
© 2016 Wang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php  
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you 

hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission 
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine 2016:11 1483–1500

International Journal of Nanomedicine Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
1483

O r I g I N a l  r e s e a r c h

open access to scientific and medical research

Open access Full Text article

http://dx.doi.org/10.2147/IJN.S97445

Electrospun silk fibroin/poly(lactide-co-ε-
caprolactone) nanofibrous scaffolds for bone 
regeneration

Zi Wang1,*
Ming lin1,*
Qing Xie1

hao sun1

Yazhuo huang1

DanDan Zhang1

Zhang Yu1

Xiaoping Bi1

Junzhao chen1

Jing Wang2

Wodong shi1

Ping gu1

Xianqun Fan1

1Department of Ophthalmology, 
Ninth People’s hospital, shanghai 
Jiao Tong University School of 
Medicine, 2Biomaterials and Tissue 
Engineering Laboratory, College of 
Chemistry & Chemical Engineering 
and Biotechnology, Donghua 
University, Shanghai, People’s Republic 
of china

*These authors contributed equally 
to this work

Background: Tissue engineering has become a promising therapeutic approach for bone 

regeneration. Nanofibrous scaffolds have attracted great interest mainly due to their structural 

similarity to natural extracellular matrix (ECM). Poly(lactide-co-ε-caprolactone) (PLCL) has 

been successfully used in bone regeneration, but PLCL polymers are inert and lack natural cell 

recognition sites, and the surface of PLCL scaffold is hydrophobic. Silk fibroin (SF) is a kind 

of natural polymer with inherent bioactivity, and supports mesenchymal stem cell attachment, 

osteogenesis, and ECM deposition. Therefore, we fabricated hybrid nanofibrous scaffolds by 

adding different weight ratios of SF to PLCL in order to find a scaffold with improved proper-

ties for bone regeneration.

Methods: Hybrid nanofibrous scaffolds were fabricated by blending different weight ratios 

of SF with PLCL. Human adipose-derived stem cells (hADSCs) were seeded on SF/PLCL 

nanofibrous scaffolds of various ratios for a systematic evaluation of cell adhesion, prolifera-

tion, cytotoxicity, and osteogenic differentiation; the efficacy of the composite of hADSCs and 

scaffolds in repairing critical-sized calvarial defects in rats was investigated.

Results: The SF/PLCL (50/50) scaffold exhibited favorable tensile strength, surface roughness, 

and hydrophilicity, which facilitated cell adhesion and proliferation. Moreover, the SF/PLCL 

(50/50) scaffold promoted the osteogenic differentiation of hADSCs by elevating the expression 

levels of osteogenic marker genes such as BSP, Ocn, Col1A1, and OPN and enhanced ECM 

mineralization. In vivo assays showed that SF/PLCL (50/50) scaffold improved the repair of 

the critical-sized calvarial defect in rats, resulting in increased bone volume, higher trabecular 

number, enhanced bone mineral density, and increased new bone areas, compared with the 

pure PLCL scaffold.

Conclusion: The SF/PLCL (50/50) nanofibrous scaffold facilitated hADSC proliferation 

and osteogenic differentiation in vitro and further promoted new bone formation in vivo, sug-

gesting that the SF/PLCL (50/50) nanofibrous scaffold holds great potential in bone tissue 

regeneration.

Keywords: human adipose-derived mesenchymal stem cells, silk fibrin, poly(lactide-co-ε-

caprolactone), proliferation, osteogenesis

Introduction
Complex bone injuries and defects arising from trauma, tumor resection, and develop-

mental deformities still present a difficult challenge for orthopedic surgeons worldwide 

in giving effective treatment. Autologous bone graft is the gold standard for clinical 

repair of bone defects.1 However, autologous bone grafts are usually associated 

with drawbacks such as donor site morbidity, pain, second-site surgery, prolonged 
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hospitalization, and inadequate donor tissue availability.2,3 

An alternative option for treating bone defects is the use of an 

allogenic bone graft, which carries the risk of disease trans-

mission and infection from donor to recipient.4 Hence, bone 

tissue engineering involving the transplant of an appropriate 

scaffold alone or in combination with seed cells has become 

a promising therapeutic approach for bone regeneration.

Human adipose-derived stromal/stem cells (hADSCs) 

have received great attention in the field of tissue engineering, 

mainly due to their easy accessibility, abundant sources, rapid 

expansion, and capability of multiple lineage differentiation.5 

Also, adipose-derived stem cells (ADSCs) are reported to 

have the potential to readily undergo osteogenic differentia-

tion independently of donor age and bone quality.6–10 These 

characteristics make hADSCs an appealing seed cell for bone 

tissue engineering.

Nanofibrous scaffolds have attracted great interest in 

the tissue engineering field, mainly due to their structural 

similarity to the natural extracellular matrix (ECM).11 Elec-

trospinning is a convenient and inexpensive way to fabricate 

nanofibrous scaffolds. Generally, there are two groups of 

polymers capable of being electrospun, synthetic and natu-

ral. Synthetic polymers, including polycaprolactone (PCL), 

poly(l-lactic acid) (PLLA), poly(glycolic acid) (PGA), and 

their copolymers, are promising biomaterials in bone tissue 

engineering for supporting the osteogenic differentiation of 

stem cells.12–17 Among these synthetic polymers, poly(lactide-

co-ε-caprolactone) (PLCL), which is a copolymer of PLLA 

and PCL, has attracted research attention for its beneficial 

properties derived from both PCL and poly(lactide) such as 

a controllable degradation rate, high flexibility,18,19 tunable 

elasticity, tensile strength,20 and good biocompatibility.21 

Scaffolds made of PLCL have been successfully used in 

bone tissue engineering.22,23 However, PLCL polymers are 

inert, lack natural cell recognition sites, and the surface of 

PLCL scaffold is hydrophobic, which presents limitations 

regarding biomaterial/cell interaction.24,25 Hence, to make 

the biomaterial surfaces more conducive to cell attachment 

and spreading, natural polymers with inherent bioactivity are 

incorporated into PLCL which may result in modulation of 

the physicochemical properties of the PLCL scaffold.

Silk fibroin (SF) is a good candidate among natural poly-

mers, mainly due to its excellent biocompatibility, minimal 

inflammatory response, good oxygen and water vapor per-

meability, and slow and controllable biodegradability.26–28 

In addition, SF supports mesenchymal stem cell (MSC) attach-

ment, osteogenesis, and ECM deposition.29 Furthermore, the 

SF-modified surface of the synthetic polymer poly(d,l-lactic 

acid) improves the interaction between osteoblasts and the 

scaffold.30 Therefore, we fabricated hybrid nanofibrous 

scaffolds by adding different weight ratios of SF to PLCL. 

Systematic in vitro and in vivo experiments were conducted 

to evaluate the physiochemical properties of the SF/PLCL 

scaffolds, and explore the effects of SF/PLCL scaffolds on 

cell adhesion, viability, proliferation, and osteogenic differ-

entiation and further test their ability to repair critical-sized 

calvarial defect (CSD). Based on these evaluations, we present 

a promising scaffold with good mechanical, physiochemical, 

and osteoinductive properties for bone regeneration.

Materials and methods
Materials
Bombyx mori silkworm cocoons were generously provided by 

Jiaxing Silk Co. Ltd. (Jiaxing, People’s Republic of China). The 

PLCL polymer (with an average molecular weight of 300,000, 

poly(L-lactic acid) (LA) to polycaprolactone (CL) mole ratio 

50:50) was supplied by Nara Medical University (Kashihara, 

Japan). The 1,1,1,3,3,3,-hexafluoro-2-propanol was purchased 

from Daikin (Daikin Industries Ltd., Osaka, Japan).

Preparation of SF/PLCL nanofibrous 
scaffold by electrospinning
Raw silk was degummed three times using a 0.5 wt% (0.02 M) 

Na
2
CO

3
 (Sigma-Aldrich Co., St Louis, MO, USA) solution at 

100°C for 30 minutes each time to remove the sericin gum and 

washed with sterilized distilled water three times. Degummed 

silk was then dissolved in a ternary solvent system of CaCl
2
/

H
2
O/ethanol (mole ratio 1/8/2) for 1 hour at 70°C. The SF 

solution was dialyzed through a cellulose tubular membrane 

(250–257 μm, Sigma) in distilled water for 3 days at room 

temperature (RT) and then filtered and lyophilized to obtain 

regenerated SF sponges. After PLCL and SF were dissolved 

in 1,1,1,3,3,3,-hexafluoro-2-propanol, different weight ratios 

of SF to PLCL (100:0, 75:25, 50:50, 25:75, 0:100) were 

blended to a final concentration of 8 w/v%, followed by mag-

netic stirring for 6 hours at RT. The solutions were placed in a 

2.5 mL plastic syringe with a blunt-ended needle. The syringe 

was then placed in a syringe pump (789100C; Cole-Parmer 

Instrument Co., Vernon Hills, IL, USA) with a mass flow rate 

of 1 mL/h. The electrospinning used a high-voltage power 

supply (BGG6-358; BMEICO, Beijing, People’s Republic of 

China) and a voltage of 12 kV was applied across the needle 

and ground collector. To collect the nanofibers, a flat steel 

plate covered with aluminum foil was placed in the opposite 

side of the needle, with a perpendicular distance of 11 cm 

from the needle. A steel rotating disk with a rotating speed of 
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1,500 rpm was used. The obtained material films were dried 

in vacuum (50 mbar, 25°C) for 72 hours.

Characterization of SF/PLCL nanofibrous 
scaffold
Scanning electron microscopy (SEM)
The electrospun nanofibrous scaffolds were cut into 8×8 mm 

pieces and coated with 10 nm of platinum before imaging by 

an SEM (JSM-6701; JEOL, Tokyo, Japan). The mean fiber 

diameters were estimated using image analysis software 

(Image-Pro Plus, Rockville, MD, USA) by selecting 60 fibers 

randomly from the SEM images.

Atomic force microscopy (AFM)
The roughness of the nanofibrous scaffold surfaces was 

measured using a scanning probe microscope (VECCO, 

New York, NY, USA) operated in AFM tapping mode at a 

microscopic level in air. The roughness value Ra represents 

the average distance between the surface and the mean line 

from recordings at each point and was calculated using the 

Nanoscope Image Processing software (VECCO).

contact angle measurement
The contact angle was measured by a video contact angle 

instrument (Atension Theta, Turku, Finland), as previ-

ously reported,21 to evaluate membrane surface wettability. 

A 0.8 μL droplet was dropped onto the scaffold, and the 

angles between the water droplet and the surface were mea-

sured at 15 seconds. Five samples were used for each test. 

The average value with standard deviation was reported.

Tensile strength tests
The tensile mechanical properties of the SF/PLCL scaffolds 

were measured using a tabletop MicroTester (Instron 5542; 

Instron, Norwood, MA, USA). Samples with different ratios 

of SF/PLCL were prepared with a thickness of 150–200 μm 

and cut into sizes of 10×20 mm. Stress–strain curves of each 

sample were recorded under the application of a static tensile 

load of 10 N capacity as previously reported.31 Based on the 

stress–strain curves, the tensile strength and elongation at 

break were calculated. The highest stress prior to failure was 

the tensile strength of the sample. Five samples were tested 

for each group, and the mean data were collected.

Fourier transform infrared attenuated total 
reflectance spectroscopy (FTIR-ATR)
The FTIR-ATR spectra were obtained at RT in AVATAR 

380 FTIR instrument (Thermo Fisher Scientific, Waltham, 

MA, USA) in the range 4,000–600 cm−1 at a resolution of 

4 cm−1.

X-ray diffractometer (XRD)
Wide-angle X-ray diffraction curves were obtained on an 

XRD (Riga Ku, Tokyo, Japan) within the scanning region 

of 2θ (5°–50°), with Cu
Kα radiation (λ=1.5418 Å) at 40 kV 

and 40 mA.

Thermogravimetric analyzer (TGA)
The TGA experiments were performed using a NETZSCH 

STA 409C/3/F with a flow rate of 100 mL/min of nitrogen. 

Temperature was increased from RT to 1,000°C at a heating 

rate of 10°C/min.

Isolation and culture of human aDscs
The hADSCs were isolated from human subcutaneous 

adipose tissue discarded from six outpatients who had 

undergone blepharoplasty (females, mean age 23.5 years, 

range 18–27 years), as previous reported.32 The Medical 

Ethics Committee of Ninth People’s Hospital, Shanghai Jiao 

Tong University School of Medicine approved the protocol 

in this study and written informed consents were obtained 

from all patients. In brief, adipose tissues were minced to 

small pieces and digested with 0.2% collagenase type 1 for 

2 hours. The precipitated cells were cultured in α-MEM 

(Gibco BRL, Grand Island, NY, USA) containing 10% FBS 

and 100 units/mL penicillin at 37°C in an atmosphere of 5% 

CO
2
. The medium was renewed three times a week.

cell seeding
Before cell seeding, the nanofibrous scaffolds were sterilized 

with 75% ethanol vapor at 37°C for at least 24 hours and then 

placed under an ultraviolet lamp for 3 hours. These scaffolds 

were washed three times with sterilized phosphate-buffered 

saline (PBS) and soaked in complete culture medium at 37°C 

overnight. The hADSCs were seeded at a density of 1×104 cm2 

on electrospun nanofibrous scaffolds in 24-well plates.

Viability and morphology of hADSCs on 
SF/PLCL scaffold
Cell viability
The LIVE/DEAD Viability/Cytotoxicity Assay Kit 

(Invitrogen, Carlsbad, CA, USA) was used to distinguish 

viable cells from dead cells according to the protocol 

described by the manufacturer, as previously reported.21 In 

brief, hADSCs cultured on the nanofibrous scaffolds or glass 

slips (control group) were incubated in PBS containing 2 mM 
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calcein acetoxymethyl ester and 2 mM ethidium homodimer 1 

(Invitrogen) for 30 minutes at 37°C and then observed under a 

confocal laser scanning microscope (Carl Zeiss Microscopy, 

Oberkochen, Germany).

Cytotoxicity of SF/PLCL scaffolds
The cytotoxicity of the scaffolds of different blend ratios was 

assessed by measuring the cytosolic enzyme lactate dehydro-

genase (LDH) released into the culture medium upon cell lysis 

using the CytoTox 96 Non-Radioactive Cytotoxicity Assay 

kit (Promega Biotech Co., Ltd., Beijing, People’s Republic of 

China). Cytotoxicity (%) was expressed as the percentage of 

LDH released into the medium out of the total LDH activity.

cell adhesion
Adhesion of hADSCs to the scaffolds was evaluated by 

counting the cells that adhered to the surface of the polymer 

at 4 and 24 hours after cell seeding. The hADSCs were cul-

tured for 4 and 24 hours on different scaffolds, and at each 

time point, the adherent hADSCs were enzymatically (0.25% 

trypsin–0.1% ethylene diamine tetraacetic acid [EDTA]; 

Gibco) detached and counted using a hemocytometer. The 

cell adhesion rate was expressed as a percentage of the initial 

number of seeded cells.

cell proliferation
Cell proliferation was examined using a cell counting kit-8 

(CCK-8) according to the manufacturer’s instructions 

(Dojindo Molecular Technologies, Inc., Tokyo, Japan), as 

previously reported.34 For this purpose, 10 μL of CCK-8 

solution was added to each well of the 96-well plate and 

incubated with the cells for 4 hours at 37°C. The absorbance 

was measured at a wavelength of 450 nm.

Scanning electron microscopy
The hADSCs were cultured on the nanofibrous scaffolds for 

3 days, and the hADSCs seeded on the nanofibrous scaffolds 

underwent osteogenic differentiation for 14 days before being 

washed with PBS, fixed in 2% glutaraldehyde for 2 hours, 

dehydrated in a series of graded concentrations of ethanol, 

dried in vacuum, and gold-sputtered. The samples were 

imaged using SEM (JSM-6701; JEOL, Tokyo, Japan).

F-Actin observation
The hADSCs were cultured on the nanofibrous scaffolds 

for 3 days, and the cell-layered constructs were fixed 

with 4% paraformaldehyde (Sigma), then incubated for 

30 minutes with 20 nM Alexa Fluor 488-conjugated phal-

loidin (Invitrogen). The cell nucleus was counterstained 

with 4’,6-diamidino-2-phenylindole (DAPI) (Invitrogen) for 

15 minutes at RT. Images were visualized and imaged on a 

Leica TCS SP8 microscope (Leica Microsystems, Wetzlar, 

Germany).

Analysis of in vitro osteogenic 
differentiation of hADSCs on SF/PLCL 
scaffolds
The hADSCs were seeded on the SF/PLCL scaffolds and main-

tained in standard culture conditions for 24 hours before being 

cultured in osteogenic induction medium (complete medium 

supplemented with 50 μg/mL ascorbic acid, 0.01 M glycerol-

2-phosphate, and 10−7 M dexamethasone, all from Sigma).

Alkaline phosphatase (ALP) activity
The hADSCs were seeded on the different scaffolds at a 

density of 1.0×105 cells/well and cultured in osteogenic 

induction medium. At day 7, ALP staining was performed 

using a 5-bromo-4-chloro-3-indolyl phosphate/nitroblue 

tetrazoli (BCIP/NBT) Alkaline Phosphatase Color Develop-

ment Kit (Beyotime Institute of Biotechnology, Shanghai, 

People’s Republic of China) according to the manufacturer’s 

instructions.35 Semiquantitative analysis of ALP activity was 

performed as previously reported.36 In brief, the cells were 

lysed using radio immunoprecipitation assay (RIPA) lysis 

buffer (Beyotime Institute of Biotechnology) and the total 

concentration of protein content was determined using a 

bicinchoninic acid (BCA) protein assay kit. Using p-nitrop-

henyl phosphate (Sigma) as the substrate, ALP activity was 

measured from the absorbance at 405 nm. The ALP levels 

were normalized to the total protein content.

Mineralization of ecM detection
The calcium deposition and mineralization of osteoblastic 

ECM were detected by alizarin red S (ARS) staining and 

SEM. At day 14, the cells were fixed in 2% glutaraldehyde 

and examined by SEM. The cells on all types of scaffolds 

were also fixed and stained with ARS (1%, pH=4.1, Sigma) 

for 30 minutes at 37°C. For the semiquantitative analysis 

of ARS, the stain was desorbed with 10% cetylpyridinium 

chloride (Sigma) for 1 hour. The solution was collected 

and distributed at 100 μL per well on a 96-well plate for 

absorbance reading at 590 nm using a spectrophotometer 

(Thermo Spectronic, Carlsbad, CA, USA). The ARS levels 

were normalized to the total protein content.

Immunocytochemistry
The hADSCs were seeded on nanofibrous scaffolds 

in 24-well plates and cultured in osteogenic induction 
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medium for 14 days. The cells were then fixed with 4% 

paraformaldehyd (PFA) (Sigma) and incubated in block-

ing buffer for 1 hour at RT, as reported.37 The cells were 

incubated with BSP and SATB2 (1:200; Abcam, Cam-

bridge, MA, USA) overnight at 4°C and then incubated 

with fluorescently labeled secondary antibodies (1:800, 

Alexa Fluor546-goat anti-rabbit/mouse; BD Biosciences, 

San Jose, CA, USA) for 1 hour at RT. The cell nucleus 

was counterstained with DAPI (Invitrogen) for 15 minutes 

at RT. Immunoreactive cells were visualized and imaged 

on a Leica TCS SP8 microscope (Leica Microsystems). 

Images were constructed using Leica LAS AF software 

(Leica Microsystems, Heidelberg, Germany).

Total rNa isolation and reverse transcription and 
quantitative polymerase chain reaction (qPCR)
RNA isolation and qPCR were performed as previously 

reported.25 Scaffolds with cells were immersed into RNA 

extract buffer and ground on ice using a Bio-gen pro200 

Homogenizer (PRO Scientific Inc., Oxford, UK). An RNeasy 

Mini Kit (Qiagen, Valencia, CA, USA) was used to extract 

total RNA. Then, 2 μg of total RNA was reverse transcribed 

in a 20 μL reaction volume using the PrimeScript™ RT 

Reagent Kit (Perfect Real Time; TaKaRa Biotechnology 

[Dalian] Co., Ltd., Dalian, People’s Republic of China) 

according to the protocol described by the manufacturer. The 

qPCR was conducted in a 20 μL reaction volume containing 

10 μL of reaction mixture, 1 μL of complementary DNA, and 

2 μL of primers using the Power SYBR Green PCR Master 

Mix (Thermo Fisher Scientific, Waltham, MA, USA) and a 

7,500 Real-Time PCR Detection System. The primers are 

shown in Table 1. Each target gene was tested in triplicate. 

The relative gene expressions were expressed as the fold 

change relative to the untreated controls after normalization 

to the expression of glyceraldehyde-3-phosphatedehydro-

genase (GAPDH).

Western blot analysis
The procedure was performed according to standard pro-

tocols. In brief, cells were lysed with RIPA lysis buffer 

(Beyotime Institute of Biotechnology, Shanghai, People’s 

republic of China), supplemented with 1 nM phenylmethane-

sulfonyl fluoride (PMSF) (Invitrogen), then the collected 

protein contents were determined using a BCA protein assay 

kit (Thermo Fisher Scientific). Equal amounts of cell lysates 

were loaded in 10% sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis gel and transferred to a polyvinylidene 

fluoride membrane (0.22 μm; EMD Millipore, Billerica, 

MA, USA). After blocking with 5% nonfat milk, the mem-

branes were incubated with primary antibodies: anti-BSP 

(1:1,000, Abcam), anti-OPN (1:1,000, Abcam), anti-Ocn 

(1:1,000, Abcam), and anti-β-actin (1:3,000, Abcam) at 4°C 

overnight and then incubated for 1 hour with fluorescein-

conjugated secondary antibodies (Abcam) at RT. Protein 

expression images were visualized using Odyssey V 3.0 

image scanning (LI-COR Biosciences, Lincoln, NE, USA). 

Relative protein levels were normalized against β-actin. All 

experiments were performed in triplicate.

animal experiments
All procedures were approved by the Animal Research 

Committee of Ninth People’s Hospital, Shanghai Jiao Tong 

University School of Medicine. Surgical procedures were 

performed on Sprague Dawley rats (8 weeks old, female, 

weight: 150–180 g), as previously reported.38 All animals 

received an oral dose of 100 mg/mL cyclosporine begin-

ning 4 days prior to transplantation and continued until 

the last day of the experiment, according to a previous 

study.33 In brief, the animals were generally anesthetized 

(Nembutal 3.5 mg/100 g). The cranium was exposed by a 

blunt incision made on the scalp. A critical-sized cranial 

defect was made using an 8 mm-diameter trephine (Nouvag 

AG, Goldach, Switzerland), and a composite of nanofibrous 

scaffold and hADSCs was used to repair the CSDs of the 

rats. Eighteen rats were randomly allocated into the fol-

lowing graft study groups: 1) hADSCs/SF/PLCL (50/50), 

2) hADSCs/pure PLCL, and 3) control (empty PLCL scaf-

fold). The cell-seeded scaffolds were implanted into the 

defects, and the incisions were closed in layers using 4–0 

resorbable sutures.

Table 1 Primers used for qPcr

Genes Accession no Forward (5′–3′) Reverse (5′–3′)

BSP NM_004967 cactggagccaatgcagaaga tggtggggttgtaggttcaaa
OPN NM_001251830 ctccattgactcgaacgactc caggtctgcgaaacttcttagat
Ocn NM_199173 cactcctcgccctattggc ccctcctgcttggacacaaag
Col1A1 NM_000088.3 gtttggcctgaagcagagac tctaaatgggccacttccac
GAPDH NM_001256799 ggagcgagatccctccaaaat ggctgttgtcatacttctcatgg

Abbreviation: qPCR, quantitative polymerase chain reaction.
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Microcomputed tomography (micro-CT) 
measurement
At 8 weeks post-operation, the specimens were collected 

and evaluated using an animal micro-CT scanner (mCT-80; 

Scanco Medical, Zurich, Switzerland) in high-resolution scan-

ning mode (pixel matrix, 1,024; voxel size, 20 mm; slice thick-

ness, 20 mm), as previously reported.39 Data were analyzed 

using the micro-CT image analysis software (Scanco Medica), 

including the bone mineral density and the percentage of new 

bone volume relative to tissue volume (BV/TV).

Sequential fluorescent labeling
Polychrome sequential fluorescent labeling for new bone 

formation was performed as described previously.38 The 

animals were intraperitoneally injected with fluorochromes 

as follows: tetracycline (1 mg/kg of body weight), alizarin 

red (3% in 2% sodium bicarbonate solution, 0.8 mL/kg of 

body weight), and calcein (1% in 2% sodium bicarbonate 

solution, 5 mL/kg of body weight) (all from Sigma) at 3, 6, 

and 9 weeks after the operation.

histological and histomorphometric 
analysis
The skulls were harvested 12 weeks post-implantation. After 

dehydration in ascending concentrations of alcohol from 

75% to 100%, the samples were embedded in polymethyl-

methacrylate. Three sagittal sections of the central area were 

cut and polished to a final thickness of ~40 mm as previously 

reported.40 The sections were stained with van Gieson’s 

picrofuchsin. Areas of newly formed bone were quantified 

using Image Pro Plus™ (Media Cybernetics, Silver Springs, 

MD, USA) and reported as a percentage of the entire bone 

defect area.

Statistical analysis
All quantitative data are presented as the mean ± standard 

deviation unless specifically indicated otherwise. Each 

experiment was repeated at least three times. Statistical 

significance was determined using the unpaired Student’s 

t-test, and a value of P,0.05 was considered to be statisti-

cally significant.

Results
Characterization of SF/PLCL nanofibrous 
scaffolds
The scanning electron micrographs of the SF/PLCL electro-

spun nanofibrous scaffolds showed that the scaffolds consisted 

of randomly distributed fibers (Figure 1A) and the average 

fiber diameter ranged from 166.6 to 536 nm with increasing 

PLCL content (Table 2). Figure 1B shows the results of AFM 

of different weight ratios of SF/PLCL electrospun scaffolds. 

The surface roughness of pure SF and pure PLCL, shown as 

Ra, was lower than for the blended SF/PLCL scaffolds, sug-

gesting that blending SF with PLCL resulted in an increase in 

surface roughness. The Ra of the SF/PLCL (50/50) scaffold 

was 265 nm, which was the highest among the five scaffolds. 

Then, in wettability analysis, representative images of the 

water contact angles of SF/PLCL electrospun nanofibrous 

scaffolds at 15 seconds showed that pure SF was highly 

hydrophilic and pure PLCL was hydrophobic (Figure 1C). 

The water contact angles were 37.18°±1.65°, 46.6°±1.4°, 

62.02°±1.31°, 97.93°±2.20°, and 116.44°±2.74° for the 

pure SF, SF/PLCL (75/25), SF/PLCL (50/50), SF/PLCL 

(25/75), and pure PLCL scaffolds, respectively (Figure 1D). 

As shown in Figure 1E, the tensile strength of the SF/PLCL 

electrospun nanofibrous scaffolds gradually increased with 

increasing PLCL concentrations. Furthermore, FTIR-ATR 

spectra of nanofibrous scaffolds are shown in Figure S1A. 

The characteristic absorption band at 3,327 cm−1 is attributed 

to –N–H and the characteristic absorption bands at 1,617 

and 1,532 cm−1 are ascribed to C=O stretching (amide I) and 

N–H bending (amide II), respectively, and these bands only 

existed in the scaffolds composed of SF. The characteristic 

absorption band at 1,746 cm−1 is attributed to O–C=O; this 

absorption band existed only in the scaffolds composed of 

PLCL and the peak of this band increased in these scaffolds 

along with the increase in the concentration of PLCL. In 

addition, XRD curves of these five electrospun fibrous scaf-

folds are shown in Figure S1B. XRD analysis of SF showed 

broad peak at 2θ (21.1°). PLCL fibrous scaffolds exhibited 

crystalline diffraction peaks at 2θ (16.8°, 19.1°), respectively. 

The blended SF/PLCL scaffolds had both the broad peak and 

crystalline diffraction peaks, and the crystalline diffraction 

peaks became more obvious in these scaffolds along with 

the increase in the concentration of PLCL in the scaffold. 

Additionally, TGA curves showed that there were no differ-

ences in the shapes of the graphs among the five scaffolds 

(Figure S1C). All scaffolds first showed a rapid weight loss 

due to dehydration, followed by a period of steady gradual 

weight loss. A substantial weight loss followed the gradual 

decrease in weight as heating temperature increased. Differ-

ences in temperature in which the scaffold commenced rapid 

decomposition were observed in the five scaffolds. PLCL 

commenced decomposition at higher temperatures than SF, 

and this temperature in SF/PLCL-blended scaffolds increased 
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along with the increase in PLCL content in the scaffold. 

Rapid weight loss commenced at 283°C and 341°C for pure 

SF and pure PLCL, respectively. Above all, the hybrid SF/

PLCL nanofibrous scaffolds exhibited increased surface 

roughness and improved hydrophilicity, compared with the 

pure PLCL scaffold; the SF/PLCL (50/50) scaffold exhibited 

the highest surface roughness and favorable hydrophilicity 

among the five scaffolds. The blending of SF and PLCL made 

the hybrid SF/PLCL scaffolds possess characteristics of both 

materials, and all scaffolds were thermally stable.

Adhesion, viability, and proliferation 
of hADSCs on SF/PLCL nanofibrous 
scaffolds
The hADSCs are regarded as a promising seed cell type 

in bone tissue engineering, and we investigated the 

Figure 1 Characterization of SF/PLCL nanofibrous scaffolds of different weight ratios.
Notes: (A) Representative scanning electron microscopy images of SF/PLCL nanofibrous scaffolds of different weight ratios: pure SF, SF/PLCL (75/25), SF/PLCL (50/50), 
SF/PLCL (25/75), and pure PLCL. Scale bars: 20 μm. (B) Atomic force microscopy images of SF/PLCL nanofibrous scaffolds of different weight ratios. The roughness value 
Ra represents the average distance between the surface and the mean line from the recordings at each point. The roughness value Ra represents the average distance 
between the surface and the mean line from recordings at each point. (C) Representative images of water contact angle of SF/PLCL nanofibrous scaffolds of different weight 
ratios at 15 seconds. (D) Water contact angle of SF/PLCL nanofibrous scaffolds of different weight ratios. (E) Tensile strength of SF/PLCL nanofibrous scaffolds of different 
weight ratios.
Abbreviations: PLCL, poly(lactide-co-ε-caprolactone); SF, silk fibroin.
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biocompatibility of hADSCs and SF/PLCL nanofibrous 

scaffolds in this study. First, a Live/Dead staining analysis 

showed that only a few dead cells, which were stained 

red, could be seen in all cultures grown on the scaffolds 

(Figure 2A), indicating that the different weight ratios of the 

SF/PLCL electrospun scaffolds were all safe for the growth 

of hADSCs. Second, the adhesion of hADSCs on different 

scaffolds was assessed at 4 and 24 hours post-seeding. The 

adhesion rate of hADSCs seeded onto the SF/PLCL (50/50) 

scaffold was significantly higher than on the other scaffolds 

at both time points (Figure 2B). Then, to determine the 

effect of different scaffolds on supporting cell growth, we 

seeded hADSCs on different scaffolds and measured cell 

proliferation ability by the CCK-8 assay. The CCK-8 results 

demonstrated that the scaffold with 50/50 weight ratio was 

the most suitable of the tested scaffolds for hADSC prolif-

eration (Figure 2C). In addition, to evaluate the toxicity of 

the scaffolds, the cytosolic enzyme LDH released into the 

Table 2 The average fiber diameter of the SF/PLCL nanofibrous 
scaffold

Sample Diameter (mean ± SD nm)

Pure sF 166.6±29.95
SF/PLCL (75/25) 241.6±41.24
SF/PLCL (50/50) 252.2±33.15
SF/PLCL (25/75) 319.8±75.75
Pure Plcl 536.1±95.46

Abbreviations: PLCL, poly(lactide-co-ε-caprolactone); SD, standard deviation; 
SF, silk fibroin.

Figure 2 Adhesion, viability, and proliferation of hADSCs on SF/PLCL nanofibrous scaffolds of different weight ratios.
Notes: (A) Live/Dead staining of hADSCs on SF/PLCL nanofibrous scaffolds of different weight ratios after 3 days of culture. Scale bars: 200 μm. (B) cell adhesion rates 4 and 
24 hours post-cell seeding on SF/PLCL nanofibrous scaffolds of different weight ratios (*P,0.05). (C) CCK-8 analysis of the proliferation of hADSCs on SF/PLCL nanofibrous 
scaffolds of different weight ratios showed that the hADSCs on the SF/PLCL (50/50) scaffolds proliferated much more quickly than on other scaffolds. (D) LDH assays for 
acute cytotoxicity analysis of SF/PLCL nanofibrous scaffolds of different weight ratios showed no significant difference among groups. (E) representative scanning electron 
microscopy images of hADSCs seeded on SF/PLCL nanofibrous scaffolds of different weight ratios after 3 days of culture. Scale bars: 300 μm.
Abbreviations: TCP, tissue culture plate; CCK-8, cell counting kit-8; hADSCs, human adipose-derived stem cells; LDH, lactate dehydrogenase; PLCL, poly(lactide-co-ε-
caprolactone); SF, silk fibroin; h, hours.
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culture medium was examined. No significant difference in 

LDH levels was observed among the cells grown on different 

SF/PLCL scaffolds (Figure 2D), suggesting that all of the 

scaffolds were nontoxic to the cultured cells. Furthermore, to 

visualize the morphology of the hADSCs seeded on different 

SF/PLCL scaffolds, SEM images depicting cell adhesion and 

morphology were taken at day 3 after cell seeding on the 

scaffolds. The hADSCs spread on all electrospun SF/PLCL 

scaffolds, exhibiting polygonal shapes and random orienta-

tions (Figure 2E). Additionally, the fluorescence images of 

hADSCs seeded on different scaffolds with cytoskeletons in 

green and nuclei in blue showed that cells on pure SF, SF/

PLCL (75/25), and SF/PLCL (50/50) exhibited more actin 

stress fibers than those on SF/PLCL (25/75) and pure PLCL 

scaffolds (Figure S2). In addition, the number of cells grown 

on the pure SF, SF/PLCL (75/25), and SF/PLCL (50/50) 

scaffolds was higher than the number of cells grown on 

the pure PLCL scaffold, and the highest cell number was 

observed on the SF/PLCL (50/50) scaffold (Figure 2E), 

which was consistent with the results of the Live/Dead stain-

ing (Figure 2A).

Taken together, our results suggest that the SF/PLCL 

(50/50) scaffold was nontoxic and supported better prolifera-

tion of hADSCs than the scaffolds of other ratios.

Osteogenic differentiation of haDscs on 
SF/PLCL nanofibrous scaffolds
ALP activity can be considered a biomarker for bone for-

mation. In this study, the ALP staining (Figure 3A) and the 

semiquantification analysis (Figure 3B) showed that hADSCs 

Figure 3 ALP activity and biomineralization of hADSCs on SF/PLCL nanofibrous scaffolds of different weight ratios.
Notes: (A) ALP staining of hADSCs on SF/PLCL nanofibrous scaffolds of different weight ratios after 7 days of osteogenic induction. (B) Semiquantitative analysis of 
ALP activity showed that the intracellular ALP level of the hADSCs was significantly higher on the SF/PLCL (50/50) scaffold than on other scaffolds (*P,0.05, **P,0.01). 
(C) ARS staining of hADSCs on SF/PLCL nanofibrous scaffolds of different weight ratios after 14 days of osteogenic induction. (D) Semiquantitative analysis of ARS staining 
showed that the mineralization of hADSCs on scaffolds of pure SF, SF/PLCL (75/25), and SF/PLCL (50/50) were markedly higher than on scaffolds of pure PLCL (**P,0.01). 
(E) Representative scanning electron microscope images of the biomineralization of hADSCs on electrospun SF/PLCL scaffolds of different weight ratios after 14 days of 
osteogenic induction. The deposition of crystallized particles (arrows point to examples) was clearly higher on the surfaces of the hADSCs on the pure SF, SF/PLCL (75/25), 
and SF/PLCL (50/50) scaffolds than on other scaffolds. Scale bars: 20 μm.
Abbreviations: ALP, alkaline phosphatase; ARS, alizarin red S; hADSCs, human adipose-derived stem cells; PLCL, poly(lactide-co-ε-caprolactone); SF, silk fibroin.
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seeded on the SF/PLCL (50/50) scaffold exhibited signifi-

cantly higher ALP activity than on scaffolds with other ratios 

after 7 days of culture in osteogenic medium. In addition, 

we evaluated the matrix mineralization by ARS assays of 

hADSCs seeded on different scaffolds after osteogenic induc-

tion for 14 days. As shown in Figure 3C, calcium deposition 

was higher in the pure SF, SF/PLCL (75/25), and SF/PLCL 

(50/50) groups than in the SF/PLCL (25/75) and pure PLCL 

groups, and the results from the quantification of extracted 

ARS (Figure 3D) were consistent with the results of ARS 

staining. Furthermore, the SEM images of the mineraliza-

tion of hADSCs cultured on the different scaffolds demon-

strated that the deposition of crystallized particles was more 

obvious on the surfaces of the pure SF, SF/PLCL (75/25), 

and SF/PLCL (50/50) scaffolds and that these depositions 

were qualitatively greater on the SF/PLCL (50/50) scaffold 

(Figure 3E). Additionally, after incubation in osteogenic 

medium for 14 days, the expression levels of osteogenic-

specific genes of hADSCs on different electrospun SF/PLCL 

scaffolds were detected by qPCR, as shown in Figure 4A. 

The mRNA expression levels of BSP, Ocn, Col1A, and OPN 

were notably upregulated in the SF/PLCL (50/50) group 

compared with other groups. Moreover, fluorescent images 

of the distribution of BSP and transcriptional factor SATB2 

expression of hADSCs are shown in Figure 4B. The percent-

age of BSP-positive cells was significantly higher on the SF/

PLCL (50/50) scaffold than on other scaffolds (Figure 4C), 

and the ratio of SATB2-positive cells cultured on the SF/

PLCL (50/50) scaffold was markedly upregulated compared 

with that of cells cultured on other scaffolds (Figure 4D). 

As observed in Figure 4E and F, the western blot analysis 

showed that the protein expression levels of OPN, BSP, and 

Ocn of the cells seeded on the pure SF, SF/PLCL (75/25), 

and SF/PLCL (50/50) scaffolds were significantly higher 

than the protein expression levels of the cells seeded on the 

pure PLCL scaffold.

Collectively, these results showed that blended SF/PLCL 

scaffolds enhanced hADSC osteogenic differentiation in vitro 

and that the SF/PLCL (50/50) scaffold performed the best.

In vivo osteogenesis
To evaluate the in vivo bone formation of the combination 

of hADSCs and nanofibrous scaffold, hADSCs seeded on 

nanofibrous scaffolds were used to repair CSDs in rats. The 

SF/PLCL (50/50) scaffold was chosen for the in vivo analy-

ses due to its performance in the in vitro examinations, and 

the PLCL scaffold was used as positive control. To observe 

new bone formation within the defects, the morphology of 

the newly formed bone was measured using micro-CT at 

week 12 post-implantation. Representative images of each 

group are shown in Figure 5A, and new bone formation was 

observed in all groups. New bone formation in the SF/PLCL 

(50/50) group was greater than in the pure PLCL group and 

the control group (empty PLCL scaffold). In addition, a quan-

titative morphometric analysis using the micro-CT analysis 

system demonstrated that the BV/TV ratio in the SF/PLCL 

(50/50) group (56.42%±5.65%) was notably higher than 

in the pure PLCL and control groups (43.3%±6.24% and 

10.59%±1.12%, respectively) (P,0.05) (Figure 5B). The tra-

becular number showed the same pattern as the BV/TV ratio 

(Figure 5C). Furthermore, the bone mineral density was much 

higher in the SF/PLCL (50/50) group (0.01676±0.00114 g/cc) 

than in the pure PLCL group (0.013360±0.00129 g/cc) and 

the control group (0.001578±0.000931 g/cc) (P,0.05) 

(Figure 5D). Taken together, these results indicated that the 

SF/PLCL (50/50) scaffold promoted bone regeneration much 

more prominently than the pure PLCL scaffold.

New bone formation was further investigated by tetra-

cycline, alizarin red, and calcein fluorescence quantification 

analysis, representing the mineralization levels at different 

time points (Figure 6A). The percentage of tetracycline 

labeling (yellow) was 7.29%±0.87% for the SF/PLCL 

(50/50) group, which was greater than the percentages 

in the pure PLCL group (4.71%±1.17%) and the control 

group (1.02%±0.42%) (P,0.05). The percentages of cal-

cein labeling (green) were 7.14%±0.98%, 3.56%±1.09%, 

and 1.17%±0.29% for the SF/PLCL (50/50), pure SF, and 

control groups, respectively (P,0.05), displaying significant 

differences between the SF/PLCL (50/50) and the pure PLCL 

and control groups (P,0.05). In addition, the percentage 

of alizarin red labeling (red) showed a similar tendency to 

tetracycline and the calcein labeling (Figure 6B). Taken 

together, these data suggest that the SF/PLCL (50/50) scaf-

fold enhanced new bone formation.

The histological results obtained from the van Gieson 

staining of nondecalcified specimens (Figure 7A) were con-

sistent with the micro-CT findings, as shown in Figure 5. The 

results from light microscopy demonstrated that the percent-

age of new bone area after 12 weeks was 32.66%±7.12% in 

the SF/PLCL (50/50) group, 24.48%±4.78% in the pure PLCL 

group, and 8.37%±2.65% in the control group (Figure 7B). 

As shown in Figure 7C, the areas of newly formed bone 

in the SF/PLCL (50/50) group (0.16313±0.045 cm2), pure 

PLCL group (0.10531±0.029 cm2), and control group 

(0.05598±0.026 cm2) were calculated using light microscopy. 

These data indicated that the SF/PLCL (50/50) scaffold could 
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promote new bone formation more strongly than the pure 

PLCL scaffold in vivo.

Collectively, the SF/PLCL (50/50) nanofibrous scaffold 

supported the proliferation and osteogenic differentiation of 

hADSCs better than other scaffolds in vitro and promoted 

new bone formation more strongly than the pure PLCL 

scaffold in vivo.

Discussion
ADSCs are easily accessible and grow rapidly in vitro,41,42 

making them attractive seed cells for bone regeneration. 

In bone tissue engineering, it is rational to develop scaffolds 

with nanofibrous ultrastructure to chemically and structur-

ally mimic the native ECM of bone. Several studies have 

revealed that the nanofibrous architecture of the scaffolds 

is beneficial to the proliferation and osteogenic differentia-

tion of MSCs and osteoblasts.12,43,44 PLCL has been chosen 

as a scaffold matrix in bone regeneration, mainly due to its 

excellent mechanical properties, good biocompatibility, and 

capacities of stimulating MSC osteogenic differentiation and 

new bone formation.21–23,34 However, PLCL polymers have 

their own drawbacks in that the inertness, less-bioactive 

characteristics and hydrophobicity result in less-efficient 

biomaterial/cell interactions. The blending of two polymers 

is a simple method to retain both their characteristics and 

to compensate for the drawbacks of one component in a 

blend. Therefore, to overcome the disadvantages of PLCL 

and improve the properties of the PLCL scaffold, SF, a type 

of natural polymer with abundant functional groups that 

promote MSC osteogenesis and ECM mineralization,29,30,45 

was blended with PLCL to further fabricate hybrid scaffolds 

for bone tissue regeneration.

A suitable scaffold for bone tissue engineering should 

have appropriate surface roughness, wettability, and cell 

recognition sites, and these properties of the scaffold affect 

the adhesion and proliferation of the seed cells cultured on 

it.46,47 In the present study, the blended scaffold of SF/PLCL 

(50/50) exhibited much better capacity for attachment and 

proliferation of hADSC than the PLCL scaffold. The pos-

sible reasons for this are as follows: a significant positive 

correlation between surface roughness and cell attachment 

as demonstrated in a previous study,48 and the roughened 

surface facilitating cellular adhesion.49 Our results showed 

that blending SF and PLCL increased the surface roughness 

and that the SF/PLCL (50/50) scaffold exhibited higher sur-

face roughness than the pure PLCL scaffolds. Second, as to 

the wettability of the scaffold, the pure PLCL scaffold was 

hydrophobic, whereas the incorporation of SF dramatically 
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Figure 5 Microcomputed tomography imaging of the repaired skull after 12 weeks post-implantation.
Notes: (A) Representative 3D images and a sagittal view of harvested specimens showing the different reparative effects of hADSCs/SF/PLCL (50/50), hADSCs/pure PLCL, 
and the control groups. (B–D) BV/TV, Tb.N, and BMD variations in each group. *P,0.05, **P,0.01.
Abbreviations: BMD, bone mineral density; BV/TV, bone volume/total volume; hADSCs, human adipose-derived stem cells; PLCL, poly(lactide-co-ε-caprolactone); SF, silk 
fibroin; Tb.N, trabecular number.

Figure 6 (Continued)
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Figure 6 Fluorochrome labeling analysis of new bone formation and mineralization.
Notes: (A) Row 1 (yellow) shows tetracycline labeling at week 2; row 2 (green) shows calcein at week 4; row 3 (red) shows alizarin red at week 6; row 4 shows merged 
images of the three fluorochromes for the same group; and row 5 shows merged images of the three fluorochromes with the plain image for each group. (B) The percentages 
of each fluorochrome area for the different groups showed significant differences among the SF/PLCL (50/50), pure PLCL, and control groups. *P,0.05, **P,0.01.
Abbreviations: PLCL, poly(lactide-co-ε-caprolactone); SF, silk fibroin.

Figure 7 Histological evaluation of the newly formed bone.
Notes: (A) The sliced specimens were stained with van Gieson’s picrofuchsin. Significant differences in reparative effects were observed among the SF/PLCL (50/50), pure 
PLCL, and control groups by analyzing (B) the newly formed bone area and (C) the percentage of newly formed bone with respect to total bone area. The arrows point out 
the fringe of the critical-sized calvarial bone defect. *P,0.05, **P,0.01.
Abbreviations: PLCL, poly(lactide-co-ε-caprolactone); SF, silk fibroin.

× ×
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lowered the contact angle of the SF/PLCL nanofibrous 

scaffolds. The water contact angle of the SF/PLCL (50/50) 

scaffold was 62.02°±1.3°, which is in the range of favor-

able water contact angles (water contact angle 50°–70°) for 

cell attachment and proliferation.50–52 Last but not least, the 

FTIR-ATR spectra and XRD curves of these scaffolds dem-

onstrated that the blending of SF and PLCL did not change 

the characteristics of these two components and the blended 

SF/PLCL scaffolds possessed characteristics of both mate-

rials. Since synthetic polymers such as PLCL lack specific 

cell-recognizable signals for cell adhesion, functional groups 

such as –NH
2
, –COOH, and –OH were incorporated onto 

the surface of nanofibers by adding SF to the blended scaf-

folds, thereby introducing more cell recognition sites for the 

adherence and proliferation of seed cells. Taken together, the 

combination of SF and PLCL was found to possess varying 

properties, and the SF/PLCL (50/50) scaffold exhibited the 

best performance in facilitating the adhesion and proliferation 

of hADSCs among these hybrid scaffolds, which may be due 

to the synergistic effects of appropriate surface roughness, 

suitable hydrophilicity, and the incorporation of functional 

groups on the surface of the scaffold.

The ideal scaffold for bone tissue engineering should 

not only facilitate the proliferation of seed cells but also 

enhance the osteogenic differentiation of seed cells, and the 

chemical–physical characteristics of the scaffold play impor-

tant roles in regulating MSC osteogenic differentiation and 

ECM mineralization. First, it has been reported that rough 

surfaces enhance the ALP activity and extracellular calcium 

deposition of the osteoblast.53 Our results showed that the SF/

PLCL (50/50) scaffold (Ra=265 nm) had rougher surfaces 

than the pure PLCL scaffold (Ra=107 nm), and that the 

hADSCs cultured on the SF/PLCL (50/50) scaffold exhibited 

higher ALP activity and produced more mineralized ECM 

than the cells on the pure PLCL scaffold. Second, previous 

studies have revealed that SF could promote the osteogenic 

differentiation of MSCs by regulating the Notch signaling 

pathway;45 additionally, SF could also facilitate ECM min-

eralization by regulating the formation of hydroxyapatite 

nanocrystals.54–56 Our data showed that both the mRNA 

and protein levels of osteogenic-specific genes increased in 

hADSCs seeded on the pure SF, SF/PLCL (75/25), and SF/

PLCL (50/50) scaffolds compared with the pure PLCL scaf-

fold and that the SF/PLCL (50/50) scaffold exhibited the most 

significant elevation. SEM imaging showed large amounts of 

crystallized deposits attached to nanofibers on the surfaces 

of hADSCs seeded on scaffolds with higher SF weight ratios 

(pure SF, SF/PLCL [75/25], SF/PLCL [50/50]). Moreover, 

the results of ARS staining and semiquantitative assays 

showed similar patterns to those described earlier. Third, 

studies have shown that hydrophilic surfaces induce greater 

MSC osteogenesis and mineral deposition compared with 

hydrophobic surfaces.57–59 In this study, the incorporation of 

SF improved the hydrophilicity of the scaffold, which may 

also have partially contributed to the enhanced osteogenic 

differentiation and ECM mineralization of the hADSCs 

seeded on the SF/PLCL (50/50) scaffold compared with the 

pure PLCL scaffold. Furthermore, the incorporation of SF 

into the PLCL scaffold also introduces abundant functional 

groups (–OH, –COOH, –NH
2
) on the scaffold surface, which 

may also affect the osteogenic differentiation of MSCs and 

biomineralization of the ECM.58,60,61 Hence, the elevated 

osteogenic markers and enriched mineralized ECM noted 

in this study may also be attributed to the involvement of 

functional groups. Above all, the SF/PLCL (50/50) scaffold 

exhibited the best osteoinductive property, which may be 

due to the synergistic influences of surface roughness, SF 

protein, hydrophilicity, and functional groups incorporated 

on the surface of the scaffold.

A CSD is the minimum defect that will not heal. As the 

SF/PLCL (50/50) scaffold exhibited better physical properties 

and cellular responses in all assessments in the in vitro study, 

we further investigated its effect on repairing CSD in rats, and 

the pure PLCL scaffold was used as a control based on its 

good performance in a previous work.22 In the current study, 

a micro-CT analysis showed that the reparative effect of the 

composite of hADSCs and PLCL scaffold was significantly 

better than that of control (empty PLCL scaffold), which was 

consistent with a previous study reporting that MSC-seeded 

scaffold improves the healing of CSD.40 Moreover, micro-CT 

analysis also revealed that the SF/PLCL (50/50) scaffold 

markedly promoted new bone formation compared with the 

pure PLCL scaffold. Histological analysis and fluorochrome 

labeling analysis further validated the finding that the SF/

PLCL (50/50) scaffold performed better than the pure PLCL 

scaffold in repairing the CSD. Collectively, our data indicated 

that the SF/PLCL (50/50) scaffold meets the requirement for 

tensile strength in bone regeneration and enhanced in vivo new 

bone formation, compared with the pure PLCL scaffold.

Conclusion
Taken together, our data demonstrated that hADSCs cultured 

on SF/PLCL (50/50) scaffold exhibited high proliferation 

potential and strong osteogenic differentiation capacity 

in vitro. Moreover, SF/PLCL (50/50) scaffold seeded with 

hADSCs significantly enhanced new bone regeneration in 
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the repair of CSDs in rat, suggesting that electrospun SF/

PLCL (50/50) nanofibrous scaffold holds great potential for 

bone tissue regeneration.
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Supplementary materials

Figure S1 The phase structure and thermal analysis of SF/PLCL nanofibrous scaffolds of different weight ratios.
Notes: (A) FTIR-ATR spectra of SF/PLCL nanofibrous scaffolds of different weight ratios. (B) X-ray diffraction curves of SF/PLCL nanofibrous scaffolds of different weight 
ratios. (C) Thermogravimetric analysis curves of SF/PLCL nanofibrous scaffolds of different weight ratios.
Abbreviations: FTIR-ATR, Fourier transform infrared Attenuated total reflectance spectroscopy; PLCL, poly(lactide-co-ε-caprolactone); SF, silk fibroin.

°
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Figure S2 F-Actin of hADSCs seeded on SF/PLCL nanofibrous scaffolds of different weight ratios. Scale bars: 20 μm.
Abbreviations: hADSCs, human adipose-derived stem cells; PLCL, poly(lactide-co-ε-caprolactone); SF, silk fibroin.
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