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Abstract: Anterior cruciate ligament (ACL) injury is one of the most common injuries in sports,
and ACL reconstruction with an artificial ligament is a good treatment for quick recovery.
However, current artificial ligaments made of polyethylene terephthalate (PET) are still associated
with some problems due to the hydrophobic nature and low biological induction activity of PET.
Many efforts have been used to improve the biocompatibility of PET in recent years, and our
previous work has shown that surface modification is an effective strategy. Here, a
hydroxypropylcellulose (HPC) coating was applied on the surface of a PET artificial ligament
order to improve its biocompatibility. The effects of the HPC coating on PET artificial ligament
graft-bone healing was investigated in vitro using bone marrow stromal cells (BMSCs), fibroblasts
and RSC-364 cells as well as in vivo in a beagle dog model of ACL reconstruction. HPC was coated
successfully on the PET and significantly promoted cell growth, adhesion and capability of
osteogenic differentiation compared to the PET graft without HPC coating. In vivo, the HPC
coating significantly enhanced ligament tissue regeneration. Moreover, the expression of some
bone formation- and ligament tissue regeneration-contributing proteins and cell factors, such as
COL1, BMP-7, COL3, OCN, RUNX2, TGF-f1 and VEGF, was higher on the HPC-coated PET
artificial ligament than on the pure PET artificial ligament. In conclusion, HPC coating can
significantly improve the cytocompatibility and graft-to-bone healing of a PET artificial ligament
for ACL reconstruction.

Keywords: tissue engineering; anterior cruciate ligament; polyethylene terephthalate ligament;
graft-to-bone healing; surface modification; hydroxypropylcellulose




1. Introduction

The anterior cruciate ligament (ACL), one of four major ligaments of the knee joint, is the most
commonly injured ligament in the body. Once it is ruptured by trauma, the injury has very limited
ability to heal itself, and surgery is required. ACL reconstruction, in which a graft is used to replace
the ligament, is a main surgical procedure for ACL injury; between 60,000 and 175,000 ACL
reconstructions are performed yearly in the United States'2. Currently, the grafts commonly used in
ACL reconstruction are autograft and allograft tendons®. Whereas the autograft tendon harvest is
associated with weakness, pain, and biomechanical alterations at the harvest site, the allograft
tendon is associated with infection, disease transmission, and allergic reactions*. Therefore, there is
a need for the development and application of artificial ligaments that demonstrate favorable safety
and biomechanical profiles in ACL reconstruction.

Currently, the Ligament Advanced Reinforcement System (LARS) ligament (Surgical Implants
and Devices, Arc-sur-Tille, France), which is made from polyethylene terephthalate (PET), is one of
the choices for grafting in ACL injury>. Several clinical studies have shown that the LARS ligament
possesses several potential postoperative benefits, including the early return to unrestricted sports
and strenuous activities, and avoidance of complications caused by using the autografts or
allografts, which indicates that it is a good choice for use in ACL reconstruction®®. However, some
failure cases have been reported when this artificial ligament is used for reconstructing ACL10-13,
Recently, we reported a rare case of a 26-year-old patient who suffered from serious synovitis and
received LARS artificial ligament reconstruction'®. We observed a thick fibrous scar tissue around
the graft and poorly organized fibrous scar tissue between the graft fibers 3 years later and
postulated that these changes might be the causes for the loss of the ligament’s structural integrity
and the graft’s failure!®. This observation indicates that the currently used LARS artificial ligament
leads to poor “ligamentization” in the knee joint and raises questions on how to enhance the
healing of the artificial ligament graft after ACL reconstruction.

It is well known that PET is a hydrophobic material, and the hydrophobicity of PET has been
reported to account for the observed cases of graft failure!®13. In order to overcome the chemical and
biological inertness of PET and enhance the graft biocompatibility and bioactivity, some surface
modifications are needed!*15. In fact, our previous studies have demonstrated that the hydrophilic
surfaces of artificial ligament can induce osteoblastic cells to grow well'¢-20,

In the present study, hydroxypropylcellulose (HPC) was selected due to its bioactive,
mucoadhesive and hydrophilic properties!*2? and applied to the surface of PET ligaments (shown in
Scheme 1). Therefore, the aim of the present study was to fully evaluate the biocompatibility of
HPC-coated PET sheets in vitro and in vivo. The regeneration and graft-bone healing of at the
HPC-coated PET artificial ligament were assessed by bone marrow stromal cells (BMSCs),
fibroblasts and RSC-364 cells in vitro and the tissue in a beagle dog ACL reconstruction model.
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Scheme.l The morphology scheme of A) PET ligament, B) HPC/PET ligament. C) The surgical
design scheme for the beagle dog ACL reconstruction model using HPC/PET ligament. G, graft.
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2. Materials and methods

2.1 Preparation of the PET sheets and artificial ligaments and HPC coating

PET sheets (Fig. 1A) were prepared from a LARS ligament (Surgical Implants and Devices,
Arc-sur-Tille, France) and used for experiments in vitro. PET artificial ligaments (Fig. 1B) were
made by Donghua University, Shanghai, China for reconstruction of ACL in a beagle dog model.
The PET sheets and artificial ligaments were cleansed in 75% alcohol solution for 4 h, washed with
deionized water and then dried in air for 24 h. HPC powder (Klucel® LF, Hercules Inc.,
Wilmington, DE, USA) was dissolved for 1 h in distilled water by vortexing at room temperature
and adjusting the final concentration to 5% mg/L, and then left overnight. Then, both PET sheets
and artificial ligaments were coated by HPC in a modified method as previously described?.
Briefly, the PET sheets and artificial ligaments were undergone the process of corona discharge
treatment for 10 min at first, and then the HPC solution was coated on the surface of PET by using
high-pressure spray gun.

Fig.1. A representative polyethylene terephthalate (PET) sheet from a LARS ligament for in
vitro experiments (A) and a representative PET artificial ligament for reconstructing anterior
cruciate ligament in beagle dogs (B) with the lengths of the artificial ligament on both sides of the
bone tunnel (a), the intra-articular artificial ligament (b) and both ends of the traction line (c) being
4.0, 1.0 and about 10.0 cm, respectively, and the diameter of the artificial ligament on both sides of
the bone tunnel (d) being 3.5 mm.

2.2 Determination of micromorphology and chemicalstructure of PET sheets with HPC coating
2.2.1 Scanning electron microscopy (SEM)

For micromorphological observation, non-coated (PET) and coated (HPC/PET) PET sheets
were washed twice with phosphate buffered saline (PBS), and then immersed in PBS containing 1%
glutaraldehyde solution. After 12 h, the sheets were dehydrated in a series of ethanol solutions, i.e.
20%, 40%, 60%, 80%, and 100%, followed by 24 h of air-drying. The PET and HPC/PET sheets were
gold sputtered under vacuum and subjected to examination by SEM (TS5136MM; Tescan, Brno,
Czech Republic).

2.2.2 Fourier transform infrared spectroscopy (FTIR)

PET sheets were immersed in 10% HPC solution for 24 h and dried in an oven for 24 h. Then,

the PET and HPC/PET sheets were examined with FTIR on a Nicolet Nexus 470 spectrometer at a
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spectral resolution of 4 cm™ using 128 scans. The preconditioning process of FTIR, including
baseline correction and spectral peak reading, was performed with OMNIC 8.0 software (Thermo
Nicolet Corp., Waltham, USA). The test was performed three times to ensure the repeatability and
reliability of the data.
2.3 Cell experiments in vitro
2.3.1 Sources and culture of bone marrow stromal cells (BMSCs), fibroblast cells and RSC-364cells

Bone marrow stromal cells (BMSCs) were isolated from five 8-week-old male New Zealand
white rabbits (2.5 + 0.3 kg), Department of Laboratory Animal Science, Fudan University, Shanghai,
China) according to procedures described previously. 2 The rabbit ACL fibroblasts were prepared
by the explant culture method, and RSC-364 cell line (Shine Star Biological Engineering Co., Ltd.,
Hubei, China) was purchased. These three kinds of cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) in a 5% CO:incubator at 37 °C before the experiments, as described
below.
2.3.2 Cell counting kit-8 (CCK-8) assay for proliferation activity of BMSCs, fibroblast and RSC-364 cells

CCK-8 assay (CCK-8, Dojindo, Japan) was used to determine cell proliferation. Briefly, a total
of 1x10* cells (BMSCs, fibroblast or RSC-364 cells) per well were seeded into a 96-well plate, inside
which ligaments were preset. After 1, 2, 4, 6, 8 and 10 d of culture, 10 uL CCK-8 solution was added
to each well, and the plate was incubated at 37 °C for 4 h. Then, 100 pL culture supernatant was
collected and added to another 96-well plate, which was read on a microplate reader (Thermo
Nicolet Corp., Waltham, USA) for absorbance at 450 nm. The experiment was performed in
triplicate, and the average of the results was calculated.
2.3.3 SEM for detection of cell adhesion on PET sheets or HPC/PET sheets

PET sheets and HPC/PET sheets (1.5 cm diameter) were placed in 70% ethanol for 1 h and
stayed in a laminar-flow cabinet overnight to dry. The sheets were washed twice with sterile PBS,
placed into a 24-well plate, and then incubated in the basic cell culture medium in a humid 5% CO2
incubator at 37 °C for 4 h. The three kinds of cells were then cultured in DMEM for 4 h at 37 °C in a
5% COzincubator. After removal of the medium, cells (5 x 10%/ml) in the logarithmic phase were
cultured in the basic cell culture medium containing stainless PET sheets for up to 7 d.

SEM was used to observe the morphology of BMSCs, fibroblast and RSC-364 cells cultured for
7 d. The PET sheets and cultured cells were washed three times with PBS and fixed in 1%
glutaraldehyde solution for 12 h. After washing with PBS 3 times, they were dehydrated in a series
of ethanol solutions, i.e., 20%, 40%, 60%, 80%, and 100%, and dried in a vacuum for 24 h. Samples
were finally coated with gold palladium and observed with SEM.
2.3.4 Western blotting for expression of integrin-p1, BMP-2 and BMP-7 in vitro

BMSCs, fibroblasts and RSC-364 cells were used for the determination of integrin-f1
expression, and BMSCs were used for the determination of BMP-2 and BMP-7 expression. In brief,
cells (1x10%) were seeded into 6-well plates, inside which PET sheets were preset, and cultured
under conditions as described above for 7 d and collected. Total proteins were then extracted, and
the quantity was determined using the Pierce™ bicinchoninic acid protein assay kit (Thermo Fisher
Scientific, Hudson, USA). After denature at 95 °C for 10 min, the protein samples were separated by
SDS-PAGE on a separation gel of 11%, and then transferred to a PVDF membrane (Millipore, WI,
USA) at 400 mA. The blots were blocked in Tris-buffered saline with Tween 20 containing 5%
nonfat milk for 2 h at room temperature, and incubated overnight with the primary antibodies
(dilution: GAPDH, 1: 1000; integrin-1, 1:800; BMP-2 and BMP-7, 1:500) at 4 °C. Then the blots were
incubated with the secondary antibodies (1: 4000). The bands were developed by enhanced
chemiluminescence substrates (Thermo Nicolet Corp., Waltham, USA) using X-ray sheets, and then
scanned and quantified by densitometric analysis using GAPDH as a reference.
2.3.5 Enzyme-linked immunosorbent assay (ELISA) for the levels of alkaline phosphatase (ALP) and
osteopontin (OPN) in vitro

The levels of ALP and OPN were carried out using BMSCs in a 96-well plate by ELISA,
according to the manufacturer’s specifications (Abcam, CA, USA). BMSCs (2x10%) were seeded in
each well of a 24-well plate, inside which ligaments were preset; each well contained DMEM with
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10% fetal bovine serum. After 5, 7, 10 and 14 d of culture, cells were collected for determination of
expression levels of ALP and OPN.

2.4 Animal experiments

2.4.1 Ethical consideration and establishment of ACL reconstruction model in beagle dogs

The Institutional Animal Care and Use Committee at Fudan University approved the protocols
for all animal experiments involving rabbits and beagle dogs, and all animal experiments were
conducted following the NIH Guide for the Care and Use of Laboratory Animals.

Twenty-four 12-month old male healthy beagle dogs from Shanghai Sixth People’s Hospital,
weighing an average of 12.40 + 1.58 kg were randomly selected to receive ACL reconstruction with
artificial ligament grafts with (n = 12) or without (n=12) HPC coating. During the study period, they
were kept in cages (120 cm x 100 cm x 100 cm), and their activities were limited only in the cages.

The animal surgical procedures for ACL reconstruction model were undertaken as previously
described®. Briefly, animals were intravenously injected with pentobarbital sodium (30 mg/kg).
ACL reconstruction was performed on one knee at random. Through an anteromedial incision and
a medial parapatellar arthrotomy, the knee was exposed and the native ACL was excised. The tibial
tunnel was first created according to the width of the distal part of the graft, which was normally
4.5 mm, with a 45° angle to the tibial axis and a 15° to 30° angle to the sagittal plane. The femoral
tunnel, with a width of 4.5 mm for the whole length, was created through the tibial tunnel in 70° to
90° knee flexion by the use of a guide wire and a 4.5-mm cannulated drill. The artificial ligament
graft was pulled into the bone tunnel for ACL reconstruction, and the two ends of the graft were
fixed by the through-passing and in-braided sutures over post screws on the outer aspects of the
distal femur and proximal tibia, respectively (Supplementary Fig. 1). The wound was then closed
in layers.

Postoperatively, the dogs were not immobilized, and each dog was allowed free activity in its
own cage. The incision site was cleansed with benzalkoniumchloride every 3 d. Intramuscular
injection with penicillin (3,200,000 U) and streptomycin (1 g) was administered every day for the
first 3 postoperative days. Six dogs in each group were sacrificed by a lethal injection of
pentobarbital 4 and 16 wk after surgery, respectively: three for mechanical testing, and three for
histological and immunohistochemical examinations and real-time polymerase chain reaction
(RT-PCR).

2.4.2 Mechanical testing

After sacrifice, the tibia-graft-femur complex was immediately prepared for mechanical
testing. The scar tissues were removed with caution from the tibial and femoral tunnel exits, and all
the screws were removed from the distal femur and proximal tibia before mechanical testing.
During the testing, the surrounding soft tissues were dissected and the posterior cruciate ligament
(PCL) was released. Thus, only the reconstructed ACL remained to connect the tibia and femur.
Then, the knee joints were mounted on an Instron materials testing system machine (5569; Instron
Co., Norwood, MA, USA) for pullout testing at 20 °C and a humidity of 65%. The tibia-graft-femur
complex was preconditioned with a static preload of 10 N for 5 min. Then, the maximum failure
load, defined the real-time recorded stress that is reduced to 50% of the stress peak value, and the
stiffness of limbs with PET artificial ligaments, referring to the ability of the material to resist elastic
deformation when the material is stressed, were immediately determined using an elongation rate
of 2 mm/min. The test for each sample was considered completed when the graft ruptured or was
pulled out of the bone tunnel. During the testing, the bone tunnels and graft were adjusted in one
line and the traction force was applied along this line.

2.4.3 Histological examination

After sacrifice, the tibia-graft-femur samples were immediately cut and fixed in 10% formalin,
and embedded in paraffin wax 48 h later. Then, the samples were sectioned (5 pum thick)
perpendicular to the graft’s longitudinal axis. Sections prepared from the PET artificial ligament at
both ends of the bone tunnel were treated with Masson trichrome stain for histological evaluation
of collagen levels and osteogenesis in the graft-tibia or -femur complex. An inverted light
microscope (IX71SBF-2; Olympus, Tokyo, Japan) was used to visualize the Masson trichrome stain
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images, and a DP Manager (Olympus Optical Co., Tokyo, Japan) was used to capture the digital
images.
2.4.4Immunohistochemistry for COL1 expression

The sections of PET artificial ligament in the articular cavity were deparaffinized and
rehydrated. Endogenous peroxidase was blocked for 30 min with 0.3% hydrogen peroxide at 37 °C,
and further for 20 min with a blocking reagent (PBS containing goat serum). The sections were
washed twice with PBS buffer and incubated with the primary antibody (rabbit anti-dog COL1,
dilution 1: 50, Bioworld technology co Ltd., Nangjing, China) at 4 °C overnight. After washing, the
sections were incubated with a secondary antibody (MaxVision kit, Maixin Biotechnology, Fuzhou,
China) for 15 min at room temperature, and then treated with dimethylaminoazobenzene (Simple
Stain DAB Solution, Maixin Biotechnology, Fuzhou, China) for 5 min, followed by counter-staining
with hematoxylin. A DP Manager (Olympus Optical Co., Tokyo, Japan) was used to obtain the
digital images, and Image-Pro Plus 6.0 software (Media Cybernetics Corp., Rockville, USA) was
used to measure COL1 expression, which was expressed as the mean area value of COL1-positive
staining at the graft site with 200x magnification.
2.4.5 RT-PCR

After sacrifice, the graft-tibia or -femur complex at each end of the bone tunnel was harvested
from each knee and subjected to RT-PCR. Briefly, total RNA from the interfacial tissues between the
host bone tunnel and graft were prepared using TRIzol reagent (10296010; Invitrogen, Carlsbad,
CA, USA), and cDNA was prepared using reverse transcriptase MMLV (D2640A; Takara, Beijing,
China). SYBR Premix Ex Taq (DRR041A; Takara, Beijing, China) was used for quantitative PCR, and
an RT-PCR system (TP800; Takara, Kyoto, Japan) was used to detect mRNA expression of BMP-7,
COL3, OCN, RUNX2, TGF-f1 and VEGF, which was normalized to that of S-actin. All the primers
used in RT-PCR are listed in Table 1.

Table 1 The primers for RT-PCR

Forward Reverse

B-actin 5-CCA AGG CCA ACC GCG 5-GCA GCG CGTAGC CCT CGT AGA
AGA AGA TGA-% TGG-3’

BMP-7 5-GAG AGA GAC CTG CTG 5-AGA ACT GCCTTG GTT GCA GT-3’
GGT TG-3

COL3 5-TGA GGG CCA AAG CGA 5-TTC GGG GCA GAC AGG GCA GCA
AGA CAT CC-3 CTC-3

OCN 5-GATGCTGCAGTTGAATGTC 5-CAG AAC AGCTCT CCA CAG CA-¥
TG-3’

RUNX2 5-TCT TAC CCC TCC TAC 5-ACGTCGGTG ATG ACA GGA A-3
CTG AGC-3’

TGF-p1 5-GCC AGA TCC TGT CCA 5-GGTGACCTCCTT GGC GTA GTA-3’
AGCTG-3

VEGF 5- CGG GAA CCA GAT CTC ©5-AAA ATG GCG AAT CCA ATT CC-3’
TCA CC-3’

Abbreviations: BMP-7, bone morphogenetic protein-7; TGF-f1, transforming growth factor-f31;
COL3, type III collagen; VEGEF, vascular endothelial growth factor; OCN, osteocalcin.

3. Statistical analysis

Numerical data were expressed as the mean + standard deviation (SD). Anon-paired t-test and
was used to compare the data of the experimental and control groups, and an independent
two-sample Student’s t-test was used to compare groups at various time points. Statistical analyses
were performed using the SPSS for Windows v. 13.0.0 statistical software (SPSS, Inc., USA). AP
value of < 0.05 was considered statistically significant.

3. Results

3.1 Micromorphology and chemical structure of PET sheets and HPC/PET sheets



6 of 19

The morphology of PET and HPC/PET sheets were observed by SEM( Fig. 2). The surface of the
PET sheets was smooth (Fig. 2A), while a thin HPC layer was appeared on the fiber surface of the
HPC/PET sheets (Fig. 2B).

The FTIR results confirmed that HPC was modified on the surface of PET, and there were also
some characteristic peaks for HPC coating, including O-H stretching vibration (3600-3200 cm™) and
C-H stretching vibration (3011-2819 cm) in the HPC/PET sheets in comparison with the pure PET
sheets (Fig. 2C).
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Fig. 2. Micromorphology of the surfaces of the PET sheets (A) and HPC/PET sheets (B), as

detected by SEM, and the spectra of the PET sheets and HPC/PET sheets, as detected by FTIR. PET,
polyethylene terephthalate; HPC, hydroxypropylcellulose; Bar = 20um.

3.2 Cell proliferation of BMSCs, fibroblasts and RSC-364 cells in vitro

The observed viability of BMSCs, fibroblasts, and RSC-364 cells on the PET and HPC/PET
sheets, as assessed by CCK-8 assay, is presented in Fig. 3. The OD value at A450 nm was taken as
the reference value for cell viability. The results of CCK-8 assay showed that the cell viability of
BMSCs cultured with HPC/PET sheets at 6, 8 and 10 d was significantly higher than that of those
cultured with PET sheets. There was no significant difference in the value of cell viability between
BMSCs cultured with HPC/PET sheets and those cultured with PET sheets for 1, 2 and 4 d (Fig. 3A).

Furthermore, there was no significant difference in the cell viability of fibroblasts between the
two groups after 1 and 2 d of culture (Fig. 3B). However, fibroblasts cultured with HPC/PET sheets
for 4, 6, 8 and 10 d had a significantly higher value for cell viability than those cultured with PET
sheets.

Moreover, the cell viability of RSC-364 cells cultured on the surface of PET and HPC/PET
sheets also showed no significant difference at 1, 2, 4 and 6 d, while a significant difference in two
group was observed at 8 and 10 d (Fig. 3C).
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Fig. 3. Proliferation of bone marrow stromal cells (A), fibroblasts (B) and RSC-364 cells (C) as
detected by CCK-8 assay at various time points in culture with HPC/PET sheets and PET sheets.
PET, polyethylene terephthalate; HPC, hydroxypropylcellulose. *, P <0.05; **, P <0.01.
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3.3 Adhesion and expression of integrin-p1 of BMSCs, fibroblasts and RSC-364 cells

The SEM images about the cell morphology on the surface of both PET and HPC/PET sheets
were shown in Fig. 4. The BMSCs, fibroblasts and RSC-364 cells rarely adhered onto the PET sheets
after 7 d of culture, respectively (Fig. 4A, D, and G). However, all of tested cell including BMSCs,
fibroblasts and RSC-364 cells extensively grown onto the HPC/PET sheets, respectively (Fig. 4B and
C, E and F and H and I), and exhibited polygon shapes with multiple cellular synaptic contacts
(Fig. 4).
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Fig. 4. SEM showing the morphology and adhesion of BMSCs on the PET sheets (A) and
HPC/PET sheets (B, C), fibroblasts on the PET sheets (D) and HPC/PET sheets (E, F) and RSC-364
cells on the PET sheets (G) and HPC/PET sheets (H, I) after 7 d of culture. SEM, scanning electron
microscopy; BMSCs, bone marrow stromal cells.

3.4 Expression of proteins related to osteogenic differentiation in BMSCs

The protein expression levels of integrin-f1 in BMSCs, fibroblasts and RSC-364 cells were
determined by western blotting (Fig. 5). The result of western blotting showed that integrin-{31
expression in HPC/PET sheets was higher than that in the corresponding cells cultured with PET
sheets (0.4756 + 0.0567 vs. 0.1812 + 0.0173, p = 0.001; 0.5722 + 0.4960 vs. 0.3346 + 0.0418, p = 0.003; and
0.6316 + 0.0394 vs. 0.4175 + 0.0368, p = 0.002, respectively) (Fig. 5).
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Fig. 5. Protein expression of integrin-f31 in BMSCs, fibroblasts and RSC-364 cells cultured with
PET sheets and HPC/PET sheets for 7 d. ** P< 0.01.

Furthermore, BMP-2 and BMP-7 were up-regulated in BMSCs cultured with HPC/PET sheets
for 7 d in comparison with levels in the PET sheets group (Fig. 6A&6B). Moreover, both the ALP
and OPN levels were further assessed by ELISA. As shown in Fig. 6, both the expression levels of
OPN and ALP on BMSCs cultured with HPC/PET sheets were up-regulated with increasing time.
Notably, both OPN and ALP expression levels in HPC/PET sheets were significantly higher
compared with those on pure PET sheets beginning at 5 d (Fig. 6C and D).
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Fig. 6. Protein levels of BMP-2 (A) and BMP-7 (B), as determined by western blotting and ALP
(C) and osteopontin (D), as detected by ELISA, in BMSCs cultured with PET sheets or HPC/PET
sheets for 7 d at indicated time points.. *, P<0.05; **, P< 0.01.
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3.5 In vivo evaluation of PET artificial ligament grafts in ACL reconstruction beagle model

Fig. 7 shows the results of PET artificial ligament grafts in ACL reconstruction beagle model.
As shown in Fig 7A-D, all knees in the beagle dogs were good without severe postoperative
complications after a long period, even 16 wk. Furthermore, all the grafts still remained good
mechanical capability, as they were not broken and there was no loosening of any fixation screws.

As shown in Fig. 7A and B, there was joint effusion surrounding the graft in the articular
cavity, with thick and rough soft tissue on the PET graft at 4 wk after implantation, while a thin
synovium covering appeared on the surface of the HPC/PET graft. Meanwhile, although a thin
synovium was also observed on the PET graft after 16 wk, a much thicker synovium covered the
whole part of HPC/PET graft (Fig. 7C and D).

Immunohistochemistry showed that COL1 expression in the articular cavity was higher in the
HPC/PET graft than in the PET graft at weeks 4 and 16 (693.67 + 45.98 vs. 516.67 + 37.61 at week 4, P
= 0.007; and 732.33 + 49.62 vs. 550.00 + 43.49 at week 16, P = 0.009) (Fig. 7E-7H). In addition, the
expression levels of COL1 increased with time in both groups (Fig. 7).
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Fig. 7. A-D. Gross observation of the PET artificial ligament grafts and HPC/PET artificial
ligament graft in the articular cavity 4 (A and B, respectively) and 16 (C and D, respectively) wk
after surgery. E-I. Inmunohistochemical analysis showing the expression levels of COL1 in the PET
grafts and HPC/PET grafts in the articular cavity 4 wk (E and F, respectively) and 16 wk (G and H,
respectively) after surgery, with the corresponding quantitatively measured levels of COL1 (I). Red
arrow shows the PET artificial ligament grafts. Bar = 200 um.
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Fig. 8. Mechanical graft-bone healing examinations in beagle dog model at various time points
after surgery. (A) Comparison of maximum failure load between the PET group and HPC/PET
artificial ligament group. (B) Comparison of stiffness at failure between the PET and HPC/PET
artificial ligament groups.

3.6 Maximum failure load and stiffness of the limbs with PET artificial ligaments

The mechanical abilities of implants after 4 and 16 wk were detected (Fig. 8). All PET grafts
were pulled out without difficulty from the bone tunnel following removal of the screws 4 and 16
wk after the surgery. No PET artificial ligaments were ruptured. At 4 and 16 wk, the maximum
failure loads in the HPC/PET group were about 502.3 + 20.0 N and 325.0 + 32.6 N, respectively,
which was significantly larger than that for PET group (4 wk: 182.7 + 14.5 N and 6 wk: 142.0+5.3 N,
p < 0.01) (Fig. 8A). However, the stiffness values of the limbs were not significantly different
between PET grafts and HPC/PET grafts (23.0 + 5.0 N/mm vs. 18.3 + 3.5 N/mm). Notably, at week
16, the stiffness value of the limbs with HPC/PET grafts was significantly greater than that of the
limbs with PET grafts (46.7 + 7.8 N/mm vs. 27.3 + 4.5 N/mm, P = 0.020) (Fig. 8B).

3.7 Histological analysis
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The histological analysis was conducted to detect the details of the interface between implant
grafts and bone. As shown in Fig. 9, Masson staining analysis showed that at 4 wk after
implantation, only a small amount of collagen fibers was found in the graft-bone interface of PET
grafts (Fig. 9A), whereas more abundant collagen fibers existed in the HPC/PET grafts (Fig. 9B).
Most importantly, 16 wk after implantation, the amount of collagen fibers increased in the PET

grafts, but no new bone formation was observed (Fig. 9C). However, protruding new bone tissue
emerged from the host bone to the graft in the HPC/PET grafts (Fig. 9D). These results suggest that
rowth of new bone tissues in vivo.

Fig. 9. Masson staining showing histological characteristics of graft-bone interface of the
graft-bone interface of PET grafts and HPC/PET grafts 4 (A and B) and 16 (C and D) wk after
surgery. Red arrow shows the collagen tissue in and around the graft (B), and the new bone (D).
Graft, PET artificial ligament. Bar =400 pum.

3.8 Expression of BMP-7, COL3, OCN, RUNX2, TGF-B1 and VEGF mRNA

Table 2 show the mRNA expression results for genes related to the bone to tendon healing by
RT-PCR analysis. As shown in Table 2, after 4 wk, it was observed that genes including BMP-7 and
TGF-f1 had significantly higher expression in the HPC/PET group compared with PET grafts.
However, both COL3 and VEGF mRNA expression was significantly decreased. Furthermore, the
mRNA levels of BMP-7 and OCN decreased with increasing time, while the mRNA expression
levels of OCN and RUNX2 were not significantly different between the two groups.

At week 16, there was no significant difference in the mRNA expression levels of BMP-7,
TGF-f1, and VEGF between the two groups. Furthermore, with increasing time, the mRNA levels
of BMP-7 and TGF-{31 decreased but those of COL3, OCN, RUNX2 and VEGEF increased (Table 2).
Notably, COL3, OCN and RUNX2 mRNA expression were significantly higher in the HPC/PET
group in the PET group.



13 of 19

Table 2 mRNA levels for graft “ligamentization” related proteins in the PET grafts and
HPC/PET grafts at 4 and 16 wk after surgery

4 wk 16 wk
PET HPC/PET P value PET HPC/PET P value
BMP-7  0.150 +0.015 0.527 + 0.074 0.001 0.193 + 0.065 ).283 + 0.055 0.141
TGF-p1  0.024 +0.003 0.042 + 0.004 0.004 0.030 +0.013 ).035 + 0.012 0.691
COL3 0.012 + 0.005 0.024 +0.004 0.041 0.019 +0.004 ).036 + 0.007 0.023
VEGF 0.003 +0.001 0.005 + 0.002 0.048 0.004 +0.001 ).006 + 0.001 0.132
OCN 0.493 +0.130 0.610 = 0.090 0.271 0.493 + 0.131 ).763 +0.144 0.032
RUNX2 0.030 +0.006 0.041 +0.009 0.136 0.033 +0.008 ).067 +0.011 0.012

Abbreviations: HPC, hydroxypropylcellulose; BMP-7, bone morphogenetic protein-7; TGF-1,
transforming growth factor-31; COL3, type III collagen; VEGF, vascular endothelial growth factor;
OCN, osteocalcin.

4. Discussion

Previously, some investigators have shown that a hydrophilic coating, such as putative
HLA-DR-associated protein-RGD motif or fibronectin, greatly favors cell adhesion?*?. We also
observed with SEM, in the present study, that many BMSCs, fibroblasts and RSC-364 cells adhered
to the HPC/PET sheets while few cells adhered to the PET sheets after 7 d in culture. Furthermore,
we found that after 7 d in culture, the above three kinds of cells, compared with those on the PET
sheets, extensively adhered onto the HPC/PET sheets and exhibited polygonal shapes with multiple
cellular synaptic contacts. The expression levels of integrin-f1 on the cells on the HPC/PET sheets
were also higher than those on the PET sheets. These findings indicate that the cells had poor
adhesion to the PET sheets, while the HPC coating helped improve the adhesion of cells on PET
fibers. A previous study showed that rough surfaces with intermediate hydrophilicity were
favorable for cell growth?, which was supported by our observation in the present study that cell
proliferation levels of BMSCs, fibroblasts and RSC-364 cells were all higher on the HPC/PET sheets,
compared with those of the cells on the PET sheets at various time points in culture. As previously
reported, hydrophilic surfaces induce and enhance osteogenic differentiation of BMSCs?. In the
present study, the levels of ALP and OPN in BMSCs on the HPC/PET sheets were significantly
higher than those in cells on the PET sheets at various time points after culture. Furthermore,
western blotting also showed that the expression levels of BMP-2 and BMP-7 in BMSCs on the
HPC/PET sheets were significantly higher than those on the PET sheets after 7 d in culture. All
these findings are likely due to the induction of osteogenic differentiation of BMSCs by an organic
and hydrophilic coating HPC. Therefore, the characteristics of the graft’s surface have a strong
influence on the attachment and growth of BMSCs and fibroblasts on ligament fibers and
osteogenic differentiation of BMSCs after implantation.

Recently, large animal models of ACL reconstruction have been used to evaluate graft-bone
healing. Previous studies have shown that hydrophilic biomaterials promote bone healing and
osseointegration!” 232, Lang et al® reported that, in a human bone defect model, the chemically
modified moderately rough, hydrophilic (i.e., SLActive) implant surface performed better than
moderately rough, hydrophobic (i, SLA) implant surface in the rate and degree of
osseointegration during the early phase of healing (ie, 2 and 4 wk). Our present study
demonstrated that the HPC coating significantly improved the biomechanical properties of the PET
artificial ligament graft in an ACL reconstruction model in beagle dogs, suggesting that the
hydrophilic HPC coating enhances the healing of the PET graft in the bone tunnel. Li et al 7
evaluated a layer-by-layer chitosan-hyaluronic acid (LBL) coating on a PET artificial ligament in a
rabbit extra-articular tendon-bone healing model and observed that new bone formation at the
graft-bone interface 8 wk after implantation was more evident in the LBL group than in the PET
group. In our study, more collagen fibers were found at week 4 in the HPC/PET grafts than in the
PET grafts. Moreover, we observed new bone tissues protruding from the host bone to the graft at
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week 16 in the HPC/PET grafts, but not in the PET grafts. Again, these findings are likely explained
by the fact that the HPC coating significantly improves the hydrophilicity of the PET surface.

Synovium may be beneficial to ligament healing and postoperative rehabilitation after ACL
and PCL reconstruction®-3¢. lkeda et al* found that in a canine tendon explant culture model,
interpositional synovial grafts potentially accelerated tendon healing when implanted at the repair
site. Our present study also observed a thicker synovium covering on the reconstructed graft in the
articular cavity at week 16 in the HPC/PET grafts, compared with that in the PET grafts. Yang et al%
reported that the COL1-based fibrous capsule enhanced integration of tissue-engineered cartilage
with native articular cartilage. Duan ef al*’demonstrated that in a canine model, a composite
including COL1, based on a biphasic scaffold in combination with BMSCs, exhibited a great
potential to repair a large osteochondral defect. In the present study, we observed that COL1
expression in the articular cavity was significantly higher in the HPC/PET grafts than that in PET
grafts after implantation.

Previous studies have shown that several proteins and cell factors surrounding the graft, such
as BMP-7, OCN, RUNX2 and TGEF-p1, favor osteogenesis.’*4 BMP-7 is an osteo-inductive
morphogen that is known to be involved in embryonic skeletogenesis as well as in bone repair. Den
Boer et al¥®reported that in an experimental study, callus diameter, callus volume, and bone mineral
content at the fracture site were significantly increased in BMP-7 groups, compared with the
no-injection control group after surgery, suggesting that BMP-7 is able to accelerate physiologic
fracture healing. Furthermore, OCN, a bone-specific extracellular matrix protein, is a marker of
mature osteoblasts. Verbicaro et al* demonstrated that in rat and rabbit animal models, OCN
immunoexpression was more evident during repair of critical-sized bone defects which were
treated with subcutaneous adipose tissue. In addition, Wojtowicz et al*! reported that RUNX2
over-expression in bone marrow stromal cells accelerated bone formation in critical-sized femoral
defects, and Tanaka et al*? reported that thTGF-f1 induced intramembranous ossification in
neonatal rat parietal bone. Our present study further demonstrated that the mRNA levels of BMP-7
and TGF-f1 at week 4 and of OCN and RUNX2 at week 16 were significantly upregulated in the
HPC/PET grafts, compared with those in the PET grafts.

An increasing number of studies have shown that COL3 and VEGF enhance vascular
proliferation and collagen remodeling*-. COL3 plays a key role in tissue repair owning to its
temporospatial expression during the healing. Miedel et al* found that COL3 regulated osteoblast
differentiation, the quality of cutaneous repair and trabecular bone. VEGF is a polypeptide that
stimulates new blood vessel formation. Yoshikawa et al* found that VEGF participates in the graft
remodeling after ACL reconstruction especially in the early stage. Our present study also
demonstrated that the mRNA levels of COL3 and VEGF in the early stage after implantation were
significantly higher in the HPC/PET grafts than in the PET grafts. Moreover, COL3 mRNA
expression at week 16 was also significantly higher in the HPC/PET grafts than in the PET grafts.
These findings suggest that the enhanced hydrophilicity of the HPC/PET graft facilitates the
“ligamentization” process.

5. Conclusions

A novel HPC-coated PET artificial ligament was successfully designed, prepared, and
evaluated in vitro and in vivo. HPC coating significantly improved the biocompatibility of the PET
artificial ligament and promoted graft-to-bone healing in ACL reconstruction. Our product offers a
potential solution for overcoming the poor ligamentization of current PET artificial ligaments after
implantation.
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