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Purpose: In order to accelerate the tendon-bone healing processes and achieve the efficient

osteointegration between the tendon graft and bone tunnel, we aim to design bioactive

electrospun nanofiber membranes combined with tendon stem/progenitor cells (TSPCs) to

promote osteogenic regeneration of the tendon and bone interface.

Methods: In this study, nanofiber membranes of polycaprolactone (PCL), PCL/collagen I

(COL-1) hybrid nanofiber membranes, poly(dopamine) (PDA)-coated PCL nanofiber mem-

branes and PDA-coated PCL/COL-1 hybrid nanofiber membranes were successfully fabri-

cated by electrospinning. The biochemical characteristics and nanofibrous morphology of the

membranes, as well as the characterization of rat TSPCs, were defined in vitro. After co-

culture with different types of electrospun nanofiber membranes in vitro, cell proliferation,

viability, adhesion and osteogenic differentiation of TSPCs were evaluated at different time

points.

Results: Among all the membranes, the performance of the PCL/COL-1 (volume ratio:

2:1 v/v) group was superior in terms of its ability to support the adhesion, proliferation, and

osteogenic differentiation of TSPCs. No benefit was found in this study to include PDA

coating on cell adhesion, proliferation and osteogenic differentiation of TSPCs.

Conclusion: The PCL/COL-1 hybrid electrospun nanofiber membranes are biocompatible,

biomimetic, easily fabricated, and are capable of supporting cell adhesion, proliferation, and

osteogenic differentiation of TSPCs. These bioactive electrospun nanofiber membranes may

act as a suitable functional biomimetic scaffold in tendon-bone tissue engineering applica-

tions to enhance tendon-bone healing abilities.

Keywords: electrospinning, TSPCs, nanomaterial, biomimetic scaffold, osteogenic

differentiation, tendon-bone healing

Introduction
Tendon or ligament injuries are common in both the workplace and sports. Over 30

million tendon-related procedures take place worldwide per year, accompanied by a

large economic burden consisting of both medical expenses and lost productivity.1

Anterior cruciate ligament (ACL) rupture is one of the most frequent and debilitat-

ing tendon or ligament injuries in the knee joint. Moreover, ACL injury causes

instability of the knee joint, leading to the subsequent development of degenerative

diseases.2

Reconstructive surgery with tendon grafts is still one of the most commonly

used ACL injury treatments. However, due to the poor healing capacity of the
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tendon and the lack of a suitable biointerface between the

tendon graft and bone tunnel for efficient integration,

healing after ACL reconstruction is slow and insufficient.3

Tendon autograft requires 3 years for sufficient integration

with host bone after ACL reconstruction in humans, and

the graft can be pulled out even 12 weeks after ACL

reconstruction in animals.4,5 Hence, during the post-opera-

tive period of ACL reconstruction the “weak point” is the

interface between the tendon graft and the tunnel bone,

which largely determines the security and success of ten-

don-bone healing.6

It is vital to explore better strategies to induce func-

tional integration and augment tendon-bone healing abil-

ities. Numerous studies have proposed approaches to

interface regeneration between the tendon and bone, such

as the use of osteoinductive growth factors, enveloping the

grafts with periosteum or polymeric biomaterials, stem

cell-based therapies, and tissue-engineered scaffolds.7–10

Although no standardized method has proven overly effi-

cacious, constructs of stem cells with biodegradable scaf-

folds hold great promise for improving tendon-to-bone

healing.11,12

Recently, nanofibrous scaffolds fabricated by electro-

spinning techniques have become increasingly popular in

the field of tendon-bone tissue engineering.13 Electrospun

nanofiber membranes are characterized by their biocom-

patible and biodegradable polymers, high porosity, high

surface/volume ratio, and potential to mimic the hierarch-

ical structure of extracellular matrix (ECM). These proper-

ties make electrospun nanofibers well-suited as scaffolds

for tissue engineering applications.14 A rich variety of

materials (both natural and synthetic) have been used in

electrospinning processes, such as polycaprolactone

(PCL), poly-l-lactide (PLLA), poly(D, l-lactide-co-glyco-

lide) (PLGA), collagen and gelatin.15–19

PCL is a biodegradable and biocompatible polymer com-

monly used for tissue engineering scaffold, which has been

approved by theUS Food andDrugAdministration for various

medical applications. Nevertheless, the hydrophobicity of pure

PCL makes the scaffold adverse to cell adhesion, growth and

differentiation.20 The functionalization of nanofibers in tissue

engineering scaffolds can be achieved mainly through two

strategies: one approach is by blending natural polymers or

bioactive molecules including collagen-1(COL-1) and nano-

hydroxyapatite to fabricate the hybrid scaffolds, while another

is through surface coating with bioactive agents after electro-

spinning to obtain surface-modified scaffolds.21 In this study,

we chose COL-1, a natural polymer with excellent

biocompatibility,18 to overcome the shortcomings of using

natural or synthetic polymers alone in tendon-bone tissue

engineering. Concurrently, we used poly(dopamine) (PDA),

an organic compound inspired by the composition of adhesive

proteins in mussels,22 which could promote cell adhesion and

regulate stem cells differentiation on various substrates to

modify the surface of electrospun nanofiber membranes.23,24

The strategy of using PDA coating was welcomed in tissue

engineering for its mild coating procedure, beneficial interac-

tion with cells and convenient advantages. It was reported that

PDA deposition not only promoted the adhesion of osteoblasts

but also the proliferation of osteoblasts in biodegradable

polymers.25 And enhanced bone regeneration was occurred

in a PDA-coated surface of PLLA nanofibers compared with

the fibers without coating.26 Therefore, in the present study, we

used PCL blending with COL-1 to fabricate hybrid scaffolds

of synthetic and natural polymers and PDA-coated surface-

modified scaffolds simultaneously. We aim to compare the

superiority of these two electrospun membrane functionaliza-

tion strategies in order to find out which method is more

conducive to cell adhesion, proliferation, and differentiation.

In the past few years, a unique type of mesenchymal

stem cells (MSCs) has been identified from tendons of

different species including human, mouse, rat, rabbit and

horse, called tendon stem/progenitor cells (TSPCs).27–30

Using TSPCs as the seed cells for tendon-bone tissue

engineering might be advantageous considering that the

tendon milieu is an ideal and familiar environment which

might promote the differentiation of the transplanted

cells.31 Moreover, TSPCs exhibited higher clonogenicity,

cell proliferation, and tenogenic/chondrogenic/osteogenic

differentiation potential compared to bone marrow

mesenchymal stem cells (BMSCs), suggesting that they

could be a better cell source for tendon-bone healing.27,32

The aim of this work was to fabricate bioactive elec-

trospun nanofiber membranes combined with TSPCs to

promote tendon-bone interface integration. We hypothe-

sized that the nanofibrous membranes could act as a func-

tional biomimetic scaffold to enhance cell adhesion,

proliferation and osteogenic differentiation of TSPCs in

vitro. Our findings provide support for further in vivo

studies in tendon-bone tissue engineering applications.

Materials and methods
Fabrication of nanofiber membranes
Nanofiber membranes were prepared by a routine electro-

spinning method.33 For PCL membranes: PCL (molecular
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weight 80 kDa, Sigma-Aldrich, USA) was dissolved in

1,1,1,3,3,3-hexafluoro-2-propanol (HFP, Aladdin, China) at

a concentration of 10% (w/v) and was electrospun using a

high voltage power supply at 12 kV potential between the

solution and the grounded surface. The solution was deliv-

ered with a 20 mL polypropylene syringe through a 16 gauge

blunt tip needle at a flow rate of 1.0 mL/h using a syringe

pump. Fibers were collected onto a grounded aluminum foil

plate at a distance of 20 cm from the syringe tip. For PCL/

COL-1 hybrid membranes: PCL and COL-1 (derived from

pig skin, molecular weight 80–100 kDa, Kele, China) were

dissolved in HFP at concentrations of 10% and 7% (w/v)

respectively. And then a series of PCL/COL-1 blend solu-

tions (4/1v/v, 2/1v/v, 1/1v/v, 1/2v/v) were prepared bymixing

each solution and delivering them by the same procedure as

above. The distance between the needle tip and ground

electrode remained 20 cm, and a positive voltage of 20–

25 kVwas applied to the polymer solutions. For PDA surface

coating membranes, the coating method was used as pre-

viously described.22 In brief, the electrospun nanofiber mem-

branes were immersed in PDA (H8502, Sigma-Aldrich,

USA) which was dissolved in a pH 8.5, 10 mM Tris buffer

(2 mg/mL) solution for 1 h with shaking and unbound PDA

was removed by washing several times with distilled water.

All procedures were performed at room temperature.

Characterization of nanofiber membranes
Scanning electron microscopic observation of

nanofibers

Electrospun membranes were sputter-coated with gold

(JEOL JFC-1600 Auto Fine Coater, Japan) and nanofiber

morphologies were examined by scanning electron micro-

scopy (SEM, Model S-4800, Hitachi Co. Ltd., Japan) at an

accelerating voltage of 5 kV. The diameter of the fiber was

measured with Image J software (National Institutes of

Health, USA). The average and standard deviation of

fiber diameters were calculated from over 50 random

measurements per image.

Porosity measurements and dissolvability test

Mercury intrusion porosimetry was used to evaluate the

porosity of the electrospun nanofiber membranes as

described previously.34 Measurements of the porosity of

samples in each group were performed and analyzed with

Micromeritics (Autopore IV-9500, USA).

Electrospun membranes were cut into 6 cm×6 cm

pieces, and then accurately weighed and placed in phos-

phate-buffered saline (PBS) (pH=7.4; 37°C) for 1 h.

Membranes were then removed from PBS and dried in

the drying oven (50°C) for 5 h. The dehydrated samples

were weighed again and the water-dissolved rate was

determined as the percentage of weight loss (WL) accord-

ing to the equation.

WL %ð Þ¼ W0�Wð Þ=W0½ ��100

Where W0 is the initial weight of membrane in its dry state

and W is the weight of membrane after dissolution. Three

samples were tested in each group.

Water contact angles of nanofiber membranes

The water contact angles of different types of membranes

were measured by a water contact angle analysis system

(OCA15EC, Dataphysics, Germany). Samples of dimen-

sions 1.5×1 cm were cut out from the membranes and

placed on the plate. One drop of distilled water was

added to their surfaces. Contact angles from 0° to 30°

were regarded as highly hydrophilic, 30° to 90° as hydro-

philic, and 90° to 150° as hydrophobic. The results are

calculated from three independent samples.

Fourier-transform infrared analysis

The chemical components of PCL membranes, PCL/COL-

1 membranes and PDA surface coating membranes were

analyzed by attenuated total reflectance-Fourier transform

infrared spectroscopy (ATR-FTIR) (spectrum 100, Perkin

Elmer Inc., USA) in the range of 400–4000 cm−1.

Isolation and culture of rat TSPCs
Three 8-week-old Sprague-Dawley rats, weighing 250–

280 g, were used. Animal experiments were approved by

the Animal Research Ethics Committee of Nanjing

Medical University and followed the guidelines of the

Chinese Society of Laboratory Animals on animal welfare.

The procedures for the isolation of TSPCs from rat patellar

tendon have been well established.35 Briefly, the mid-sub-

stance of patellar tendons were excised from both limbs of

each rat. Peritendinous connective tissue was carefully

removed and the samples were stored in sterile PBS. The

tissues were minced into 1.5×1.5×1.5 mm3 pieces,

digested with type I collagenase (5 mg/mL; Sigma-

Aldrich, USA) for 2.5 h at 37°C, and then passed through

a 70 μm cell strainer (Becton Dickinson, USA) to yield a

single-cell suspension. The released cells were washed in

PBS by centrifugation at 300 g for 5 min and resuspended

in a complete culture medium [Dulbecco’s Modified Eagle

Medium (DMEM), 10% fetal bovine serum, 100 U/mL

penicillin, 100 mg/mL streptomycin] (all from Invitrogen
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Corporation, USA). The isolated nucleated cells were pla-

ted at low cell density (50 nucleated cells/cm2) for the

isolation of stem cells and cultured at 37°C, 5%CO2 to

form colonies. At day 2, the cells were washed with PBS

to remove the nonadherent cells. At day 7, they were

trypsinized and mixed together as passage 0 (P0).

Culture medium was changed every 3 days. Cells from

passages 3–4 (P3–P4) were used for the remaining experi-

ments. After the identification of TSPCs from three rats,

TSPCs were pooled together for seeding the cells to elec-

trospun nanofiber membranes in vitro.

Identification of TSPCs
Colony formation assay

The nucleated cells derived from the patellar tendons of

three rats were plated at 50 cells/cm2 in 20 cm2 dishes and

cultured for 10 days. Cells were washed with PBS twice,

fixed with 4% paraformaldehyde for 10 min and then

stained with 0.5% crystal violet (Sigma, USA) for 20 min

to show the number and morphology of cell colonies.

Flow cytometry assay

After TSPCs reached 80% confluence at P3, cells were

rinsed with PBS and treated with 0.25% trypsin-EDTA for

collection and the resulting cell suspension adjusted to a

concentration of 1×106 cells/mL in ice-cold PBS (with

10% fetal bovine serum and 1% sodium azide). The cells

were incubated with fluorochrome-conjugated primary

antibodies against CD31 (ab33858, Abcam, USA), CD34

(sc-7324; Santa Cruz Biotechnology, USA), CD44

(ab23396, Abcam, USA), CD90 (ab33694, Abcam, USA)

or corresponding isotype control (BD Biosciences, USA)

in dark at 4 °C for 30 min. After washing with PBS at

400 g for 5 min, the stained cells were re-suspended in

500 µL of ice-cold PBS (with 10% fetal bovine serum and

1% sodium azide) and subjected to fluorescence activated

cell sorter (FACS) analysis (FACS Calibur, Becton

Dickinson, USA). Triplicates of cells from three rats

were examined in this experiment.

In vitro multi-lineage differentiation potential

Osteogenic differentiation: TSPCs were plated at 4×103

cells/cm2 in a 6-well plate and cultured in the complete

culture medium until the cells reached 80% confluence.

They were then incubated in complete medium or osteo-

genic induction medium, which was supplemented with

1 nM dexamethasone, 50 mM ascorbic acid, and 20 mM

β-glycerolphosphate (all from Sigma-Aldrich, USA) at

37 °C, 5% CO2 for 21 days. The mineralization of

TSPCs was assessed by Alizarin red S staining. Briefly,

the cells were washed with the PBS, fixed in 4% paraf-

ormaldehyde for 20 min and stained with 0.5% alizarin

red S (pH 4.1, Sigma-Aldrich, USA) for 10 min.

Adipogenic differentiation: TSPCs were plated at 4×103

cells/cm2 in a 6-well plate and cultured in the complete

culture medium until the cells reached complete confluence.

The medium was replaced with complete medium or adipo-

genic medium, which was supplemented with 500 nM dex-

amethasone, 0.5 mM isobutylmethylxanthine, 50 μM
indomethacin, and 10 μg/mL insulin (all from Sigma-

Aldrich, USA). The cells were cultured for another 21 days

for the detection of oil droplets by oil red-O staining. Briefly,

the cells were washed with PBS twice then fixed in 4%

paraformaldehyde for 20 min and finally incubated with

0.3% fresh oil red-O solution (Sigma-Aldrich, USA) for 1 h.

Chondrogenic differentiation: For chondrogenic differen-

tiation, a 3D-pellet culture system was used as described

previously.29 4×105 cellswere transferred into a 15-mL conical

polypropylene tube and centrifuged at 450 g for 10min to form

micro mass pellets. Cells were then cultured in complete

medium or chondrogenic induction medium, consisting of

complete medium supplemented with 10 ng/mL transforming

growth factor-β3 (R&D Systems, USA), 500 ng/mL bone

morphogenetic protein-2 (R&D Systems,USA), 10−7 M dex-

amethasone, 50 mg/mL ascorbate-2-phosphate, 40 mg/mL

proline, 100 mg/mL pyruvate (all from Sigma-Aldrich,

USA), and 1:100 diluted ITS+Premix (6.25 mg/mL insulin,

6.25 mg/mL transferrin, 6.25 mg/mL selenous acid, 1.25 mg/

mL bovine serum albumin, and 5.35 mg/mL linoleic acid)

(Becton Dickinson, USA) at 37 °C, 5% CO2. The chondro-

genic mediumwas changed every 3 days. At day 21, the pellet

was fixed and assessed by alcian blue staining as described

below. The cell pellet was fixed in 4% paraformaldehyde,

dehydrated, and embedded in paraffin. Sections were cut at a

thickness of 5 μm and were stained with 1% alcian blue

solution (pH2.5, G1027, Servicebio technology, China) for

15 min after deparaffination and viewed using a Nikon

EclipseCimicroscope (NikonDS-Fi2 imaging system, Japan).

Co-culture of TSPCs and electrospun

nanofiber membranes in vitro
Cell proliferation

The electrospun nanofiber membranes were trimmed to

5 mm in diameter by a punch and placed in a 96-well

plate. Scaffolds were sterilized by immersing them in 70%
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ethanol for 30 min, exposing them to UV light for 50 min

on each side, and washing with sterile PBS. TSPCs were

seeded in each well at 1×104/well and cultured with com-

plete culture medium. We have established a positive con-

trol group (cells cultured in normal 96 well plates) and a

blank control group (medium only control wells without

cells) in order to minimize experimental errors. After

culture for 1, 3, 5 and 7 days, cell proliferation of TSPCs

were measured with cell counting kit-8 assay (CCK-8,

bimake, USA). Briefly, 20 μl CCK-8 solution was added

in the 200 μl culture medium at each well and the cells

were incubated at 37 °C, 5% CO2 for 2 h. 200 μL of the

resulting solution from each well was transferred to a new

96-well plate and the optical density value at 450 nm was

recorded with a microplate reader (SpectraMax CMax

Plus, MolecularDevices Inc., USA). There were five sam-

ples in each group at each time point.

Cell viability

The viability of TSPCs cultured in the membranes on day

1, 3, 5 was assessed using the Live/Dead Viability/

Cytotoxicity Kit (L3224, Molecular Probes, USA) accord-

ing to the manufacturer’s instructions. In brief, sterilized

electrospun nanofiber membranes were placed in a 96-well

plate and the cell density was 1×104cells/well. Samples

were washed with PBS and incubated in the dilute dye

solution for 30 min at room temperature. After washing

with PBS, these samples were observed and photographed

using a laser scanning confocal microscope (LSCM, Zeiss

LSM710, Carl Zeiss, Germany). Live cells were stained

green, and the nucleus of dead cells appeared red (n=3 in

each group).

Scanning electron microscopic observation

TSPCs were cultured as above in the membranes at

1×105cells/well for 1, 3, and 5 days. For SEM observation,

the samples were washed twice with PBS and fixed with

4% paraformaldehyde for 1 h. They were then dehydrated

in ethanol solution at concentrations of 50%, 70%, 80%,

90% and 100% and finally dried in air. The samples were

gold sputtered under vacuum and visualized under SEM

(Model S-4800, Hitachi Co. Ltd., Japan) at 5 kV (n=3 in

each group).

Fluorescence microscopy

The cytoskeletal morphology of TSPCs grown on different

types of membranes was analyzed by using F-actin stain-

ing. After 24 h cultivation, samples (n=3 in each group)

were fixed with 4% paraformaldehyde for 15 min,

permeabilized with 0.1% Triton X-100 for 5 min, blocked

with 1% BSA for 30 min, stained with Rhodamine-phal-

loidin (AAT Bioquest, USA) for 30 min and counter-

stained with DAPI (KeyGEN, China) for 20 min at room

temperature under dark conditions. The stained cells were

observed using LSCM (Zeiss LSM710, Carl Zeiss,

Germany). Images were exported into Image J and out-

lines were drawn around cells. Projected cell areas were

determined for each cell.

Quantitative real-time reverse transcription

polymerase chain reaction (qRT-PCR)

To evaluate the effect of nanofiber membranes on osteo-

genic differentiation, the mRNA expression of several

genes was examined in TSPCs cultured on the scaffolds in

normal media for 4, 7 and 14 days. TSPCs were harvested

and homogenized for RNA extraction with RNeasy mini kit

(74,104, Qiagen GmbH, Germany). The concentration of

RNA was determined by measuring the optical density at

260/280 nm. RNA was reverse transcribed to cDNA using

the First Strand cDNA kit (RR047A, Takara, Japan), fol-

lowing the manufacturer’s protocol. PCR was performed

using a Power SYBR Green PCR Master Mix (Invitrogen

Corporation, USA) on a real-time PCR machine (ABI 7500

Plus, USA). Cycling conditions were denaturation at 95°C

for 10 min, 40 cycles at 95°C for 20 s, optimal annealing

temperature at 60°C for 45 s and finally at 60–95°C with a

heating rate of 0.3°C/s. Expression of the target gene was

normalized to that of the β-actin gene. Relative gene expres-
sion was calculated according to the 2−ΔΔCT formula. All

primers were designed using primer 5.0 and are summar-

ized in Table 1. Each real-time PCR was performed on at

least 4 different experimental samples.

Immunofluorescent staining

To assess the osteogenic differentiation of TSPCs on mem-

branes at the protein level, immunofluorescent staining

assays for Collagen I alpha 2 (Col1a2), Osteocalcin

(Ocn) and Runx-2 (n=3 in each group) were performed

at day 7, 14 and 21 after co-culture in vitro. Briefly, the

samples were fixed in 4% paraformaldehyde for 15 min

and washed with PBS three times for 5 min each. The

samples were permeabilized by incubation with 0.1%

Triton-X100 in PBS for 10 min followed by incubation

in 3% BSA in PBS for 1 h to reduce nonspecific back-

ground staining. Next, these samples were treated with a

primary antibody overnight at 4°C, incubated with a sec-

ondary antibody for 1 h at room temperature and then
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counterstained with DAPI (KeyGEN, China) for 20 min

under dark conditions. Antibodies were used at the follow-

ing concentrations: Anti-Col1a2 antibody (ab96723;

Abcam, UK), 1:150; Anti-Ocn antibody (ab13420;

Abcam, UK), 2 μg/mL; Anti-Runx-2 antibody

(ab192256; Abcam, UK), 1:1000; FITC-conjugated goat

anti-rabbit IgG, 1:500 (Invitrogen, USA); Rhodamine-con-

jugated goat anti-mouse IgG, 1:500 (Invitrogen, USA).

The stained samples were visually observed using LSCM

(Zeiss LSM710, Carl Zeiss, Germany).

Statistical analysis
All the quantitative results were expressed as mean ± stan-

dard deviation (SD). Statistical analysis was carried out by

means of one-way analysis of variance (ANOVA). A p-

value less than 0.05 was considered statistically

significant.

Results
Identification of characteristics of

electrospun nanofiber membranes
The PCL membranes and PCL/COL-1 membranes with

four different PCL/COL-1 ratios were effectively fabri-

cated by electrospinning. Figure 1A–J showed the SEM

images of the nanofibers in different membranes. The

average diameters of the nanofibers with different PCL/

COL-1 ratios (4:1, 2:1, 1:1, 1:2) were 613.12±203 nm,

549.37±134 nm, 507.33±107 nm, and 515.70±147 nm,

respectively. The average diameter of pure PCL nanofibers

was 1207.94±167 nm, which was much larger than the

fibers of PCL/COL-1 membranes (Figure 1K). The poros-

ity of nanofiber membranes ranged from 82.8% to 92.8%,

which was desirable for the scaffolds (Figure 1L). As

shown in Figure 1M, PCL/COL-1(1:2) had a higher dis-

solvability (19.04±2.9%) compared with PCL (0.01

±0.0%), PCL/COL-1(4:1) (1.80±0.4%), PCL/COL-1(2:1)

(2.86±0.5%), and PCL/COL-1(1:1) (3.18±0.8%).

In SEM images (Figure 2A–E), the surface of the fibers was

smooth, while lumps of coated PDAwere partially observed on

the surface of nanofibers. As shown in Figure 2Q and R, ATR-

FTIR spectra for PCL-related and collagen-related stretching

modes were observed for PCL nanofibers, PCL/COL-1 nano-

fibers and PDA coated nanofibers. Typical absorption bands for

PCL of carbonyl stretching and C-O stretching were found at

1724 cm−1 and 1162 cm−1. Typical bands of COL-1 are amide I

and amide II peaks which were observed at 1630 cm−1 and

1545 cm−1. Spectra of PCL/COL-1 membranes and PDA

coated PCL/COL-1 membranes included stretching around

1645 cm−1 for amide I, 1540 cm−1 for amide II, 1724 cm−1

for carbonyl groups and 1167 cm−1 for C-O groups. These data

thus reflected the successful generation of PCL/COL-1 hybrid

nanofibers. Figure 2F–P showed that only the nanofibers in

PCL membranes exhibited hydrophobic characteristics,

whereas the other nanofibers exhibited hydrophilic properties.

Identification of TSPCs
TSPCs formed colonies after in vitro culture for 10 days as

indicated by crystal violet staining (Figure 3A and B). They

showed fibroblast-like cell morphology in vitro (Figure 3C

and D). The FACS results showed that over 99% of fibro-

blastic marker CD90 and 88% of MSCs marker CD44 were

positive for TSPCs (Figure 3E and F). And they were

negative for the hematopoietic stem cell marker CD34 and

the endothelial cell marker CD31 (Figure 3G and H).

Table 1 The primer sequences of the genes for qRT-PCR

Gene Primer Sequence (5′ to 3′) Gene bank identification

β-actin Forward ATCGTGGGCCGCCCTAGGCA NM_031144

Reverse TGGCCTTAGGGTTCAGAGGGG

Col1a1 Forward CATCGGTGGTACTAAC NM_053356.1

Reverse CTGGATCATATTGCACA

Ocn Forward GGTGCAAAGCCCAGCGACTCT M23637

Reverse GGAAGCCAATGTGGTCCGCTA

Runx-2 Forward CCGATGGGACCGTGGTT XM_346016

Reverse CAGCAGAGGCATTTCGTAGCT

Oct4 Forward CATCTGCCGCTTCGAG NM_001009178.2

Reverse CTCAATGCTAGTCCGCTTTC

Abbreviations: Col1a1, collagen I alpha 1; Ocn, osteocalcin.
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TSPCs could be induced to differentiate into osteoblasts,

adipocytes, and chondrocytes in vitro (Figure 3I–O). The

TSPCs exhibited classical MSCs characteristics including

clonogenicity, typical surface antigen expression, and

multi-lineage differentiation potential.

Cytocompatibility of nanofiber

membranes
To assess the capacity of different scaffolds to support

cell migration and function, the proliferation of TSPCs

cultured on each material was estimated by the CCK-8

assay (Figure 4). In the early stages of culture, the

positive control group (cells cultured in 96 well plates)

had the highest growth rate of all cells (P＜0.05).

After 3 days, cell proliferation on PCL/COL-1 hybrid

group became significantly higher than PCL group

(P＜0.05). As culture proceeded, the PCL/COL-1(2:1)

group overtook the positive control group (P＜0.05)

and had the highest optical density value after 5 and

7 days culture.

Figure 5A–R showed representative confocal micro-

scopic images of the results of the live/dead assay. We

found there were not many red-stained dead cells in

each group. Furthermore, the number of green-stained

viable cells was the largest in PCL/COL-1(2:1) group

compared to other groups in vitro culture at day 1,3,5

timepoint.

Cell morphology in nanofiber membranes
SEM morphologies of TSPCs cultured on PCL mem-

branes, PCL/COL-1 membranes and PDA-modified

nanofiber surfaces for various times were shown in

Figure 6A–R. TSPCs on all the membranes displayed
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Figure 1 Morphological, physical and chemical properties analysis of nanofiber membranes. Scanning electron microscopic observation of electrospun nanofiber

membranes: (A, C, E, G, I) representing PCL, PCL/COL (4:1), PCL/COL (2:1), PCL/COL (1:1), PCL/COL (1:2) respectively, scale bars: 50 µm; (B, D, F, H, J) representing
PCL, PCL/COL (4:1), PCL/COL (2:1), PCL/COL (1:1), PCL/COL (1:2) respectively, scale bars: 20 µm. (K) Analysis of the diameters of nanofibers. (L) Porosity

measurements using mercury intrusion porosimetry technique. (M) Dissolution rate detection of nanofiber membranes, **p＜0.01.

Abbreviations: PCL, polycaprolactone; COL, collagen.
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a flat spreading with lots of lamellipodia at day1, and

all the samples were covered by extracellular matrix

secreted by TSPCs after 3 days culture. There was no

obvious difference between the samples.

We compared cell morphology and the organization of

actin structures on nanofibers with different surfaces after

24h of seeding (Figure 7A–F). Cells grown on unmodi-

fied PCL nanofibers displayed a small spherical or narrow

shape of TSPCs. On a PCL and COL-1 hybrid electro-

spun surface, TSPCs were more widely spread than on

PCL electrospun fibers and PDA-coated nanofibers. In

addition, the area of the projected cells on the PCL/

COL-1(2:1) was significantly greater than the cells on

PCL group (P＜0.05) (Figure 7G).

Differentiation study of TSPCs in

nanofiber membranes
To assess the effect of nanofiber membranes on TSPCs

differentiation, expression of osteogenic genes (Col1a1,

Ocn, Runx-2) and stem cell marker gene (Oct-4) was quan-

tified after 4, 7 and 14 days of culture (Figure 8A–L). The

expression level of Col1a1 in PCL/COL-1(2:1) membranes

was significantly higher than PCL membranes at all time

points (P＜0.05). No difference of Ocn expression was

detected at 4 and 7 days between PCL/COL-1(2:1) and the

PCL group, but Ocn expression in the PCL/COL-1(2:1)

group showed a significant upregulation at 14 days of cul-

ture (P＜0.05). Runx-2 expression was significantly

increased in PCL/COL-1(2:1) and PCL/COL-1(4:1) groups
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Figure 2 Composition analysis and hydrophilicity detection of nanofiber membranes. Scanning electron microscopic observation of PDA surface coating nanofiber

membranes: (A) PDA-coated PCL, (B) PDA-coated PCL/COL (4:1), (C) PDA-coated PCL/COL (2:1), (D) PDA-coated PCL/COL (1:1), (E) PDA-coated PCL/COL (1:2),

scale bars: 5 µm. Water contact angles of nanofiber membranes: (F) PCL, (G) PCL/COL (4:1), (H) PCL/COL (2:1), (I) PCL/COL (1:1), (J) PCL/COL (1:2), (K) PDA-coated
PCL, (L) PDA-coated PCL/COL (4:1), (M) PDA-coated PCL/COL (2:1), (N) PDA-coated PCL/COL (1:1), (O) PDA-coated PCL/COL (1:2). (P) Statistical analysis of water
contact angle values, *p＜0.05 compared with PCL group. (Q, R) Fourier-transform infrared analysis of nanofiber membranes.

Abbreviations: PCL, polycaprolactone; COL, collagen; PDA, poly(dopamine).
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as compared to PCL fibers at days 4 and 7 (p<0.05). In

contrast, there were no significant differences in Oct-4

expression in PCL/COL-1(2:1) membranes as compared

to the PCL membranes at 4 days after culture. After 7 and

14 days of culture, Oct-4 levels were significantly lower in

PCL/COL-1(2:1) and PCL/COL-1(4:1) membranes com-

pared to the PCL membranes (p<0.05). Notably, PDA-

coated nanofiber membranes could not promote higher

osteogenic gene expression than the PCL membranes.

Enhanced osteogenesis of TSPCs in the PCL and COL-1

hybrid electrospun nanofiber membranes was confirmed by

immunostaining for osteogenic specific markers. As shown in

Figure 9A–R and Figure 10A–R, the expression of Col1a2 and

Ocn, biochemicalmarkers for bone formation,was foundmore

widely distributed in the extracellular region in PCL/COL-1

(2:1) membranes than other groups at 21 days after culture.

Moreover, the immunofluorescence pictures (Figure 11A–R)

also showed that Runx-2, a key transcription factor of osteo-

blast differentiation, was expressed higher in PCL/COL-1(2:1)

membranes compared with other membranes after 21 days

culture.

Discussion
Osteointegration of the tendon graft in the bone tunnel

is thought to be more physiological and beneficial,

rather than indirect healing through Sharpey-like fibers.6

This study was designed to fabricate a suitable nanofiber

membrane and act as a biocompatible scaffold to pro-

mote osteogenic regeneration of the tendon to bone

interface. In the present study, PCL and COL-1 hybrid
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Figure 3 Identification of TSPCs in vitro. (A) General view of colony formation assay. (B) Microscopic observation of single colony colonies with crystal violet staining,

magnification: x40. (C) Microscopic observation of P0 cells, magnification: x40. (D) Microscopic observation of P3 cells, magnification: x100. (E–H) Flow cytometry assay of

stem cell surface specific markers. Alizarin red staining in the osteogenic induction group (I) and the control group (J), magnification: x100. Oil red O staining in the
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100 µm. General view of the cell pellet in the chondrogenic induction group (N) and the control group (O).

Abbreviations: TSPCs, tendon stem/progenitor cells.
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electrospun nanofiber membranes (volume ratio: 2:1 v/v)

were superior in terms of their ability to support the

adhesion, proliferation, and osteogenic differentiation of

TSPCs, representing an ideal bioactive scaffold for bio-

logical tendon-bone tissue engineering applications

(Figure 12).
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The ECM microenvironment of the cellular niche is

crucial as it can control the behavior and fate of stem cells.36

Nanofiber membranes produced by electrospinning are

widely used as biomaterials because they can imitate the

nanoscale structure and morphology of ECM with controlla-

ble fiber diameter and alignment.37 Collagen type I fibers are

the main component of the ECM of both tendon and bone

tissues, exhibiting a porous fibrous network and the orienta-

tion of the fibers in bone is random with nanometer-scale

diameters. Since the ideal scaffolds probably resemble the

structural morphology of the natural collagen found in the

target tissues,38 the electrospun nanofibers used in this study

are similar to the structures of native ECM with random

alignment. And these nanofiber membranes exhibited a por-

ous structure with smooth surfaces and few nodes.

Furthermore, the average diameters of PCL/COL-1 mem-

branes (∽500 nm)were considered to simulate the diameters

of natural type I collagen fibrils ranging from 50 nm to

500 nm (Figure 1K).39 As shown in Figure 1L, the nonwoven

mat of electrospun nanofibers exhibited high porosity (more

than 80%) and could thus enhance nutrient delivery and the

removal of metabolic wastes.40 The dissolvability test

showed that PCL/COL-1 (1:2) membranes had gravimetri-

cally 19.04%weight loss after the first hour of PBS treatment

and far exceeding the other groups, which indicated that this

ratio of blend solution was unfavorable for tissue engineering

applications and need to be excluded.

The successful surface coating of nanofiber membranes

using PDAwas confirmed by a color change in brown and an

increase in the roughness of the membranes. As shown in

Figure 2A–E, diameters of the nanofibers did not change

after the PDA coating and these results were consistent

with other studies which showed unchanged fiber morphol-

ogy with PDA coating.26 What’s more, either the combina-

tion with PCL and COL-1 polymers or surface modification

with PDA could effectively improve the hydrophilicity of the

membranes (Figure 2F–P). The hydrophilic feature makes

the membranes more suitable for cell adherence and spread-

ing than hydrophobic surfaces.41

Although the optical density of TSPCs on all types of

membranes increased during the 7 days culture, the pro-

liferation ability of PCL/COL-1 (2:1) group was superior

to the others (Figure 4). Additionally, the number of green

stained living cells in PCL/COL-1 membranes was also

significantly higher than in PCL and PDA coating mem-

branes (Figure 5). The excellent cytocompatibility of PCL/

COL-1 membranes is mainly due to the successful nano-

fiber functionalization resulted from synergistic effects of

PCL and collagen, which is supported by the results of the

previous studies.42 Our cytoskeleton staining results

showed that TSPCs on PCL/COL-1 hybrid membranes

had a larger cell projected area than on PCL and PDA-

modified membranes, suggesting the better cell adhesion

in PCL/COL-1 hybrid scaffolds (Figure 7). Lee et al also
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Figure 6 Cell morphology of TSPCs in nanofiber membranes using scanning electron microscopic observation. (A, G, M) TSPCs cultured on PCL for day1, day3, day5. (B,
H, N) TSPCs cultured on PCL/COL (4:1) for day1, day3, day5. (C, I, O) TSPCs cultured on PCL/COL (2:1) for day1, day3, day5. (D, J, P) TSPCs cultured on PDA-coated

PCL for day1, day3, day5. (E, K, Q) TSPCs cultured on PDA-coated PCL/COL (4:1) for day1, day3, day5. (F, L, R) TSPCs cultured on PDA-coated PCL/COL (2:1) for day1,

day3, day5, scale bars: 50 µm.

Abbreviations: TSPCs, tendon stem/progenitor cells; PCL, polycaprolactone; COL, collagen; PDA, poly(dopamine).
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reported that because of the influence by the PDA coating,

round-shaped MSCs with the formation of mature filopo-

dia were not observed on PDA-coated random fibers.26

Overall, this study showed that PDA coating had no

advantages in cell adhesion and proliferation compared

with PCL and PCL/COL-1 hybrid membranes.

Interestingly, PDA surface modification was found to pro-

mote endothelial cells attachment and proliferation, while

inhibiting the adhesion and proliferation of smooth muscle

cells.43,44 They concluded that the effect of PDA coating

on cytocompatibility of nanofibers seemed to be cell type-

dependent. Ding et al suggested that the quinone group on

PDA coatings promoted endothelial cells attachment and

proliferation, whereas the phenolic hydroxyl groups on

PDA coatings would account for the inhibitory effects on

smooth muscle cells.45 Although many studies have

reported the effects of PDA coating on cell adhesion and

proliferation of various materials, the polymerization

mechanism and the reasons for diverse growth behaviors

in different types of cells during PDA modified process are

still not very clear. Moreover, very few studies have

investigated the effects of PDA modification on TSPCs.

It was speculated that the cellular behaviors might be

affected by the functional groups like primary amino,

catechol, and quinone existing on the PDA surfaces.43

Contrary to the enhancement of cell adhesion and
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proliferation in PDA-coated surfaces, the inhibitory effect

of PDA coating on adhesion and proliferation of TSPCs

might also be associated with the surface catechol content.

Further research about how the catechol of PDA affects

TSPCs growth is urgently needed.

In addition, the rate of cell proliferation of PCL/COL-1

(1:1) group was the lowest in different ratios of PCL/COL-

1 hybrid membranes with or without PDA coating.

Therefore, this result suggested that PCL/COL-1 (1:1)

group may not be optimal for continued research in tissue

engineering applications.

There are many factors that can guide the differentia-

tion of stem cells on nanofiber membranes, including the

morphological characteristics of nanofibers and the proper-

ties of polymers.46 It has been reported that small-diameter

(＜1µm) electrospun fibers, random orientation morphol-

ogy, and hybridization of synthetic and natural polymers

are strongly associated with osteogenesis.47–49 Roman et al

showed that MSCs exhibited the greatest osteogenic

differentiation when cultured on the tissue culture plates

coated with type I collagen compared with the uncoated

plates.50 They suggested that although the mechanism of

how COL-1 affected the osteogenic differentiation of stem

cells was unknown, the most significant role in promoting

osteogenesis appeared to activate the transcription factor

Runx2/CBFA-1 in integrin signaling pathways. Our differ-

entiation results were similar to these previous studies. In

this study, PCL/COL-1 hybrid membranes demonstrated

superior ability to induce TSPCs osteogenic differentiation

than PCL membranes and PDA-coated membranes due to

the suitable fiber diameter, random nanotopography, and

advantages of hybridizing PCL and COL-1. Importantly,

we found that the performance of PCL/COL-1 (2:1) group

was the best in the results of cell proliferation, adhesion,

and osteogenic differentiation of TSPCs, which indicated

that for subsequent tissue engineering studies the optimal

volume ratio of PCL to COL-1 could be 2:1. No benefit

was found in this study to the PDA coating on osteogenic
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Figure 8 Quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) for osteogenic differentiation of TSPCs. mRNA expression of Col1a1 in

nanofiber membranes for 4 days (A), 7 days (E) and 14 days (I). mRNA expression of Ocn in nanofiber membranes for 4 days (B), 7 days (F) and 14 days (J). mRNA

expression of Runx-2 in nanofiber membranes for 4 days (C), 7 days (G) and 14 days (K). mRNA expression of Oct-4 in nanofiber membranes for 4 days (D), 7 days (H) and

14 days (L). *p＜0.05 compared with PCL.

Abbreviations: TSPCs, tendon stem/progenitor cells; PCL, polycaprolactone; COL, collagen; PDA, poly(dopamine); Col1a1, collagen I alpha 1; Ocn, osteocalcin.
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differentiation of TSPCs. A similar conclusion was found

in a previous study showing that PDA deposition did not

enhance the differentiated phenotype of osteoblasts.25 The

effect of PDA coating on cell differentiation is also con-

troversial. The PDA-coated nanofibrous substrates

demonstrated remarkable effects in stimulating osteogenic

differentiation of human MSCs and adipose-derived stem

cells compared to the original materials,51,52 whereas Lee

reported that there were no observed changes in osteogenic

markers between PDA treated and pristine Ti alloys.53

PCL

Day7

A B C D E F

G J K L

M N O P Q R

H I

Day14

Day21

PCL/COL
(4:1)

PCL/COL
(2:1) PDA-PCL PDA-PCL/COL

(4:1)
PDA-PCL/COL
(2:1)

Figure 9 Col1a2 expression using immunofluorescent staining assay. (A, G, M) TSPCs cultured on PCL for day7, day14, day21. (B, H, N) TSPCs cultured on PCL/

COL (4:1) for day7, day14, day21. (C, I, O) TSPCs cultured on PCL/COL (2:1) for day7, day14, day21. (D,J,P) TSPCs cultured on PDA-coated PCL for day7, day14,

day21. (E, K, Q) TSPCs cultured on PDA-coated PCL/COL (4:1) for day7, day14, day21. (F, L, R) TSPCs cultured on PDA-coated PCL/COL (2:1) for day7, day14,

day21, scale bars: 50 µm.

Abbreviations: TSPCs, tendon stem/progenitor cells; PCL, polycaprolactone; COL, collagen; PDA, poly(dopamine); Col1a2, collagen I alpha 2.

PCL

Day7
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Figure 10 Ocn expression using immunofluorescent staining assay. (A, G, M) TSPCs cultured on PCL for day7, day14, day21. (B, H, N) TSPCs cultured on PCL/COL (4:1)

for day7, day14, day21. (C, I, O) TSPCs cultured on PCL/COL (2:1) for day7, day14, day21. (D, J, P) TSPCs cultured on PDA-coated PCL for day7, day14, day21. (E, K, Q)

TSPCs cultured on PDA-coated PCL/COL (4:1) for day7, day14, day21. (F, L, R) TSPCs cultured on PDA-coated PCL/COL (2:1) for day7, day14, day21, scale bars: 50 µm.

Abbreviations: TSPCs, tendon stem/progenitor cells; PCL, polycaprolactone; COL, collagen; PDA, poly(dopamine); Ocn, osteocalcin.
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Figure 11 Runx-2 expression using immunofluorescent staining assay. (A,G,M) TSPCs cultured on PCL for day7, day14, day21. (B, H,N) TSPCs cultured on PCL/COL (4:1) for

day7, day14, day21. (C, I, O) TSPCs cultured on PCL/COL (2:1) for day7, day14, day21. (D, J, P) TSPCs cultured on PDA-coated PCL for day7, day14, day21. (E, K, Q) TSPCs

cultured on PDA-coated PCL/COL (4:1) for day7, day14, day21. (F, L, R) TSPCs cultured on PDA-coated PCL/COL (2:1) for day7, day14, day21, scale bars: 50 µm.

Abbreviations: TSPCs, tendon stem/progenitor cells; PCL, polycaprolactone; COL, collagen; PDA, poly(dopamine).

Figure 12 Schematic diagram of the regulation of electrospun nanofiber membranes on TSPCs.

Abbreviations: TSPCs, tendon stem/progenitor cells; PCL, polycaprolactone; COL, collagen; PDA, poly(dopamine).
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Furthermore, a deleterious effect on the osteogenic activity

of MC3T3-E1 cells after PDA coating of the nanostruc-

tured surface was observed in a recent study.54 Although

we chose the most widely used PDA coating method,

which was first introduced by Lee in 2007,22 many fea-

tures of PDA formation and structure are still unknown.

The contradictory results about the diverse response of cell

differentiation to PDA-coated nanofibers could derive

from the different properties of the fibers on which PDA

is deposited, the time elapsed from PDA deposition, the

reaction temperature, initial PDA concentration, the solu-

tion pH, and the oxygen concentration in the PDA

solution.54 Therefore, for a better understanding of PDA-

coated surface-modified scaffolds impact on cell behavior

more in-depth studies are required.

Although the use of synthetic scaffold of PCL and

COL-1 as a base material presents the advantage of rea-

sonable and controlled biodegradation rate which matches

regeneration rate of the target tissues,40 degradation

experiment for a longer period of time needs to be further

studied in vitro. Besides, the promotion of these scaffolds

for tendon-bone healing needs to be further investigated in

an in vivo tendon-bone healing animal model in the future.

Conclusion
In this study, pure PCL nanofiber membranes and PCL/COL-1

hybrid membranes were successfully fabricated by electro-

spinning. And then these nanofiber membranes were coated

with PDA as the simple surfacemodification. Furthermore, the

membranes were seeded with TSPCs to assess the impact of

electrospun fibers on cellular behavior and differentiation

characteristics. Our results exhibit that the presence of PDA

coating on these fibers does not show the benefits of promoting

cell adhesion, projected cell area, cell proliferation, and osteo-

genic differentiation. The PCL/COL-1 hybrid membranes are

demonstrated to be more biocompatible, biomimetic and are

able to support cell adhesion, proliferation, and osteogenic

differentiation in vitro. Therefore, the bioactive PCL/COL-1

hybrid membranes may be an appropriate scaffold for tendon-

bone tissue engineering applications.
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