt/PCL nanofibers 
loaded with simvastatin) and a dense (PCL nanofibers) layer. (B) The 
tri‑layered membrane consisted of porous, middle and dense layers and was 
also loaded with simvastatin. The middle layer was obtained by interweaving 
Gt/PCL‑simvastatin fibers and PCL fibers. Gt, gelatin; PCL, polycaprolactone.

Table I. Primer sequences of target and housekeeping genes 
that were utilized in the study.

Gene Primer Sequence (5'‑3')

Cbf‑α1 F: TTCCAGACCAGCAGCACTC
 R: CAGCGTCAACACCATCATT
ON F: CGAGCTGGATGAGAACAACA
 R: AAGTGGCAGGAAGAGTCGAA
ALP F: GTCACTGCGGACCATTCC
 R: GGCTGCATACGCCATCAC
OCN F: CAGCCACCGAGACACCATG
 R: CAGAGCGACACCCTAGACC
OPN F: CAGTTGTCCCCACAGTAGACAC
 R: GTGATGTCCTCGTCTGTAGCATC
GAPDH F: GGAGCG AGATCCCTCCAAAAT
 R: GGCTGTTGTCATACTTCTCATGG

F, forward; R, reverse; ON, osteonectin; ALP, alkaline phosphatase; 
OCN, osteocalcin; OPN, osteopontin; Cbf‑α1, core‑binding factor‑α1.
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threshold (Ct) values and melting curves were assessed. The 
analysis was performed as described by Pfaffl (32).

Assessment of in vivo implants
Surgery. Critical‑size defects were surgically created on the 
calvaria of 8‑month‑old New Zealand white rabbits (male, 
2.0‑2.5 kg; n=24) (21,31‑38) purchased from the Laboratory 
Animal Center of Zhejiang Province. The rabbits were 
assigned to three groups: Control group (no membrane), 
group A (bi‑layered PCL‑Gt/PCL‑simvastatin membrane) and 
group B (tri‑layered PCL‑Gt/PCL‑simvastatin membrane). 
The Animal Experimental Ethical Committee of the First 
Affiliated Hospital, College of Medicine, Zhejiang University 
(Reference no. 2013‑273) approved the protocols for animal 
experiments. The implantation procedures in these rabbits 
were performed under general anesthesia using fentanyl/flua‑
nison (Hypnorm®, fentanyl citrate 0.315 mg/ml, fluanisone 
10 mg/ml, Janssen Pharmaceuticals, Inc.; Johnson + Johnson; 
0.3 ml/kg intramuscular) combined with an intravenous injec‑
tion of 1 mg/kg diazepam. During surgery, full‑thickness flaps 
were made to reveal the cranial bone, and critical size (15 mm) 

defects, as previously described (23,33‑40), were generated 
with trephines under irrigation with chilled saline. For the 
membrane groups, the membranes were implanted and fixed 
onto the defects at this stage. A resorbable suture was used 
for closure of the soft tissues in layers. The rabbits underwent 
euthanasia with an overdose (100 mg/kg) of intravenous pento‑
barbital sodium at 4 or 12 weeks following implantation (n=4) 
and were assessed for bone regeneration.

Micro‑computed tomography (µ‑CT). At 4 or 12 weeks after 
implantation, the tissues surrounding the membranes were 
harvested and fixed in 10% formalin at room temperature for 
24 h. Imaging was carried out on an animal micro‑CT scanner 
(SCANCO Medical AG) in high‑resolution scanning mode 
using 70 kV, 200 µA, a field of view of 15 mm and 34.4‑µm 
resolution. Data analysis was performed with the micro‑CT 
image analysis software (NRecon v.1.6.9; Bruker micro‑CT; 
Bruker Corporation) to determine the mean new bone volume 
(BV), bone mineral density (BMD) and bone volume/total 
volume (BV/TV).

Histological analysis. Half of the samples underwent 
fixation with 10% formalin at room temperature for 24 h, 
decalcification, dehydration, paraffin embedding and hema‑
toxylin and eosin (H&E) staining (26). The remaining half 
of the samples were fixed in 4% formalin (Formafix, Global 
Technologies Ltd.) at room temperature for 7 days and dehy‑
drated for 14 days with increasing concentrations of alcohol 
(70, 80, 96 and 100%). Over a period of 28 days, the sections 
were block‑embedded in polymethyl methacrylate (PMMA; 
Technovit® 7200 VLC; Kulzer GmbH), after which the 
samples were ground in the sagittal direction and sliced 
into 250‑µm thick sections with a microtome (EXAKT 
Technologies, Inc.). The sections were further reduced to 
15 µm, polished and stained with Van Gieson and toluidine 
blue, as described previously (41). Images were captured 
using an IX 70 light microscope (Olympus Corporation; 
magnification, x25). Three fields of view were observed for 
each section.

Statistical analysis. SPSS v11.5 (SPSS, Inc.) was used 
for the statistical analyses. Values are presented as the 

Figure 2. Morphology of the multi‑layered PCL‑Gt/PCL‑simvastatin membrane was evaluated by SEM. (A) The structure of the membrane is interwoven with 
nanofibers, which are arranged randomly and have numerous holes of uneven size. (B) Co‑axial nanofibers with a smooth surface consisted of core (PCL, red 
arrow) and shell (Gt, green arrow) structures. Gt, gelatin; PCL, polycaprolactone; SEM, scanning electron microscopy.

Figure 3. Structure of the membrane. (A) Obvious delamination was observed 
in membrane A, with a PCL mat on the upper layer and Gt/PCL‑simvastatin 
membrane on the bottom. (B) A multi‑layered structure was observed in 
membrane B. There was (C) a co‑axial Gt/PCL‑simvastatin nanofiber layer 
with smooth fibers and bigger pores, (D) a middle layer that consisted of two 
nanofibers and (E) a PCL nanofiber layer with more corrugations and small 
pores (from top to bottom). Gt, gelatin; PCL, polycaprolactone.
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mean ± standard deviation (SD). Groups were compared by 
one‑way analysis of variance (ANOVA) with Tukey's post hoc 
test/P<0.05 was considered to indicate statistical significance.

Results

Morphological and structural features. The preparation 
process of the tri‑layered PCL‑Gt/PCL‑simvastatin membrane 
(membrane B) is shown in Fig. 1. The middle layer of membrane B 
was generated by the simultaneous spinning of uniaxial PCL 
and coaxial Gt/PCL‑simvastatin nanofibers using two nozzles. 

As a control, the bi‑layered PCL‑(Gt/PCL‑simvastatin) 
membrane (membrane A) was made with two separated fibrous 
mats by sequential electrospinning. As shown in Fig. 1A, 
the Gt/PCL‑simvastatin and PCL nanofibers resulted in the 
porous and dense layers, respectively, while the middle layer of 
membrane B contained both types of fibers.

As indicated by the SEM images, electrospun nanofibers were 
smooth. This indicates that both PCL and Gt/PCL‑simvastatin 
fibers could be generated under all flow rates and methods 
used (Fig. 2A). The two types of nanofibers had different 
morphologies. The pore sizes of the Gt/PCL‑simvastatin 
nanofibers (porous layer) were 30.27±4.23 µm (membrane A) 
and 31.84±4.43 µm (membrane B), while the fiber diameters 
were 419.28±59.23 nm (membrane A) and 444.62±96.53 nm 
(membrane B). The pore sizes of the PCL nanofibers (dense 
layer) were 13.88±4.38 µm (membrane A) and 14.75±2.96 µm 
(membrane B), while the fiber diameters were 228.58±98.12 nm 
(membrane A) and 254.73± 0.68 nm (membrane B). Fig. 2B 
demonstrates the general structure of the Gt/PCL fibers. The 
shell was composed of the natural polymer Gt, and the core 
was composed of the synthetic polymer PCL containing simv‑
astatin. Fig. 2B does not represent the final structure of the 
membrane, nor its evolution in time.

The structural details of the membranes are shown in 
Fig. 3. Obvious delamination appeared in membrane A with 
the PCL mat on the top and Gt/PCL‑simvastatin membrane 
on the bottom (Fig. 3A), while no delamination was observed 
in membrane B (Fig. 3B). SEM images demonstrating the 
morphology in membrane B are also shown. The changes in 
structure and morphology in the different layers indicated a 

Figure 4. Scanning electron micrographs of different membranes after biodegradation for 1 and 3 months. (A) Membrane A after 1 month. (B) Membrane B 
after 1 month. After 3 months, the fibers of (C) membrane A and (D) membrane B became less distinct than the membranes after biodegradation for 1 month.

Figure 5. Simvastatin release profiles for the different structured membranes. 
The values are presented as the mean (n=3).
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distribution of multiple layers in the membrane. The upper 
layer was composed of coaxial electrospun fibers with a 
smooth surface (Fig. 3C). The layer between the dense and 
porous layers is the middle layer (Fig. 3D), while the lower 
PCL layer comprised greater corrugation nanofibers (Fig. 3E).

Biodegradability in vitro. SEM micrographs of the electro‑
spun membranes during degradation are shown in Fig. 4. The 
porous layer of the nanofibrous membranes was morphologi‑
cally intact during the first month. After 3 months, the coaxial 
nanofibers were partially dissolved, but the overall integrity of 
the fiber structure was maintained.

Simvastatin release from the electrospun fibers. The release 
profile of simvastatin from the core‑shell structured fibers is 
shown in Fig. 5. Samples for assessing simvastatin release into 
the solution were obtained every day for 32 days, and the total 
simvastatin amounts were evaluated by HPLC. Approximately 

Figure 6. SEM micrographs showing the adhesion of BMMSCs to the porous surface of different membranes at early stages. After seeding on the membrane, 
the BMMSCs attached themselves to nanofibers. As time went by, the cells stretched out along the fiber processes on the membrane in all directions. Adhesion 
of cells to (A) membrane A and (B) membrane B after 10 min. Adhesion of cells to (C) membrane A and (D) membrane B after 30 min. Adhesion of cells to 
(E) membrane A and (F) membrane B after 60 min. SEM, scanning electron microscopy; BMMSCs, bone marrow mesenchymal stem cells.

Figure 7. Cell proliferation of BMMSCs on membrane A, membrane B and 
Petri dishes (n=3). The results indicated that the cell proliferation rates on 
the membranes within 7 days were significantly higher than that on the 
Petri dishes but that there were no significant differences between the two 
membranes. BMMSCs, bone marrow mesenchymal stem cells. *P<0.05.
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28.66 µg of simvastatin was released per membrane within 
the first 25 days. The cumulative release of simvastatin was 
linearly correlated with the incubation time at the early stage 
(about 15 days) and approached a plateau after 25 days.

Adhesion of BMMSCs to electrospun membranes. The adhe‑
sion of BMMSCs to the porous layer of the membranes is 
shown in Fig. 6. BMMSC adhesion was highly prominent 
at 10 min post‑seeding. The cells stretched out along the fiber 
processes on the membrane in all directions, particularly 
at 60 min after seeding. No obvious differences were found 
between membranes A and B.

Cell proliferation on the membranes. The cell proliferative 
activity on the membranes was evaluated over 7 days (Fig. 7). 
Compared to the control group, the numbers of BMMSCs 
from the membrane groups were significantly higher than the 
numbers in the control group throughout the 7 days (P<0.05). 
However, there were no significant differences between the 
two membranes (P>0.05).

Cell distribution on the electrospun fibers. Confocal images 
showing cells on the fibers after culturing for 7 and 14 days 
are shown in Fig. 8. At 7 days, the porous surface of the 
membrane was covered by a continuous and structured 

MSC monolayer. The dense surface was covered by HFFs‑1 
at 14 days. The 3D image shows that the MSCs seeded on 
the porous surface of the membrane penetrated as deeply 
as 70 µm after 7 days, while HFFs‑1 seeded on the dense 
surface of membrane penetrated as deeply as 60 µm after 
14 days, indicating that the dense layer could act as an effec‑
tive barrier to prevent cell invasion. No cells were observed 
to cross the membranes completely.

Osteogenic gene expression in BMMSCs on the fibers. While 
continuously co‑culturing the MSC‑membrane composite, 
osteogenic gene expression levels were comparable in groups 
A and B after 1, 7, 14 or 21 days (all P>0.05; Fig. 9), with peaks 
at 7 days. An exception was Cbf‑α1 gene expression in MSCs 
grown on tri‑layered PCL‑Gt/PCL‑simvastatin fibers, which 
was significantly increased at 7 days (P<0.05). ALP was also 
higher in membrane B than in membrane A at 7 days (P<0.05), 
while OCN was higher in membrane B at 21 days (P<0.05). 
There were no differences in OPN expression between the two 
membranes (P>0.05).

In vivo implantation. To assess the osteogenic defect of nanofi‑
bers in vivo, 15‑mm complete calvarial defects were generated 
in rabbits. During the experiment, no necrosis was observed 
in the animals.

Figure 8. Confocal images of cells on different membranes after 7 and 14 days. The BMMSCs penetrated as deeply as 70 µm on the coaxial surface after 
7 days on (A) membrane A and (B) membrane B, while HFFs on the PCL surface penetrated as deeply as 60 µm after 14 days on (C) membrane A and 
(D) membrane B. BMMSCs, bone marrow mesenchymal stem cells; HFF, human foreskin fibroblasts; PCL, polycaprolactone.
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Micro‑CT analysis. Bone formation was increased in the nano‑
fiber groups compared with the control group at 4 and 12 weeks 

(Fig. 10A‑F). Quantitation of µ‑CT imaging data was carried out 
by assessing BV, BMD and BV/TV of the defects (Fig. 10G‑I). 

Figure 9. RT‑qPCR analysis of the relative expression ratio of osteogenic genes in BMMSCs cultured on membrane A or B over 21 days. The target gene 
expression levels were calculated as a relative ratio to the house‑keeping gene GAPDH. (A) Cbf‑α1 gene expression. (B) ON gene expression. (C) ALP gene 
expression. (D) OCN gene expression. (E) OPN gene expression. Data are presented as the mean ± SD; n=3; *P<0.05. BMMSCs, bone marrow mesenchymal 
stem cells; Cbf‑α1, core binding factor‑α1; ON, osteonectin; ALP, alkaline phosphatase; OCN, osteocalcin; OPN, osteopontin.

Figure 10. Micro‑CT results of surgical defects treated with membranes A or B, or a no membrane (control group) at 4 and 12 weeks. Osteogenesis effects 
were seen in (A) group A and (B) group B in repair of the defect in comparison to (C) the control at 4 weeks. A greater extent of defect repair was also seen in 
(D) group A and (E) group B in repair of the defect in comparison to (F) the control at 12 weeks. There were more blue areas in the control group and more 
orange areas in groups A and B, where blue represents fibrous tissue, and orange represents new mineralized bone. At 12 weeks, the greatest extent of repair 
appeared in group B, and the defect region was mainly covered by orange. (G) BMD (mg/mm3), (H) BV/TV (%) and (I) BV (mm3) within the defects were 
calculated. BV, BMD, and BV/TV of groups A and B were significantly higher than in the control group at both 4 and 12 weeks. Data are presented as the 
mean ± SD; n=4; *P<0.05. BMD, bone mineral density; BV/TV, bone volume/total volume; new bone volume.
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Defects treated with membrane B showed healing with BV, 
BMD and BV/TV of 25.13±2.50 mm3, 539.74±8.38 mg/mm3 
and 4.17±0.51%, respectively, at 4 weeks following implanta‑
tion. New bone formation was similar in groups A and B and 
almost inexistent in the control group. At 12 weeks, new bone 
was found in the three groups. In comparison with controls, 
group B had markedly increased healing, with BV, BMD 
and BV/TV of 56.05±60.15 mm3, 767.83±29.10 mg/mm3 and 
8.22±1.17%. In group B, bone formation covered most of the 
defects. By contrast, healing was only observed in the center or 
at the edges in controls. These findings demonstrated that the 
released simvastatin had in vivo activity.

Histological properties. Using eosin ethanol staining, new 
bone generation was observed in groups A and B at 4 weeks 

after surgery, whereas in the control group, only soft tissues and 
limited new bone were observed (Fig. 11). At 12 weeks, the new 
bone area was markedly elevated in group B in comparison 
with the two other groups. The control group only showed 
minimal fibrous‑connective tissue. At the initial stage (4 weeks) 
of bone healing, an overt immunologic response with inflam‑
matory signs were recorded. At 12 weeks, there were slight 
inflammatory signs in both membrane groups, indicating that 
the membranes were gradually degraded. Over time, residual 
membrane materials were observed in both membrane groups.

The results of Van Gieson and toluidine blue stain were 
consistent with the H&E staining results (Fig. 12). New bone 
formation in groups A and B occurred to a greater extent than 
in the control group at 4 and 12 weeks. In the control group, 
only a large amount of connective tissue was observed.

Figure 11. Histological study of transverse bone defect sections at 4 and 12 weeks after surgery. At 4 weeks, new bone generation was observed in (A) group 
A and (B) group B, while only soft tissues and limited new bone were observed in (C) controls. At 12 weeks, in comparison with (D) group A new bone area 
was markedly elevated in group B (E) Bone area was also elevated in comparison with (F) the control. Over time, residual membrane materials (yellow arrow) 
were observed in both membrane groups. The whole sections at low (x5) magnification are shown in small inserts in the upper right corner of each panel. 
CT, connective tissue; MB, mineralized bone matrix; NBI, new bone island; IC, inflammatory cells.

Figure 12. Van Gieson and toluidine blue staining of transverse bone defect sections at 4 and 12 weeks after surgery are consistent with H&E staining. New 
bone formation in (A) group A and (B) group B after 4 weeks occurred to a greater extent than in (C) the control group. In the control group only a large amount 
of connective tissue was observed. Similar results were observed at 12 weeks in (D) group A and (E) group B in comparison to (F) the control. Furthermore, 
compared with group B, there was more fibro‑adipose tissue filling in the defect in group A and Group B had a narrower fibro‑adipose tissue band. H&E, 
hematoxylin and eosin; Star, fibro‑adipose tissue; arrow, mineralized bone matrix (x25).
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Discussion

Our previous studies demonstrated that the diameter of elec‑
trospinning nanofibers could be affected by flow rate and 
receiving distance (42,43). The parameters for the present 
study were optimized during our earlier studies (42,43). SEM 
revealed that the membranes were nano‑scaled and that the 
co‑axial electrospun Gt/PCL‑simvastatin fibers had a distinct 
core‑shell structure. Using a sequential quantity gradient 
co‑electrospinning approach, PCL markedly improved 
the mechanical features of the nanofibers. The membrane 
structure was similar to that of the ECM, and the pore size 
of the PCL surface was significantly smaller than that of 
the coaxial surface. The present study demonstrated that 
the designed membrane had good morphological, physico‑
chemical and mechanical features that enable it to serve as 
a barrier membrane. Cross‑sectional images of membrane B 
showed that the Gt/PCL‑simvastatin and PCL nanofibers were 
well‑mixed and integrated between the membrane layers. By 
contrast, membrane A was observed to have two layers without 
connection and could be easily separated.

An ideal drug delivery system should supply effective 
product amounts, avoid systemic undesired reactions, and 
convey products into target areas at fixed rates (44). The 
generation of a distinct boundary could be theoretically 
assessed (45,46). Studies by both our group (25) and others (47) 
have indicated that coaxial electrospinning can achieve effec‑
tive product loading as well as continuous and controlled local 
drug delivery. In the present study, simvastatin was embedded 
in the core (PCL) of a coaxial structure. The mechanism of 
simvastatin release at a controlled rate can be explained by 
diffusion and polymer degradation (48,49). Simvastatin is first 
released by diffusion onto the fiber's surface. Subsequently, 
when the membrane is incubated with the medium, the small 
pores on the shell (Gt) of the fibers undergo gradual polymer 
degradation. This allows the slow and constant release of the 
drug through the pores. Both membranes in the present study 
demonstrated constant and continuous drug release, with 
membrane B demonstrating a more controlled drug release, 
due to its gradient structure.

Implantable materials should undergo in vivo degradation 
at a controlled rate to maintain and provide space for new bone 
formation (50). Material degeneration speed is critical in tissue 
engineering (51‑54). If the membrane is degraded too fast, cell 
proliferation may be hampered, with insufficient secretion of 
the new matrix (51). Conversely, if degradation is too slow, 
residual materials could adversely affect new bone's homo‑
geneity and function (55). Furthermore, the optimal time for 
degradation of materials in the skull or maxillofacial bones is 
3‑6 months, whereas the scaffold used in spinal fusion should 
be degraded after 9 months or longer (50). In the present study, 
an artificial synthetic material (PCL) was used to provide 
controlled release kinetics (47) and an appropriate degradation 
rate. The results of degradation testing in vitro suggested that 
the fiber surface became increasingly rough within 3 months, 
consistent with the optimal time of 3‑6 months. Nevertheless, 
the complete degradation time of PCL is about 2 years, and 
future studies should examine for how long a PCL‑based 
membrane retains its support and barriers effects. H&E 
staining also suggested that new bone islands and osteoid 

tissue had replaced the degraded membrane material at this 
time point. Furthermore, the timing coincides well with the 
release of simvastatin.

Electrospun nanofibers have high surface‑to‑volume ratios 
and are potential ECM substitutes that improve cell attach‑
ment (56,57). Simultaneously, high porosity confers optimal 
permeability for nutrient and gas exchange in the newly 
formed tissue (58). SEM of BMMSCs seeded membranes 
showed that cells were firmly attached to fibers, with cyto‑
plasmic processes spreading throughout. This suggests that 
such membranes are an optimal scaffold for cell attachment. 
CCK‑8 testing revealed that the membranes could promote 
cell adhesion and proliferation, with no cytotoxicity in vitro. 
The confocal microscopy results established that MSCs 
proliferated on the coaxial fibrous surface and the superficial 
layer of the internal part of the membrane. HFFs‑1 with poorer 
adhesion and more superficial invasive depth also showed an 
excellent barrier function in membrane B. The same results 
were obtained from histological assessment of in vivo samples, 
with group B showing less fibrous tissue in the defect lending 
itself to ideal barrier function.

In order to assess the clinical usefulness of membrane B, 
a critical‑sized defect in rabbit calvaria was created, based on 
previous studies (23,33‑40). Micro‑CT revealed an elevated 
BV/TV ratio, suggesting new bone generation, for both 
membrane groups compared with controls. Both membrane 
groups showed comparable values. In vivo histological data 
demonstrated that both membranes enhanced bone regenera‑
tion in comparison with controls. Meanwhile, in vitro testing 
of osteoinduction of simvastatin released from the membrane 
fibers revealed that osteogenic genes were upregulated in 
culture. Thus, simvastatin released from the membrane 
increases new bone generation and accelerates bone healing 
in the calvarial‑defect model, but osteoinductive effects were 
comparable in both membrane groups.

The present study demonstrated that a novel multi‑layered 
PCL‑Gt/PCL‑simvastatin membrane promoted osteogenesis 
in cultured BMMSCs and repaired bone defects in rabbits. 
As the sole bioactive agent, simvastatin could be successfully 
delivered and in a controlled manner. The role of multi‑layered 
structured membranes in GBR technology remains unclear. 
These results suggest that the novel gradient nanofibrous 
membrane could be a candidate for an ideal barrier membrane, 
which is the primary end goal for current GBR technologies.

Inflammation could be seen in the specimens from the 
rabbits that received the membranes. Gelatin and PCL are 
widely‑used polymers in the field of tissue engineering and are 
highly biocompatible and biodegradable (5). However, though 
simvastatin has been shown to induce bone growth in vivo, 
pronounced soft‑tissue inflammation was observed (23). It can 
be hypothesized that this inflammation is the result of simv‑
astatin, which was suggested by a previous study (59). Why 
simvastatin induces inflammation and how it might participate 
in the osteogenesis process remain to be examined.

The barrier membrane developed in this study is a guide for 
tissue regeneration. It has a loose surface and a dense surface. 
The loose surface faces the bone tissue to facilitate the crawling 
of bone cells or stem cells and guide bone tissue regeneration. 
The dense surface has a small pore size to prevent fibrosis. 
Since the regenerative cells invade the bone defect area while 
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the fibrotic cells invade from the connective tissues, the stem 
cells were inoculated on the loose surface and fibroblasts on 
the dense surface to observe the barrier function of the barrier 
membrane and guide the regeneration ability of totipotent 
stem cells. The differential impact of different cell types will 
have to be examined in a future study.

There are several limitations to this study. Multilayered 
membranes without simvastatin as controls were not included. 
Indeed, the main research focus of this article was on the 
structural innovation of the barrier membrane, rather than the 
bone‑promoting function of simvastatin, which is relatively 
well‑known (21,22). In addition, it has previously been shown 
that coaxial electrospinning can achieve effective product 
loading as well as continuous and controlled local drug 
delivery (26). The present study demonstrates the potential 
application of novel multilayered electrospun membranes for 
GBR with simvastatin in the treatment of bone regeneration.

The characteristics of cell donor may influence the 
results, however all donors in this study were 20‑25 years of 
age and healthy, and the effect of age difference on BMMSCs 
should be minimal (60‑62). In a published Master's degree 
thesis (entitled Osteogenic ability and differential gene 
expression profile of human bone marrow mesenchymal 
stem cells of different ages), BMMSCs from the fetal group 
(20‑24 weeks of age), youth group (16‑30 years), and elderly 
group (60+ years) showed consistent characteristics within 
their respective groups, but the osteogenic properties clearly 
decreased with age (63). In addition, the cell growth rate 
of donors over 50 years old was significantly lower than 
that of young donors. Furthermore, Choudhery et al (64) 
demonstrated that the BMSC markers do not change with 
age, but that the number of cells per gram, colony‑forming 
units and the number of cells doubled per unit time 
decreases with the increase of the age of mesenchymal stem 
cells and donors. Fosset et al (65) also suggested that there 
is no age‑related change in the expression of cell surface 
markers, however, Stolzing et al (66) reported that the 
expression levels of the MSC cell surface markers CD90, 
CD105 and stro1 decrease and CD44 increase, and that the 
differentiation potential is also different with age. In addi‑
tion, Aksoy et al (67) suggested that various surface markers 
of MSCs are expressed at different ages, but compared with 
older donor cells, MSCs isolated from younger human 
donors have a higher cell metabolic activity and prolifera‑
tion rate. Therefore, including cells from a single age group 
should minimize the variability due to age, however, some 
interindividual variability might remain.

Limits in image resolution and difficulties in accurately 
determining tissue regions may present a potential limitation 
of the present study. The applicability and clinical safety of 
the present study remain to be assessed in future studies, 
including more appropriate controls and intravital microscopy. 
Finally, the systemic concentrations of simvastatin were not 
determined, and it is unknown whether simvastatin can be 
released into the peripheral circulation and whether it could 
exert systemic effects that could influence bone regeneration, 
either directly or indirectly. This will have to be addressed in 
future studies.

In conclusion, a novel multi‑layered PCL‑Gt/PCL‑ 
simvastatin membrane was successfully established by coaxial 

electrospinning. This membrane is suitable for use in GBR. 
The membrane was able to deliver simvastatin continuously 
and promoted new bone formation without overt cytotoxic 
effects. This new coaxial electrospinning method might 
provide new means for fabricating membranes with both 
multi‑layered structure and osteoinductive ability.
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