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ft coated with silk fibroin via EDC/
NHS crosslink on graft-bone healing in ACL
reconstruction

Chengchong Ai, a Jiangyu Cai,a Jun Zhu,b Juan Zhou,b Jia Jiang*a and Shiyi Chen*a

Anterior cruciate ligament (ACL) reconstruction under arthroscopy using (PET) artificial ligaments helps to

return to sport earlier compared with using autografts and allografts, but defective biocompatibility of PET

worries surgeons. The purpose of this study is to investigate whether silk fibroin coating on PET via EDC/

NHS crosslink could promote the compatibility of PET and enhance graft-bone healing. SF was

immobilized on the surface of PET ligaments via EDC/NHS crosslinking method. Changes in the surface

properties were characterized by scanning electron microscope (SEM), water contact angle

measurement, and Fourier transform infrared spectra (FTIR). SF coating enhanced the hydrophilia of PET.

In vitro studies by culturing BMSCs demonstrated that SF coating could improve BMSCs proliferation and

increase the expression level of BMP-2, OCN, collagen I. Rabbit ACL reconstruction model was applied

to observe the graft-bone healing process in vivo. The histological results proved that SF coating

promoted graft-bone healing. However, the histological improvement was not translated into significant

amelioration in biomechanical results and micro-CT analysis. In conclusion, SF coating via EDC/NHS

crosslink improved the graft-bone healing of PET ligaments within the bone tunnel, which might

positively influence the outcome of ACL reconstruction.
1. Introduction

The anterior cruciate ligament (ACL) is of great importance to
maintain a good stability and motion function of knee, while it
is also the most frequently injured ligament in the knee joint,
which may result in knee instability, meniscus injury, and
articular cartilage injury.1 ACL reconstruction under arthros-
copy has become the golden standard for the treatment of ACL
rupture, especially for those suffering from acute injury and
preserving remnants of ligament.2 Autogras and allogras are
recognized as the optimal choice in clinical, but they have been
recently overtaken by articial ligaments which can not only
avoid donor site morbidity and disease transmission, but also
ensure a fast recovery and quick return to sport because of its
strong mechanical property.3 Ligament Advanced Reinforce-
ment System (LARS; Surgical Implants and Devices, ArcsuiTille,
France) ligament, made of polyethylene terephthalate (PET)
material, is the most commonly-used articial gra for ACL
reconstruction at present, producing satisfactory results in the
reconstruction of knee ligaments.4–6 However, there are still
many failure cases as the clinical follow-up studies have
observed, including synovitis, bone tunnel enlargement, and
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gra rupture. Especially, at the gra–bone interface interposed
a layer of brous scar tissue,6 which is ascribed to the lack of
good biocompatibility for osseointegration in the bone tunnel.

Silk broin (SF) have been used as sutures for centuries
clinically and receives more and more concern due to its
biocompatibility, slow degradability and remarkable mechan-
ical properties for biomaterial application including the engi-
neering of bone, cartilage, skin, ligaments, tendons, and
cardiac tissue.7–11 A silk broin structure was designed to
support the attachment, expansion and differentiation of cells,
and its tensile force was capable of matching the mechanical
requirement of ACL, which revealed its great potential for ACL
repair.12 Moreover, it was proven to be effectual to fabricate
mesenchymal stem cells seeded silk scaffold for pig ACL
regeneration model in which ligament–bone interface with
typical four zone (e.g., bone, mineralized brocartilage, bro-
cartilage, and ligament) was observed.13 It was proved that silk
scaffolds with additional cell seeding can promote the ligament
tissue regeneration in rabbit ACL reconstruction model and
sheep ACL reconstruction model.14,15 These ndings revealed its
potential for osseointegration and ligamentization required by
gra-healing process.

However, the effect of silk scaffold is time-limited due to its
biodegradation, and premature collapse of the silk structures
would result in necrosis.16 It was reported SF bers lose the
majority of their tensile strength within 1 year in vivo generally.7

Aerwards, it is doubtful whether newly born tissue is strong
RSC Adv., 2017, 7, 51303–51312 | 51303
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Fig. 1 (a) Gross view of PET sheets. (b) The femur-graft-tibia complex
harvested 12 weeks after a surgery, red arrow pointed to PET ligament.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 4

/1
/2

02
6 

6:
36

:5
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
enough to bear the required tensile strength of ACL. The
stability of PET ligaments can help to make up for this weak-
ness. Besides, the good biocompatibility of SF exactly conforms
to the clinical requirement for PET ligaments. Coating on gra
surface is a considerable method to induce osseointegration.17

In our previous study, SF exhibited its great potential as the
modied material of PET to enhance osseointegration.18 In
order to improve the coating adherence, we utilized cross-
linking method to modify PET surface in the current study. 1-
Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) facilitates
to bond carboxyl and amidogen to form an amide bond as
crosslinking material; N-hydroxysuccinimide (NHS) contributes
to improve the stability of EDC crosslinking products.19 EDC/
NHS crosslinking is frequently used to stabilize biomaterials
with well-dened pore geometry especially collagen-based
scaffolds for optimal cell inltration.20,21

We hypothesized that SF coating via EDC/NHS crosslink has
a positive effect in promoting the compatibility of PET thus
enhancing gra-bone healing aer implantation. To be specic,
the current study was carried out in terms of three folds: (1) to
prove the effectiveness of EDC/NHS crosslinking method for
modifying PET with SF; (2) to compare the performance of bone
marrow stromal cells (BMSCs) in vitro before and aer SF
coating onto PET; (3) to observe the process of gra-bone
osseointegration in rabbit ACL reconstruction model. To
obtain an efficient method to modify PET is signicant to
fabricate an ideal articial ligament meeting the clinical needs.

2. Experimental section
2.1 SF coating preparation and immobilization on PET
sheets

Silk broin was prepared according to established procedures.22

Bombyx mori silk was degummed by means of boiling in 5 g L�1

Na2CO3 solution for 1 h. Aer sericin was removed, the
degummed silk was dissolved in CaCl2/H2O/C2H5OH ternary
solvent for 40 min at 80 �C, specically 1 g degummed silk
broin in 10 mL ternary solvent, followed by ltering and dia-
lyzing against deionized water with a 14 000 molecular weight
cutoff dialysis membrane for 72 h at room temperature. The
dialyzed solution was collected that was 3% (w/w) aqueous
regenerated SF solution. Silk broin powder was prepared by
casting the solution in freeze dryer at �80 �C.

PET sheets were dipped in absolute ethyl alcohol solution for
30 min and treated by ultrasonication for 10 min. The cleaned
PET sheets were boiled in NaOH aqueous solution for 1 h to
expose carboxyl and washed with a large amount of deionized
water, named PET–COOH group. The SF coating through EDC–
NHS crosslink was prepared.23 Firstly, the carboxyl-exposed PET
sheets were immersed in MES buffer (pH ¼ 5.5) for 2 h.
Secondly, EDC (0.1 M) and NHS (0.005 M) were mixed into the
buffer and reacted for 3 h with stir. Thirdly, silk broin powder
was added into the solution (10 mgmL�1). Aer 24 h PET sheets
coated with SF were taken out of the solution and dried at room
temperature, which were named PET–EDC–SF group. Besides,
PET sheets were immersed in MES buffer (pH ¼ 5.5) for 2 h and
then silk broin powder was added into the solution (10 mg
51304 | RSC Adv., 2017, 7, 51303–51312
mL�1) without the addition of EDC and NHS, named PET–SF
group. The control group was processed by the same procedures
except the addition of silk broin powder, named PET group.

PET sheets (Fig. 1a) with porosity of 73.4 � 3.2% (274.0 �
13.1 g mm�2) were tailored into 8 � 8 mm2 for cell culture. As
for animal experiment, they were rolled into cylindrical gras
that were 6 cm in length and 2 mm in diameter. All sheets for
cell culture and gras for animal implantation were immersed
in 75% ethanol for 30 min and then irradiated by ultraviolet for
20 min. They were dried on the ventilated clean bench aer the
sterilizing process.

2.2 Characterization of PET–EDC–SF sheets

The surface morphology of PET and PET–EDC–SF samples was
observed by scanning electron microscope (SEM; S-4800; Hita-
chi) at 10 kV accelerating voltage. Surface wettability was char-
acterized by static water contact angle measurement (JC2000C1;
Zhongchen Co., Ltd.). The Fourier transformation infrared (FT-
IR) spectra was recorded on a Nicolet 6700 FT-IR spectrometer
by the accumulation of 32 scans with a resolution of 4 cm�1 and
a spectral range of 4000–400 cm�1. The thermogravimetric
analysis (TGA) was performed to measure the quantity of SF
coated on PET using Linseis STA PT1600 instrument. The
samples were heated from 25 to 600 �C at a heating rate of
10 �C min�1. The TGA was carried out in nitrogen with the ow
rate of 4 L min�1. Based on the change in weight at different
temperatures, the quantity of SF in the PET–EDC–SF group and
the PET–SF group was calculated respectively. Samples with
a length of 5 cm and a sectional area of 0.12 mm2 were applied
to measure the tensile strength by an electronic universal
testing machine (CXT-4104, MTS Systems Corporation, Eden
Prairie, MN, USA). The strain rate and gage length in the
measurements were 5 mm min�1 and 30 mm. Furthermore,
SEM was used to observe the SF coating morphology aer
mechanical analysis.

Aer vacuum drying, 20 � 10 mg samples were incubated at
37 �C in a 5 mL of PBS (pH ¼ 7.4). PBS solution was replaced
freshly every 24 h and samples were weighed aer being
washing with distilled water for 6 times (each for 60 s), dehy-
drating in air for 12 h and drying in oven at 60 �C for 1 h. The
percentage of weight loss of PET–EDC–SF sheets aer different
period of degradation was calculated using the formula: L¼ (W0
This journal is © The Royal Society of Chemistry 2017
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� W1)/W0, where L represents weight loss, W0 represents the
initial weight of the sample (mg) and W1 represents the nal
weight of the sample (mg). The time points were set as 1 d, 3 d, 5
d and 7 d, respectively. The degradation rate was evaluated by
calculating the slope of each time period.
2.3 Culture of BMSCs on PET–EDC–SF sheets

BMSCs were isolated from the femurs of SD rats aged 8 weeks
and cultured in Dulbecco's Modied Eagle's Medium (DMEM,
Invitrogen) supplemented with 10% fetal bovine serum (Invi-
trogen) at 37 �C with 5% CO2 in an incubator. 0.25% trypsin was
added for a 1 : 2 passage when cell density reached 80%. The
PET and PET–EDC–SF sheets were placed in the bottom of 24-
well plates and dipped in 500 mL complete medium for 30 min.
The complete medium was removed prior to cell seeding. The
BMSCs at passage three were collected by trypsin digestion
method. The cell density was adjusted by adding complete
medium into the cell suspension. Cell counting was performed
aer trypan blue staining in order to obtain a cell density of 1 �
105/mL. 500 mL cell suspension was added into each well with
one sheet at the bottom. Aer 24 h of cell culture the sheets were
transferred into another 24-well plate, followed by adding 500
mL complete medium in each well. Medium was renewed every 2
days thereaer.

Aer culture for 7 d, the sheets were xed by 2.5% glutaral-
dehyde 2 h and followed by dehydration with graded ethanol
and observed by eld-emission scanning electron microscopy
(FESEM; Ultra55). The sheets were sputtered with gold for 180 s
at a current of 10 mA. The accelerating voltage was 20 kV and
the magnications were 500� and 1000�.

Cell counting was performed using CCK-8 assay at different
time points (1, 3, 5, and 7 days) (n ¼ 3). 50 mL CCK-8 solution
(Dojindo, Tokyo, Kumamoto, Japan) was added into each well
and reacted for 4 h in the incubator. 100 mL of supernatants
were transferred to a 96-well plate andmeasured at 450 nm with
a microplate reader (MultiSkan FC; Waltham, MA, USA). The
standard curve was established according to the instruction of
the kit to calculate the corresponding cell number of each
specimen.

The differentiation performance at 3 and 7 d was investi-
gated at the mRNA level by real-time PCR. Total RNA was
extracted by Trizol reagent (Invitrogen) and converted to cDNA
with M-MLV and reverse transcription primer OlogdT18.
Reverse and forward primers for target genes (BMP2, OCN,
Table 1 Premiers for RT-PCR analysis

Accession number Gene

NM_017178.1 BMP2

NM_013414.1 OCN

NM_053304.1 Collagen I

NM_031144.3 Beta actin

This journal is © The Royal Society of Chemistry 2017
collagen I) and housekeeping gene (Beta actin) were listed in
Table 1. The 20 mL PCR reaction system contained 10 mL SYBR
Premix Ex Taq, 0.2 mL primer (20 mmol L�1), 2 mL cDNA
template, and dH2O. The system reaction was conducted under
the following conditions: 95 �C for 5 min, followed by 42 cycles
of amplication, consisting of a denaturation step at 58 �C for
10 s and an extension step at 72 �C for 10 s. The experiment was
done in quintuplicate. The expression of target genes was
normalized against Beta actin. Relative gene expression values
were calculated by 2DDCt method.

Furthermore, the differentiation performance at 3 and 7
d was investigated at the protein level by western blot analysis.
Total protein was extracted from cells cultured for 3 and 7 d.
The concentration of the protein sample was measured by BCA
protein assay (Pierce, IL, USA) in strict accordance with the
manufacturer's instructions. Protein samples (10 mL per lane)
were separated by 11% SDS-PAGE at 110 V for 90 min and the
gel was stained with Ponceau S. The proteins were transferred to
PVDF membranes using the wet transfer (400 mA, 90 min). The
members were blocked in TBST containing 5% nonfat milk at
room temperature for 2 hours and incubated with the primary
antibodies (Santacruz, CA, USA) (anti-Beta actin, 1 : 1200; anti-
BMP2, 1 : 600; anti-OCN 1 : 400; anti-collagen I, 1 : 300) at
4 �C overnight. The blots were then rinsed with TBST three
times and incubated with the secondary antibody (Santacruz)
(rabbit anti-mouse IgG, 1 : 3000) for 2 hours. ECL chem-
iluminescence substrates (Pierce) and X-ray lm were used to
detect the bands, and relative optical densities were analyzed
with the image processing soware (Totallab V1.10). The
experiment was done in quintuplicate. Relative contents of
proteins were calculated by dividing the optical density of the
target band with the optical density of the beta-actin band.
2.4 Animal experiment

All animal experiment procedures were approved by the Animal
Research Committee of Shanghai Jiaotong University Animal
Science Department. All procedures were performed following
the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health and the Animal Welfare Act. Forty-
six mature male New Zealand rabbits (average weight 2.8 � 0.5
kg) underwent an ACL reconstruction procedure randomly
divided into two groups: PET group and PET–EDC–SF group.
Anesthesia was induced by 3% pentobarbital (30 mg kg�1). Aer
disinfection and incision along the medial border of the patella,
Sequence

F: 50-AAAGCGTCAAGCCAAACACAAACA-30

R: 50-GAGGGGCCACGATCCAGTCAT-30

F: 50-ACTCCGGCGCTACCTCAACAATG-30

R: 50-TGGTCCGCTAGCTCGTCACAAT-30

F: 50-TCCTGACGCATGGCCAAGAAGACA-30

R: 50-ACAGCACTCGCCCTCCCGTTTTTG-30

F: 50-AACCCTAAGGCCAACCGTGAAAAG-30

R: 50-CGACCAGAGGCATACAGGGACAAC-30

RSC Adv., 2017, 7, 51303–51312 | 51305
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Fig. 2 SEMmorphology of PET (a) and PET–EDC–SF (b), bar ¼ 10 mm.
Water contact angle image of PET (c) and PET–EDC–SF (d). FTIR (e) of
PET, PET–COOH, PET–SF and PET–EDC–SF. TG curves (f) of PET,
PET–COOH, PET–SF and PET–EDC–SF. Mechanical test of PET, PET–
COOH, PET–SF and PET–EDC–SF (g, j). SF morphology in the PET–SF
group (h) and PET–EDC–SF group (i) after mechanical test. Bar ¼ 10
mm. The degradation rate of PET–EDC–SF group (k).
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the patella was pushed to the lateral to expose the native ACL,
then remove the ACL from the anatomical insertion sites. A 2
millimeter-diameter bone tunnel was drilled in the femoral and
tibial insertion sites of the ACL. The PET–EDC–SF gra or PET-
gra was pulled into one randomly chosen leg as the experi-
mental group or control group. It was sutured with adjacent
periosteum and so tissue around the tunnel entrance. The
wound was washed with normal saline and closed layer by layer.
The animals were returned to their cages without immobiliza-
tion. Ten rabbits in each group were sacriced 6 weeks post-
operatively and thirteen rabbits in each group 12 weeks
postoperatively.

2.5 Histological examination

The femur-gra-tibia complexes (Fig. 1b) were harvested in each
group (n¼ 5) 6 and 12 weeks aer surgery respectively and xed
in 10% formalin for 48 h. Then they are embedded in a meth-
ylmethacrylate compound for the histological analysis of the
gra–bone interface. The samples were sectioned with a thick-
ness of 5 mm perpendicularly to the longitudinal axis of the
tibial tunnel using a microtome (SM2500; Leica, Nussloch,
Germany). These sections were stained with hematoxylin and
eosin (H&E). Masson trichrome stain was performed for the
sections at the time point of 12 weeks postoperatively. All of the
images were visualized using inverted light microscopy
(IX71SBF-2, Olympus Co., Japan) and recorded using a DP
Manager (Olympus Optical Co., Japan). Histomorphometric
analysis was performed based on the results of H&E staining.
Three sections taken at the middle portion of the bone tunnel
were adopted and each section was divided into 4 quadrants in
which the interface width was measured refereed to the
distance between the edge of the bone tunnel and the outer
gra under 200�magnication. The average interface width for
each specimen was determined by a total of 12 measurements.
The investigator who performed the histomorphometric anal-
ysis was blinded to the group to which the specimen belonged.

2.6 Mechanical testing

The femur-gra-tibia complexes were harvested in each group
(n ¼ 5) 6 and 12 weeks postoperatively and prepared for
mechanical test. All scar tissue and sutures need removing from
the bone tunnel exits before xing the complexes on the Instron
machine (8874; Instron Co., Norwood, MA, USA). The femoral
bone and tibial bone were immobilized rmly by clamps verti-
cally. Aer being xed rmly, the samples were preloaded with
a static preload of 1 N for 5 minutes followed by loading with an
elongation of 2 mmmin�1 until the grawas ruptured or pulled
out of the bone tunnel. The ultimate failure load and the stiff-
ness were recorded.

2.7 Micro-CT analysis

The femur-gra-tibia complexes were harvested in each group
(n ¼ 3) 12 weeks aer surgery respectively and xed in 10%
formalin for 48 h. Skyscan 1176 micro-CT imaging system
(Bruker, Kontich, Belgium) was utilized to perform micro-
computed tomography (micro-CT) analysis with three-
51306 | RSC Adv., 2017, 7, 51303–51312
dimensional reconstructions at a spatial resolution of 18 mm
(1 mm aluminum lter, 65 kV, 378 mA). NRecon, Data Viewer,
and CTvox (SkyScan) were performed to analyse the data. Two
sections at proximal and distal femoral bone tunnel and two
sections at proximal and distal tibial bone tunnel were chosen
to measure the bone tunnel area respectively with ImageJ so-
ware (National Institutes of Health, USA). The investigator who
performed the micro-CT data analysis was blinded to the group
to which the specimen belonged.
2.8 Statistic analysis

The mean and standard deviation were used to describe the
data, and the data analysis was performed using the Stata10.0
soware (Stata Corp, USA). Comparison of the quantitative
results were carried out using a Student's t-test. All P-value were
two-sided and the statistical signicance level was set to 0.05.
3. Results
3.1 Characterization of sheets

SEM observations of PET sheets and PET–EDC–SF sheets were
shown in Fig. 2a and b. The surface of PET was wrapped by
a layer of rugged lm aer the application of SF coating, which
is originally smooth. In the water contact angle tests, the droplet
of water adhered on the surface of pure PET stably but pene-
trated into sheets of PET–EDC–SF quickly. Dynamic contact
angle measurement was utilized and the image was chosen to
measure the transient contact angle 0.4 s aer 5 mL water
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Scanning electron micrographs of BMSCs cultured on PET (a) and PET–SDC–SF (b) for 7 days. Bar ¼ 10 mm. (c) Proliferation of BMSCs of
PET group and PET-SF group by CCK-8 assay. (d) Gene expression level of BMP-2, collagen I andOCN relative to beta actin in BMSCs cultured for
3 and 7 d in PET group and PET–SF group by real-time PCR analysis. The upper histograms showed Ct value calculated by 2DDCt method, the
lower images were PCR production electrophoretogram. (e) Protein expression level of BMP-2, collagen I and OCN relative to beta actin in
BMSCs cultures for 3 and 7 d in PET group and PET–SF group by western blot analysis. The upper histograms showed optical density results, the
lower images showed the target bands. *p < 0.05, **p < 0.01.
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dropped on the surface of PET–EDC–SF sheets. The contact
angle decreased from 106� to 58.5� aer the application of SF
coating (Fig. 1c and d). Increase of surface roughness and
improvement of hydrophilicity were acquired by using SF
This journal is © The Royal Society of Chemistry 2017
coating. FTIR was used to detect the SF secondary structure. In
Fig. 2e, the broad and strong peak at 3369 cm�1 (assigned to
–OH vibration) exhibited aer PET was boiled in NaOH aqueous
solution, which demonstrated that carboxyl groups on the
RSC Adv., 2017, 7, 51303–51312 | 51307
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Fig. 4 (a) H&E staining results of PET group and PET–EDC–SF group.
(b) Masson staining results of PET group and PET–EDC–SF group 12
weeks after surgery (HB, host bone; IF, interface; GF, graft; black arrow
pointing to PET fiber).

Fig. 5 3D views from the front (a) and two sides (b and c), the white
arrow pointing to the tibial aperture of bone tunnel and the yellow
arrow pointing to the femoral aperture of bone tunnel, red lines
illustrated the positions of four sections in a sample. Four sections
randomly cut out from one sample in the PET–EDC–SF group (d–g)
and in the PET group (h–k) tomeasure the cross sectional area of bone
tunnel (marked with the red color), two sections from tibia and two
section from femur.
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surface of PET were exposed. The peak at 3280 cm�1 exhibited
aer SF coating was attributed to hydrogen bond of SF. The
characteristic peak 1527 cm�1 in amide II region and 1622 cm�1

in amide I region veried the SF b-sheet structure. Thermal
characteristics (Fig. 2f) showed the weight loss at 386 �C and
426 �C was due to the decomposition of PET and the weight loss
at 244 �C was due to the decomposition of SF.24,25 The quantity
of SF in the PET–EDC–SF group and the PET–SF group were
7.4% and 6%. As shown in Fig. 2g, aer being boiled in NaOH
aqueous solution, PET samples exhibited a decline in tensile
strength. However, the tensile strength of the PET–EDC–SF
group 528.3 � 3.51 MPa was higher than that of the PET–SF
group 484.0 � 3.61 MPa (P < 0.01) (Fig. 2j). Besides, SF coating
on both the PET–SF group and the PET–EDC–SF group exhibi-
ted cracks aer mechanical testing (Fig. 2h). The remaining SF
in the PET–EDC–SF group was more than that in the PET–SF
group. Aer incubated in PBS, the weight loss of samples
increased with exposure time (Fig. 2k). Aer 7 d, the weight loss
of the scaffolds incubated in PBS is about 4.7%.
3.2 Proliferation, differentiation of BMSCs on PET sheets

The scanning electron micrographs (Fig. 3a and b) showed that
the majority of cells in both group had circular shapes. The cells
cultured for 7 days in the PET–EDC–SF group exhibited polygon
and spindle shape. Filopodia were obviously observed in the
PET–EDC–SF group through which cells adhered on the
51308 | RSC Adv., 2017, 7, 51303–51312
substrate. Besides, the extracellular matrix secretion was
promoted in the PET–EDC–SF group.

As shown in Fig. 3c, the CCK-8 results revealed that the
BMSCs proliferated with time on both group of the sheets. The
cells in the PET–EDC–SF group exhibited a higher proliferation
level than those in the PET group aer cultivation of 1, 3, 5 and 7
days. The different proliferation levels have statistical signi-
cance except the result of culture for 1 day. The mRNA and
protein expression levels of BMP-2, collagen I and OCN were
measured quantitatively by RT-PCR and western blot respec-
tively (Fig. 3d and e). Aer culture for 3 days, the BMP-2,
collagen I and OCN mRNA level between PET group and PET–
EDC–SF group exhibited no signicant difference. Aer culture
for 7 days, BMP-2, collagen I and OCN mRNA level in the PET–
EDC–SF group were obviously upregulated compared with the
PET group. Furthermore, the protein expression level of three
targeted genes showed the same trend with the mRNA expres-
sion level.
3.3 In vivo osseointegration ndings

The histological results of H&E staining were shown in Fig. 4a.
There was a sharp dividing line between PET bers and self-
tissue in the PET group 6 weeks aer surgery. In the PET–
EDC–SF group self-tissue was penetrating to PET bers. At 12
weeks, gra and bone contacted closely and PET bers were
encircled by self-tissue in the PET–EDC–SF group. However,
thick brous tissue exhibited at the interface of the PET group.

The Masson staining results (Fig. 4b) indicated the same
process. There were a mass of inammatory cells around the
PET bers in the PET group 12 weeks aer surgery, meanwhile
the PET bers in PET–EDC–SF group were almost encircled by
collagen.
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Quantitative analysis of graft–bone interface width. *P < 0.05,
**P < 0.01.
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Micro-CT images were shown in Fig. 5. The average cross
sectional area of bone tunnel in the PET–EDC–SF group was
smaller than that in the PET group, but there was no signicant
difference between the two groups (3.254 � 0.128 cm2 vs. 4.250
� 0.507 cm2, P > 0.05).

Histomorphometric analysis (Fig. 6) showed that the gra–
bone interface width in the PET–EDC–SF group was smaller
than those in the PET group at the 6th week (291.00 � 6.24 mm
vs. 313.20 � 5.45 mm, P < 0.01) and 12th week (175.40 � 14.94
mm vs. 242.20 � 31.61 mm, P < 0.01) aer surgery.
3.4 Mechanical testing

No gra ruptured in the mechanical analysis and all samples
were pulled out from the bone tunnel. The mechanical results
were showed in Fig. 7a and b. The failure loads of PET group
Fig. 7 Mechanical examinations for graft-bone healing. Comparison
of maximal failure load (a) and stiffness (b) of PET group and PET–SF
group. *P < 0.05, **P < 0.01.

This journal is © The Royal Society of Chemistry 2017
and PET–EDC–SF group were almost equal at 6 weeks post-
operatively (46.00� 4.08 N vs. 46.60� 4.16 N, P¼ 0.0833). At the
12th week, the failure load of PET–EDC–SF group was higher
than that of the PET group, but still no signicant difference
between the two groups (66.02 � 6.08 N vs. 70.05 � 6.48 N, P ¼
0.0801). There was no statistically signicant difference in the
stiffness value between the PET group and PET–EDC–SF group
at two time points (4.39� 0.30 Nmm�1 vs. 4.77� 0.61 Nmm�1,
P ¼ 0.1737; 6.23 � 0.78 N mm�1 vs. 6.46 � 0.83 N mm�1, P ¼
0.1227).

4. Discussion

The selection of ACL gras is a quite controversial issue for ACL
reconstruction under arthroscopy around the world.26,27 Arti-
cial ligament made of PET material is in the spotlight owing to
its good clinical follow-up outcomes.28,29 In spite of the insuffi-
ciency of long-term follow-up results, it is acknowledged that
the PET ligament is the optimal choice of synthetic ligament at
present. However, PET is a hydrophobic material short of
osteoinduction and osteoconduction, leading to the disadvan-
tage of the required gra-bone healing. Surface modication is
an effective method to cover this shortage, thus enhance gra-
bone healing and achieve good clinical outcome. SF has been
extensively studied in bone tissue engineering for its good
biocompatibility. Pure SF scaffolds and SF structures seeded
with various types of cells including BMSCs, chondrocytes, and
osteoblasts have been investigated in order to obtain bone or
ligament more close to native structure,8,15 but the mechanical
strength of the tissue based on SF scaffold was not durable and
stable. In this study, we combined the good biocompatibility of
SF and persistent mechanical strength of PET together. SF was
used to modify the PET ligaments in the form of coating aimed
to provide a convenient and efficient method to enhance
osseointegration of PET ligaments.

The ideal coating can ameliorate the biocompatibility of
substrate material with rm adhesion.30 Hu et al. had proved
that higher surface roughness and stronger micro/nano-scale
surface patterns of silk-tropoelastin biomaterials enhanced
the proliferation and osteogenic-differentiation of hMSCs.31 In
present study, the surface roughness was increased aer SF
coating according to the SEM observation, which was supposed
to benet osteogenic-differentiation of BMSCs in vitro. The FTIR
spectra proved that SF was immobilized onto PET via EDC/NHS
crosslinking method. Besides, the decrease of water contact
angle indicated the improvement of hydrophilicity, which is
benecial to cell growth and attachment.32 Quantity of SF
coated on PET also could affect its biological performance in
vivo and a requirement for efficient biological functionality of
SF is that SF coating must adhere satisfactorily to the under-
lying substrate. TGA results proved that the quantity of SF
coated on PET via EDC–NHS was more than that via dip coating
in this study. Jiang et al.18 pretreated PET with plasma surface
modication and then coated PET with SF through dip coating,
but the quantity of SF was not measured. The results of SEM
suggested the quantity of SF coated on PET in our study was
more than that in Jiang's study. On the other, the tensile
RSC Adv., 2017, 7, 51303–51312 | 51309
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strength of PET–EDC–SF group was higher than the PET–SF
group which demonstrated that EDC–NHS crosslink had
a positive effect on the mechanical property of PET. The
remaining SF in the PET–EDC–SF group aer mechanical test
was more than the PET–SF group, which suggested the bonding
strength via EDC–NHS was superior to that via dip coating.
Higher bonding strength could avoid delamination and thus
provide a stable function while the coating material integrates
with host bone tissue.33 Liang et al.34 immobilized SF onto PET
lm via two different methods: plasma pretreatment followed
by SF dip coating and plasma-induced acrylic acid gra poly-
merization and subsequent covalent immobilization of SF on
PET lm. Both were proved to promote the cytocompatibility of
PET effectively. However, the bonding strength test and TGA
was not performed in Liang's study, a direct comparison anal-
ysis on bonding strength and quantity of SF coating via different
coating methods cannot be conducted. According to our results,
EDC–NHS crosslink was a superior coating method compared
with dip coating for it increased SF quantity on PET and
contributed to greater bonding strength. Study of in vitro
degradation helps to understand and predict the in vivo
degradation behavior of the PET–EDC–SF sheets. Aer 7 d, the
weight loss of the scaffolds incubated in PBS is about 4.7%.
According to the reports of almost no weight loss of SF scaffolds
in PBS,35 the results reveal that the PET–EDC–SF sheets is stable
in PBS.

In the present study, we furtherly investigated the biocom-
patibility of the coating. It was proved that the initial stage of
osseointegration was cell migration to the surface of gras,36 and
the rst cells migrating at the gra surface were multipotent
mesenchymal cells.37 It was recognized that BMSCs were
conductive to gra-bone healing and have been widely used in
tissue engineering of ligaments.38,39 Therefore, BMSCs were
adopted to investigate the biocompatibility of PET sheets in vitro
in this study. Cellular differentiation was assessed by evaluating
the expression level of BMP-2, collagen I, and OCN. Osteogenic
differentiation of BMSCs is one the pivotal steps to determine the
success in gra-bone healing. Fei et al. found that BMP-2 could
induce gene and protein expression of Runx2 and then regulated
the expression of osteogenic-related genes such as ALP and OCN
at the transcription level.40 OCN synthesized by mature
osteoblast-like cells in the ECM of bone tissue is an important
indicator of the osteogenic differentiation.41 It was suggested that
the stimulation of the expression of osteogenic gene OCN was
related to the upregulation of BMP-2 by SF coating in this study.
Besides, BMP-2 is the main driving force of osteogenic process
because it can induce more BMP-2 secretion via autocrine and
paracrine.42Consequently, collagen I protein as themajor organic
component of nature bone was accumulated more in the PET–
EDC–SF group. Lee et al. cultured rabbit BMSCs on SF/b-TCP
scaffolds of each different ratios of SF and b-TCP (100 : 0, 75 : 25,
50 : 50, 25 : 75) and found that ALP activity of BMSCs increased
in pure SF scaffold more than other groups.43 Despite SF was not
fabricated as a scaffold in this study, we found that SF in the form
of coating still helped the differentiation of BMSCs. These results
indicated SF coating facilitated the cytocompatibility of PET
material.
51310 | RSC Adv., 2017, 7, 51303–51312
Moreover, the in vivo histological ndings revealed the
positive impact of SF coating onto gra-bone healing. It was
recognized that osseointegration was of great signicance for
ACL reconstruction under arthroscopy using synthetic liga-
ment. On one hand, osteolysis widening of bone tunnel is
a concern for long term use of articial ligament. Muren et al.
performed a 13–15 year follow-up study of Gore-Tex ACL gra
and reported that most of the non-ruptured implants resulted
in tunnel widening.44 On the other, integration into the host
bone helps to biomechanically stabilize the implant and to
reduce or eliminate wear particles caused by excessive friction
between the articial implant and the surrounding hard
issues.45 New born tissues penetrated into the PET ligaments in
the PET–EDC–SF group 12 weeks postoperatively, while a large
amount of inammatory cells were observed around the PET
bers in the PET group. The gra–bone interface width of PET–
EDC–SF group was smaller, indicating the osteointegrating
performance of PETmaterial was improved by SF coating. There
are three successive phases in the ligamentization process of
autogras and allogras including early healing phase, intense
remolding phase, and maturation phase and a structure similar
to native ACL is obtained as a result of the corresponding
pathophysiologic changes during each phase.46 Despite the
ligamentization process of synthetic implants is still unclear, it
is indicated earlier gra-bone healing leads to better surgery
outcome.47 Wang et al. incorporated HAP nano-particles into
silk matrix in rabbit radial segmental bone defect model and
observed bone regeneration within 8 weeks.48 Kweon et al.
found the same results in rabbit bilateral parietal bony defect
model.49 12 weeks postoperatively the cross sectional bone
tunnel area based on micro-CT results in the PET–EDC–SF
group was smaller despite the differences were not statistically
signicant, suggesting that silk coating facilitates bone regen-
eration within 12 weeks. Therefore, SF coating could help to
ensure a good ligamentization process for ACL reconstruction
using PET ligaments.

Despite enhanced histological gra–bone contact was
observed at 12th week aer operation in the present study,
a signicant biomechanical improvement when performing
pull-out tests was not observed. Vaquette et al. modied the
surface of PET ligament with polystyrene sodium sulfonate
(PolyNaSS) and implanted the graed ligament in an ovine
model for ACL reconstruction. Likewise, no biomechanical
differences in pull-out loads were found at 1 year post-implan-
tation.45 Using an alternate soaking processing solutions con-
taining phosphate or calcium ions, Mutsuzaki et al. designed
a CaP-hybridised tendon for ACL reconstruction in goat and the
pull-out test results were not signicantly different between the
CaP group and the control group.50,51 Furthermore, they
analyzed knee kinematics and in situ force using a robotic
testing system simulator. The in situ force in the gra in
response to a 50 N anteroposteriortibial load at different knee
exion angles including full extension, 60� and 90� of exion
was investigated in a goat model at 1 year postoperatively. The
result of the CaP group was close to that of native ligament
whereas the control gra reached only 50% of this value.52

Together with our mechanical results, all of these observations
This journal is © The Royal Society of Chemistry 2017
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indicated that the enhanced integration in the bone tunnel
might not be equal to higher pull out load. Actually, ultimate
failure load measured by pull-out test is a common index for
determining gra-bone healing, but not a comprehensive
measurement of biomechanical behaviors. Biomechanical
testing techniques simulating more closely to realistic load
condition are conductive to improve clinical relevance of
animal experiments.

There are some limitations in this study. We merely proved
that SF coating via EDC/NHS crosslink enhanced the osseoin-
tegration of PET ligaments, however we have not dig into the
cellular and molecular mechanisms thoroughly. Regarding to
the animal model, the time points were set at 6 weeks and 12
weeks, longer-time observation was needed in consideration of
the biodegradation of silk broin. Besides, the simple pull-out
biomechanical tests were not comprehensive enough to
measure the biomechanical behaviors.
5. Conclusions

This study veried the positive effect of SF coating onto PET
ligament for ACL reconstruction. (1) SF could be utilized to
modify PET material via EDC/NHS crossslinking method; (2)
higher proliferation level and upregulated BMP-2, OCN,
collagen I expression of BMSCs in the experimental group
proved that SF coating was efficient to enhance the osseointe-
gration of PET; (3) improved osseointegration within the bone
tunnel in the rabbit ACL reconstruction in vivo suggested that
SF can be used as a versatile biomaterial in a complementary
approach to prepare a synthetic ligament in possession of both
strong mechanical properties and good biocompatibility.
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