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rotator cuff tendon–bone healing
using combined aligned electrospun fibrous
membranes and kartogenin

Qi Zhu,†a Zhijie Ma,†bc Haiyan Li, bc Haiming Wang*a and Yaohua He *a

Rotator cuff tear (RCT) is a major challenging shoulder disease because the fibrocartilage zone is hard to

regenerate in the enthesis. Electrospun membranes with aligned nanofibers can guide the ordered tissue

regeneration and kartogenin (KGN) is able to stimulate chondrocyte differentiation of mesenchymal stem

cells. In this study, we fabricated a functional engineered scaffold for regenerating tendon–bone enthesis

in RCTs by taking advantage of both the structural guiding ability of aligned nanofibers and the biology

effects of KGN. Polycaprolactone (PCL) fibrous membranes with aligned nanofibers loaded with or without

KGN were fabricated using electrospinning and characterized using scanning electron microscopy (SEM).

The release of KGN from PCL membranes and the effects of KGN on differentiation of mesenchymal stem

cells were investigated. Results indicated that 100 mM KGN-loaded PCL (KGN-PCL) membranes significantly

stimulated chondrogenic and tenogenic differentiation of rat bone marrow stromal cells. In addition, after

PCL and 100 mM KGN-PCL membranes were applied to an acute rat RCT model, KGN-PCL membranes

promoted fibrocartilage formation and collagen organization as well as increased cross-sectional area and

load failure. In conclusion, PCL electrospun fibrous membranes with aligned nanofibers and KGN could be

an effective tissue engineering scaffold to enhance tendon–bone healing in RCTs.
Introduction

Rotator cuff tear (RCT) is the most common shoulder disease
that causes reduced shoulder strength and function-limiting
pain. Despite the advancement of surgical treatments, the
failure rates of rotator cuff repairs are still concerning to
surgeons.1–6 Previous clinical studies have demonstrated that
tendon–bone healing is difficult to achieve. Tendon–bone
junctions (TBJs) are unique structures composed of tendon,
encalcied brocartilage, calcied brocartilage, and bone.7

Previous studies have shown that natural healing and surgical
treatment are insufficient for brocartilage regeneration.8–10

According to the results of histopathological studies, the
brocartilage zone cannot completely regenerate when the TBJs
are healing, resulting in weak mechanical strength and possible
re-injury in the repaired interface.8,9 Therefore, recent studies
have focused on strategies to restore the brocartilage
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transition zone of the TBJs aer rotator cuff tear, which is
already attracting increasing attention.11,12

Recently, a small molecule drug named kartogenin (KGN)
was found to promote chondrocyte differentiation of primary
mouse mesenchymal stem cells (MSCs).13 KGN has been re-
ported to induce MSCs to express a set of chondrogenic genes,
which indicates that KGN could induce differentiation of MSCs
to chondrocytes.14 As a result of the chondrogenesis induction
properties, KGN has been found to be a new treatment of
cartilage defects.15 In addition, a recent study showed that KGN
enhanced healing of the TBJs in experimental rat achilles when
it was injected into the experimental area.14 KGN treatment
promoted brocartilage formation at the tendon–bone interface
to regenerate the brocartilage zone of the native enthesis and
increased the biomechanical properties of tendon–bone
enthesis.16 However, single topical injection of KGN in wound
areas may not be an optimal treatment route strategy. The KGN
solution may be washed away from wound sites since the body
uid system is dynamic and circulation occurs. Therefore,
cartilage tissue in the tendon–bone enthesis would not be
formed because of low KGN concentration. In addition,
repeated injection may cause injury to patients. To maintain
effective concentrations of KGN at wound sites, a sustained
delivery system is necessary.17

Biological scaffolds have been widely used in tissue engi-
neering and drug delivery.18–24 Electrospun scaffolds represent
a promising substrate in tissue engineering and drug delivery
This journal is © The Royal Society of Chemistry 2019
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because of their high porosity and large surface ratios.25,26

Furthermore, compared with electrospun brous scaffolds
containing random nanobers, electrospun brous scaffolds
containing aligned nanobers have been reported to enhance
tenogenesis in tendon–bone regeneration.27–30 Specically, the
aligned electrospun nanober structure provides a constructive
microenvironment to promote tenogenesis and created
mechanical anisotropy that similar to tendon mechanical
properties.29,30

Considering the advantages of electrospun brous
membranes with aligned nanobers for RCT repair and drug
delivery, in this study, we designed electrospun brous
membranes with aligned nanobers, which were then used as
a locally controlled release system for KGN. PCL has been widely
used for biomedical applications because of its slow degrad-
ability, good biocompatibility, and superior rheological and
viscoelastic properties.31 Besides, PCL has been reported to be
able to support cell attachment including mesenchymal stem
cells and chondrocytes.32 In addition, PCL has been used in
cartilage repair because of its good mechanical properties and
its slow degradability for long-term implantation into the injury
site.33 Therefore, in the present study, PCL electrospun brous
membranes with aligned nanobers and an appropriate
amount of KGN were fabricated (KGN-PCL). The release
behavior of KGN from the KGN-PCL membranes was evaluated
and the effects of KGN on chondrogenic and tenogenic differ-
entiation of MSCs were investigated. Then, PCL membranes
and KGN-PCL were implanted into an acute rat RCT model to
evaluate the effects of different materials on the repair of RCT.
Materials and methods
Fabrication of aligned electrospun brous membrane

9.62 mg of KGN (Selleck, USA) was dissolved in 3 ml dimethyl
sulfoxide (Aladdin) to obtain a 10 mM KGN stock solution.
Besides, 0.3 g PCL (Dai gang Biomaterial Co., Ltd. Jinan, China)
was dissolved in 3 ml trichloromethane and stirred at room
temperature to obtain PCL solution with concentration of
0.1 mg ml�1. Then, different volume of KGN stock solution was
added into 3 ml PCL solution and the mixed solution was stir-
red overnight in order to obtain KGN-PCL working solutions
with KGN concentration of 10 mM, 50 mM and 100 mM, respec-
tively. The KGN-PCL solution was then electrospun by an elec-
trospinning machine (TEADFS-103 Xinrui Technology Co., Ltd
Beijing). Briey, the KGN-PCL working solution was added into
a 5 ml syringe connected with an injection pump. The solution
was delivered to the needle and injected with an injection rate of
3 ml h�1 under a voltage was 15 kV. The aligned KGN-PCL
electrospun bers were collected using a rotating drum
covered with aluminum foil and the rotary speed of the col-
lecting drum was 2000 rpm. Aligned PCL electrospun bers
were fabricated with the same method.
Wettability of aligned electrospun brous membrane

Water contact angle (WCA) measurement of electrospun brous
membranes was performed using sessile drop method by
This journal is © The Royal Society of Chemistry 2019
a video-enabled goniometer (DSA100, KRÜSS, Germany). At
least 300 ml distilled water was placed randomly at different
locations of each sample. Aer settling the droplets on the
brous membrane sheets with no noticeable changes in their
shapes, the projected images of the droplets were analyzed for
determining contact angle.

Release behavior of KGN from aligned KGN-PCL electrospun
brous membranes

20 mg of as-prepared KGN-PCL membranes loaded with
different amount of KGN was incubated in 2 ml PBS buffer
solution at 37 �C in a shaking incubator. At 1 d, 2 d, 5 d, 10 d, 15
d and 20 d, 300 ml solution was collected and equal amount of
fresh PBS was added. The OD value of KGN in the collected
solution was measured by automatic microplate reader (Tecan
innite m200pro) at 278 nm and the cumulative released
amount of KGN was calculated according to the standard curve.
Each experiment was conducted for three times.

Cell culture

rBMSCs were isolated from femur bone according to the
procedures reported in previous study,34,35 which was approved
by the Animal care Committee of Shanghai Jiao Tong University.
rBMSCs were cultured in low-glucose DMEM (Hyclone, USA)
supplemented with 10% fetal bovine serum (GIBCO, USA) and
1% antibiotics (penicillin 100 U ml�1, streptomycin 100 g ml�1,
GIBCO, USA) in a cell incubator with 5% CO2 at 37 �C. The third
to h passages of rBMSCs were used in this study.

Cell proliferation assay

Proliferation of rBMSCs on aligned PCL electrospun brous
membranes with different amount of KGN (0, 10, 50 and 100 mM)
was measured by a cell viability assay kit (Cell Counting kit-8,
CCK-8; Dojindo Technologies Japan). Briey, aligned electro-
spun brous membranes containing different amount of KGN
were settled in wells of a 96-well plate and rBMSCs at a density of
3 � 103 cells per well were cultured on the membranes in
complete DMEM medium for 1, 4, 7 days, respectively. At each
time point, the cell culture medium in each well was replaced
with 100 ml of culture medium containing 10% CCK-8 solution
and the cells were continued to be cultured for 2 h. For each
condition, ve wells were applied. The plate was then read by
a spectrophotometric microplate reader (Thermo USA) to obtain
absorbance value at 450 nm of the solution in each well. The
obtained data (OD values) represents the metabolic activity of
cells and reects the number of living cells.

Real-time quantitative reverse transcription PCR (qRT-PCR)
analysis

To evaluate the effects of different membranes on chondrogenic
and tenogenic differentiation of rBMSCs, cells were cultured on
aligned PCL electrospun brous membrane containing 0, 10, 50
and 100 mM of KGN, respectively in 6-well plate for 2 weeks. The
medium was changed every 3 days. The expression of
chondrocyte-related genes (Aggrecan, collagen type II and SRY-
RSC Adv., 2019, 9, 15582–15592 | 15583
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box 9) and tenocyte-related gene (scleraxis bHLH transcription
factor) was measured by qRT-PCR. Briey, RNA was isolated
from BMSCs using a RNeasy Mini Kit (Qiagen, Valencia, CA,
USA) for synthesizing rst-strand cDNA by reverse transcription.
The incubation program for cDNA synthesis was as following:
heating at 65 �C for 5min, then cooling at 4 �C for 1min, reverse
transcription at 42 �C for 60 min and a nal incubation at 80 �C
for 5 min. The obtained cDNA was then used for qRT-PCR,
which was performed on Applied Biosystems 7300 (Applied
Systems, USA). The PCR cycling consisted of 40 cycles at 95 �C
for 15 s and 60 �C for 1 min. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as internal reference. The
relative gene expression levels were analyzed by the 2�DDDCT

method. Each experiment was repeated three times to obtain
a mean gene expression level.
Animal studies

One hundred and thirty-ve male Sprague-Dawley rats which were
weighed between 400–500 g (2 months, Shanghai SIPPR-BK
Laboratory Animal Co., Ltd., Shanghai, China) were used in the
present study. All animal procedures were performed in accor-
dance with the Guidelines for Care and Use of Laboratory Animals
of Shanghai Jiao Tong University and approved by the Animal Care
and Experimental Committee of Sixth People's Hospital affiliated
to Shanghai Jiao Tong University School of Medicine. The animals
were randomly into three groups. The group 1 (n ¼ 45) was
considered as the control group in which the tendon was repaired
to its anatomic footprint by transosseous repair. The group 2 and 3
(the experimental groups) not only underwent transosseous repair
but also repaired with pure PCL membranes (n ¼ 45) or KGN-PCL
Fig. 1 (A) SEM image of aligned KGN-PCL scaffold and aligned PCL scaff
two groups. (C) In vitro release profile of KGN from aligned PCL scaff
electrospun fibrous membrane. There was no difference between 0 mm

15584 | RSC Adv., 2019, 9, 15582–15592
(100 mM)membranes. 15 animals per groupwere sacriced at each
time point (2, 4, 8 weeks) aer the surgery and specimens were
obtained for further analysis.

All the surgical procedures were performed according to the
previous study.36,37 Aer the general anesthesia (intraperitoneal
injection of Pentobarbital 40 mg kg�1), the rat was placed in the
lateral decubitus position. A longitudinal incision on the ante-
rolateral aspect of shoulder was made. Then, the deltoid muscle
was separated and rotator cuff tendons were exposed. The
supraspinatus tendon (superior of the scapula) was tied with a 4-
0 Prolene suture (Ethicon, US) as a mark. The tendon was then
sharply cut from the greater tuberosity. The footprint where the
tendon was detached from was totally decorticated and debrided
of the brocartilage remaining on the humeral head with
bleeding. By using an 18-gauge needle, an anterior–posterior
transverse tunnel from the proximal humeral to the footprint was
created. The 3.0 Ethibond suture from end of the tendon was
used to rmly tie over the footprint by passing through the
tunnel, leading tendon attach its insertion site. The deltoid
muscle and skin were closed nally. Aer the operation, all the
animals received medication in next three days. In group 1, no
further biomaterial was implanted. In group 2 and 3, the aligned
PCL electrospun membranes and aligned KGN-PCL electrospun
membranes were implanted in RCT defects, respectively.
Histomorphometric analysis

For histochemical analysis, totally forty-ve animals (each time
each group ve animals) were sacriced at 2, 4, 8 weeks post-
surgery. The tendon–bone specimens were xed at 10% neutral
buffer formalin for 24 hours. Aer the decalcication treatment and
old. (B) Wettability measurement of electrospun fibrous membranes in
olds. (D) Proliferation of rBMSCs on different doses of aligned KGN
and 10–100 mm groups.

This journal is © The Royal Society of Chemistry 2019
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paraffin embedded, the specimens were cut into 5 mm thick
sections in the coronal plane, including the supraspinatus tendon
and tuberosity. Then, the specimens were processed for hematox-
ylin and eosin staining (HE), safranin O/fast green, and Masson
trichrome staining. Aer staining, the specimens were observed by
amicroscope (Leica DM4000 B; Leica, Solms, Germany) and images
were taken with a digital camera connected to the microscope.

In order to evaluate the new brocartilage formation, area of
the tendon–bone interface was stained with safranin O/fast
green. Then, the metachromasia area was observed and pho-
tographed by the microscope. The area was measured with the
ImageJ imaging soware program (National Institutes of
Health, Bethesda, MD) and analyzed to determine the novel
brocartilage formation. Masson trichrome staining was used
to observe the collagen bril-formation in tendon–bone healing
enthesis according to a previous research.38

For immunohistochemistry analysis, tissue specimens were
cut into 5 mm slices and xed with cold acetone. Aer washing
in PBS, the sections were incubated in with rabbit collagen I
(COL, 1 : 200; Abcam) and rabbit collagen II together (COL2,
1 : 200; Abcam). Then sections were then rinsed in PBS for three
times and incubated with secondary antibodies to detect the
COL1 and COL2 in the slices for evaluating the new bro-
cartilage formation in RCT repairs, all the staining sections was
Fig. 2 Effect of different doses of KGN-PCL scaffold on the chondro
analysis of Aggrecan, COL2, SOX9 in rBMSCs treated with KGN-PCL for 2
P < 0.05) (D) qRT-PCR analysis of SCX in rBMSCs treated with different do
10–100 mm groups.

This journal is © The Royal Society of Chemistry 2019
observed by the microscope and images were taken with
a digital camera connected to the microscope.

Biomechanical testing

Forty-ve animals were sacriced for the biomechanical testing
aer surgery at 2, 4, 8 weeks. The humerus was cut from the so
tissues around the glenohumeral joint. The tendon of the
supraspinatus muscle on the humeral head was completely
retained. A digital caliper was used to measure the cross-
sectional area of supraspinatus tendon in the position of its
insertion into the humerus head. The specimen was then tested
by using a custom designed uniaxial testing system. The
supraspinatus tendon and the humerus were rmly xed on the
testing machine with iron wire, keeping the tendon and
humerus head in a straight line. The specimen was preloaded to
0.1 N at the beginning. Then, the specimen was loaded to failure
at the rate of 0.14 mm s�1. We recorded the maximum load to
failure and the failure site in order to reect the healing degree
of the supraspinatus tendon and the humerus head.

Statistical analysis

All the statistics were performed by SPSS soware. One-way
Anova was used to analyze the data, following by Fisher's
cyte-related and tenocyte-related genes expression. (A–C) qRT-PCR
weeks. (*: significant differences between 0 mmand 10–100 mmgroups
ses of KGN-PCL scaffolds. There was no difference between 0 mm and

RSC Adv., 2019, 9, 15582–15592 | 15585
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Table 1 Sequence of primers used for RT-PCR

Gene Forward primer Reverse primer

Aggrecan 50-CCTGGACAAGTGCTATGCTGG-30 30-GCACCACTGACACACCTCGGAA-50

Sox9 50-AGGGTTAAAGTGCCACAGAGGA-30 30-AATGCTTTTCTGGTTCTTGGAGG-50

COL2 50-ACGCTCAAGTCGCTGAACAACC-3 30-CCAGTAGTCTCCGCTCTTCCA-50

SCX 50-CAACGTGCTACTGGTGGGTGA-3 30-GTCTTTCTGTCACGGTCTTTGCT-50
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least-signicant difference (LSD) test for multiple comparisons.
p < 0.05 indicated that there was a signicant difference
between the two comparing group.
Results
Characterization of electrospun brous membranes and KGN
release behavior

Aligned PCL electrospun brous membranes with or without
KGN were fabricated using electrospinning technology. The
morphology of as-obtained membranes was observed using
scanning electron microscopy (SEM) and the results are showed
in Fig. 1A. The two kinds of scaffolds maintained a porous
structure with interconnected pores. However, nanobers of the
aligned KGN-PCL membranes had a uniform parallelism with
a beaded structure, which indicated that KGN was encapsulated
Fig. 3 Histology of rotator cuff tendon–bone healing enthesis, hematoxy
interface; B: bone. Black triangle: degraded membrane fibrous; black ar

15586 | RSC Adv., 2019, 9, 15582–15592
in the nanobers. However, the nanobers in the aligned PCL
were smooth, bead free, and had a uniform parallelism.

Wettability measurement of electrospun brous membranes
in two groups indicated that addition of kartogenin endowed
electrospun brous membranes with better hydrophilicity and
the results are showed in Fig. 1B. The water contact angle of the
hybrid electrospun brous membranes with the addition of
KGN is 110.8 � 3.9�, which is more hydrophilic as compared
with that of pure PCL electrospun brous membranes (127 �
0.6�).

Fig. 1B shows the release behavior of KGN from aligned
PCL electrospun membrane scaffolds. There was a burst
release of KGN from aligned PCL scaffold as 57% KGN was
released aer the KGN-PCL scaffolds were incubated in
phosphate-buffered saline (PBS) for 24 hours. Over the
following 20 days, KGN was constantly released and up to
80% was released by day 20.
lin and eosin-stained at 2, 4, and 8 weeks after the surgery. T: tendon; I:
row: new vascular; black cycle: chondrocytes.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Histology of rotator cuff tendon–bone healing enthesis, metachromasia with safranin O-stained. (A) Representative area of tissue stained
at the tendon–bone interface at 2, 4, and 8 weeks after the surgery. (B) Area of cartilage zone determined by metachromasia with safranin O-
stained slides. The data are presented as the mean � standard deviation. T: tendon I: interface B: bone (*: P < 0.05 versus control group;:: P <
0.05 versus PCL group).
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Proliferation and differentiation of rat bone MSCs (rBMSCs)
on KGN-PCL membranes

The effects of KGN-PCL scaffolds on the proliferation of rBMSCs
were investigated and are shown in Fig. 1C. The rBMSCs
proliferated on all aligned PCL electrospun membranes, which
increased with time from day 1 to 7. In addition, different
amounts of KGN had similar effects on the proliferation of
rBMSCs.

In addition, the effects of all aligned PCL electrospun
membranes containing different amount of KGN (0–100 mM) on
chondrogenic and tenogenic differentiation of rBMSCs are
shown in Fig. 2, including the expression of three specic
chondrocyte-related genes, Aggrecan (Fig. 2A), COL2 (Fig. 2B),
SRY-box 9 (SOX9, Fig. 2C), and tenocyte-related gene scleraxis
This journal is © The Royal Society of Chemistry 2019
bHLH transcription factor (SCX, Fig. 2D). The results suggested
that KGN-PCL containing 10 mM KGN showed no stimulatory
effects on the all three chondrocyte-related genes compared to
the pure PCL membrane. When the concentration of KGN was
increased to 50 mM, although the KGN-PCL membranes still did
not upregulate the gene expression of Aggrecan and SOX9 from
rBMSCs, they upregulated the gene expression of COL2
compared to that of the pure PCL membranes. Further increase
in the KGN concentration of the KGN-PCL membranes to 100
mM, signicantly stimulated the expression of all three
chondrocyte-related genes in rBMSCs compared with that of the
pure PCL membranes. This nding indicated that 100 mM KGN
was the optimal concentration to promote chondrogenisis of
rBMSCs. Higher doses of KGN decreased the biomechanical
RSC Adv., 2019, 9, 15582–15592 | 15587
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properties of the structures according to a previous research
study.13 The effects of PCL and KGN-PCL membranes on the
expression of the tenocyte-related gene SCX is illustrated in
Fig. 2D. The KGN-PCL using electrospun brous membrane did
not improve the tenogenic effects of rBMSCs as there was no
signicant difference among PCL membranes containing
different amount of KGN (0–100 mM) (Table 1).
Histomorphometric and immunohistochemistry analysis

Hematoxylin and eosin (H&E)-stained images are shown in
Fig. 3. Aer the electrospun membranes were implanted for 2
weeks, few chondrocytes were observed in all groups. Compared
with the control and pure PCL group, the tendon (indicated by
“T” in the images)-bone (indicated by “B” in the images) inter-
face (indicated by “I” in the images) in the KGN-PCL group was
lled with broblasts and blood vessels, as shown in the
images. The membranes were still clearly observed in the RCT
site, as indicated by arrow heads in the images. Aer 4 weeks,
bone grew into the interface area and the dividing line between
tendon and bone became unclear in all groups. In the KGN-PCL
group, more brocartilage zones and oriented cells were
observed than in the control and pure PCL groups. Aer 8
weeks, the membranes had degraded in all groups and were not
observed in the samples. In the KGN-PCL group, the
Fig. 5 Histology of rotator cuff tendon–bone healing enthesis, Masson-
interface; B: bone.

15588 | RSC Adv., 2019, 9, 15582–15592
brocartilage zone became more similar to that in the normal
tendon–bone interface and the cells aligned more regularly
than those in the control and pure PCL groups.

New brocartilage formation was determined using safranin
O/fast green staining (Fig. 4A) and the expression of glycos-
aminoglycan (red stained area) at the tendon–bone healing
interface at all time points was quantitatively determined based
on the glycosaminoglycan-positive stained surface area
(Fig. 4B). Aer 2 weeks, the glycosaminoglycan-positive stained
surface in the KGN, PCL, and control groups was 361 694 �
26 244, 279 195 � 28 105, and 196 728 � 24 193 mm2, respec-
tively. Aer 4 weeks, the glycosaminoglycan-positive stained
area surface in KGN group, PCL group and control group was
528 527 � 25 427, 456 748 � 22 593, and 349 650 � 26 940 mm2,
respectively. At 8 weeks the glycosaminoglycan positive staining
area surface in KGN group, PCL group and control group was
643 125 � 49 970 mm2, 556 266 � 36 754 mm2, and 470 534 �
36 161 mm2, respectively. All groups showed increased expres-
sion of glycosaminoglycan with time, and that of the KGN-PCL
group was consistently highest, which indicated that the KGN-
PCL membrane improved cartilage regeneration. Further-
more, the expression of glycosaminoglycan in the PCL group
was higher than that in control group was at all time points,
which suggested that aligned PCL membranes also stimulated
cartilage regeneration.
trichrome stained at 2, 4, and 8 weeks after the surgery. T: tendon; I:

This journal is © The Royal Society of Chemistry 2019
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Novel collagen-bril formation was further determined
using Masson trichrome staining and the results are shown in
Fig. 5. Aer 2 weeks, the KGN-PCL group showed the highest
level of collagen-bril among all the groups although the levels
were not high in all groups. Aer 4 and 8 weeks, the amount of
collagen-bril in all groups increased with time. Compared with
the control and PCL groups, there were more collagen bers in
the tendon–bone interface of the KGN-PCL group. In addition,
the collagen-brils in the KGN-PCL and PCL groups were much
better organized than those in the control groups.

The immunohistochemical staining demonstrated the COL1
protein expression of tenocytes and broblasts. Fig. 6 shows
that there was more COL1 in the tendon tissues than there was
in the TBJs in all groups at all time points. At 2 weeks, there was
no signicant difference in COL1 expression in the different
groups. At 4 and 8 weeks, the expression of COL1 increased with
time in all groups at the TBJ. In addition, the expression of
COL1 in the KGN-PCL and PCL groups was higher than that in
the control group was. COL2 immunohistochemical staining
demonstrated the COL2 protein expression in chondrocytes. It
can be seen in Fig. 7 that the new brocartilage formation
increased with time at the TBJ in all groups. In addition, there
was a higher expression of COL2 in the TBJs of the KGN-PCL
than in other groups at all time points. This observation indi-
cated that the KGN-PCL membranes stimulated brocartilage
Fig. 6 Immunohistochemistry assay of collagen I in rotator cuff tendo
interface; B: bone.

This journal is © The Royal Society of Chemistry 2019
more in the KGN-PCL group than in the PCL and control groups
of formation.

Biomechanical testing

As shown in Fig. 8A, the ultimate load to failure in KGN-PCL
group showed no signicant difference compared to that in
the control and PCL group at 2 weeks aer the surgery. At 4
weeks, the ultimate load to failure in the KGN, PCL, and control
group was 22.1 � 0.5 N, 19.4 � 1.4 N and 15.3 � 0.7 N,
respectively. At 8 weeks, the ultimate load to failure in the KGN,
PCL, and control groups were 29.7 � 1.6, 25.5 � 0.2,2 and 0.7 �
0.5 N, respectively. It can be seen that the ultimate load to
failure increased with time in all groups. Aer 4 and 8 weeks,
the ultimate load to failure in PCL group was higher than that in
the control group, which indicated the aligned PCL brous
membrane could improve the biomechanical properties in
repairing site. Furthermore, the ultimate load to failure in the
PCL-KGN group was highest among the three groups at 4 and 8
weeks, which suggested that the aligned KGN-PCL group could
further improve the biomechanical properties, leading to
effective repair of RCT.

The result of the examination of the cross-sectional area of
the tendon–bone healing enthesis is showed in Fig. 8B. At 2
weeks, there was no difference between the control and exper-
imental groups. At 4 weeks, the PCL and KGN-PCL groups both
n–bone enthesis at 2, 4, and 8 weeks after the surgery. T: Tendon; I:

RSC Adv., 2019, 9, 15582–15592 | 15589
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showed signicant difference compared to the control group
while there was no difference between the PCL and KGN-PCL
groups. At 8 weeks, the cross-sectional area of KGN-PCL group
was signicantly higher than that of the other two groups,
which indicated that KGN-PCL inuenced tissue regeneration 8
weeks aer the operation.
Discussion

To date, RCT is still a major challenging disease in clinics as the
rotator cuff can easily rupture aer surgery.39,40 The TBJs are
hard to heal at the repair site because the brocartilage tran-
sition zone in TBJs cannot completely regenerate when the
tendon–bone healing is according to the results of the histo-
pathological studies.8,9 Different methods have proposed
improve tendon–bone healing, including application of cells,
biomaterials, and growth factors.41–44 It has been reported that
aligned electrospun brous membrane can enhance cell
proliferation and promote tenogenesis due to its instructive
microenvironment,29,30 leading to the repair of RCT. However,
single application of aligned electrospun brous membrane to
tendon–bone healing site is insufficient for stimulating the
regeneration of brocartilage transition zone. As electrospun
brous membranes have been widely used as a sustained drug
delivery system19 and KGN has been reported to be able to
induce chondrogenic differentiation of BMSCs and stimulate
Fig. 7 Immunohistochemistry assay of collagen II in rotator cuff tendo
interface; B: bone.

15590 | RSC Adv., 2019, 9, 15582–15592
formation of cartilage tissues.13 Combined use of aligned elec-
trospun brous membrane and KGN in tendon–bone healing
was proposed in the present study. Our ndings rst demon-
strated that KGN could constantly release from aligned bers in
20 days aer it was encapsulated in aligned electrospun brous
membranes. In addition, the aligned electrospun brous scaf-
folds loading KGN promoted the proliferation of rBMSCs and
induce the chondrogenic and tenogenic differentiation of
rBMSCs. Aer implantation, compared to the PCL membranes,
KGN-PCL membranes increased the amount of collagen bers
and promoted healing of the brocartilage zone, resulting in
the improvement of pull-out strength at healing enthesis of
TBJs.

KGN has been proven effective in tendon–bone healing;
however, single topical injections into the repair site of RCT
may not be optimal.14 This is because KGN has not been
conrmed to act at the repair site15 because of the circulation of
body uids. To address solve this problem, growth factors or
biological small molecules were encapsulated in electrospun
brous membranes to determine the local release of the bio-
logical molecules and nally improve tendon–bone regenera-
tion.45 For example, basic broblast growth factors have been
loaded into electrospun brous membrane to enhance tendon–
bone healing in RCT.46 In this study, KGN was encapsulated in
aligned electrospun brous membrane, which prevented it
from diffusing into the surrounding area and maintained its
n–bone enthesis at 2, 4, and 8 weeks after the surgery T: tendon; I:

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Result of biomechanical test of tendon–bone junction. (A)
Ultimate load to failure. (B) Cross-sectional area. The results are the
means � standard deviation (*: P < 0.05 versus control group; :: P <
0.05 versus PCL group. n ¼ 5 each group).
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biological effects at the repair site for 20 days. Therefore,
aligned electrospun brous membranes prolonged the KGN
duration of action, which might be one of the reasons for the
enhanced cartilage formation in tendon–bone enthesis.

The failure rate of tendon–bone healing aer RCT repair
surgeries is still high because the brocartilage transition zone
in tendon–bone enthesis is hard to regenerate.2–5,47 The bro-
cartilage transition zone can enhance the strength of tissue
bonding between tendon and bone. In this study, local appli-
cation of aligned PCL electrospun brous membranes
improved brocartilage formation and collagen organization at
the tendon–bone enthesis with the control group. We supposed
that the aligned PCL electrospun brous membrane served as
a provisional matrix in the phase of tendon–bone healing and
promoted tenogenesis, leading to the alignment of newly
synthesized collagen bers. Since PCL electrospun brous
membrane with aligned nanobers have the structural stimu-
latory effects and KGN has the chemical stimulatory effects on
RCT repairs KGN was previously shown to promote stem cells
proliferation and differentiation into chondrocytes.13,14,17 We
found that the effects of KGN on chondrogenic differentiation
of rBMSCs was dose-dependent and high-dose KGN (100 mM)
showed the highest stimulatory effects, which may have
enhanced the enthesis healing by improving brocartilage
formation and collagen organization.

Biomechanical testing is used to evaluate whether the
biomechanical properties of the repair site can be improved by
This journal is © The Royal Society of Chemistry 2019
the application of scaffolds. Biomechanical properties are
important for tendon–bone healing as they can conrm that the
tendon–bone enthesis are not lax and forces are efficiently
transmitted across the enthesis to the bone.48 Xu et al. reported
that aligned poly(L-lactide-co-3-caprolactone)/collagen scaffolds
improved the biomechanical properties of rabbit patella
tendons.49 In the present study, the cross-sectional area and
ultimate load to failure of RCT repaired with pure PCL were
higher than those of the control 4 and 8 weeks, which indicated
that the electrospun membranes with aligned nanobers
enhanced the mechanical strength of regenerated RCs. Inter-
esting, the cross-sectional area and ultimate load to failure of
RCT repaired in the KGN-PCL groups were even higher than
those of PCL group were. This nding indicates that the
combined use of KGN and electrospunmembranes with aligned
nanobers could signicantly improve the biomechanical
properties, leading the effective repair of RCT.

Conclusion

In this study, we rst combined a PCL electrospun brous
membrane with aligned nanobers and KGN for healing
tendon–bone interface in RCT. In this system, the PCL elec-
trospun brous membrane with aligned nanobers not only
acted as the KGN delivery system to ensure its constant release
in the defect site for 20 days but also might have served as
a structural guide for the alignment of newly synthesized
collagen bers in the tendon–bone interface. In addition, KGN
had chemical stimulatory effects on brocartilage synthesis and
100 mM stimulate the chondrogenic differentiation of rBMSCs.
Therefore, PCL electrospun brous membrane with aligned
nanobers encapsulating KGN could enhance tendon–bone
healing in RCT by promoting brocartilage formation and
collagen organization and strengthen the healing enthesis.
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