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Healing of an anterior cruciate ligament (ACL) autologous graft in a bone tunnel occurs through the formation of
fibrovascular scar tissue, which is structurally and compositionally inferior to normal fibrocartilaginous insertion
and thus may increase the reconstruction failure and the rate of failure recurrence. In this study, an injectable
hydroxyapatite/type I collagen (HAp/Col I) paste was developed to construct a suitable local microenvironment
to accelerate the healing of bone-tendon interface. Physicochemical characterization demonstrated that the HAp/
Col I paste was injectable, uniform and stable. The in vitro cell culture illustrated that the paste could promote
MC3T3-E1 cells proliferation and osteogenic expression. The results of a canine ACL reconstruction study showed
that the reconstructive ACL had similar texture and color as the native ACL. The average width of the tunnel,
total bone volume, bone volume/tissue volume and trabecular number acquired from micro-CT analysis sug-
gested that the healing of tendon-bone interface in experimental group was better than that in control group. The
biomechanical test showed the maximal loads in experimental group achieved approximately half of native
ACL’s maximal load at 24 weeks. According to histological examination, Sharpey fibers could be observed as
early as 12 weeks postoperatively while a typical four-layer transitional structure of insertion site was regen-
erated at 48 weeks in the experimental group. The injectable HAp/Col I paste provided a biomimetic scaffold and
microenvironment for early cell attachment and proliferation, further osteogenic expression and extracellular
matrix deposition, and in vivo structural and functional regeneration of the tendon-bone interface.

1. Introduction tendon-bone (BPTB) graft, hamstring tendon [4-6]. BPTB graft was once
the gold standard due to the achieved bone-bone healing in the bone
tunnels. Lately hamstring tendon is becoming the most common graft

applied in the orthopaedic community [6-8] because significant com-

Anterior cruciate ligament (ACL) plays an essential role in main-
taining the normal movement and stability of knee joint. The injury of

ACL leads to abnormal joint kinematics, and secondary structural
damage of articular cartilage and meniscus, which result in chronic
degenerative joint changes [1-3]. Injured ACL has a limited capacity of
self-regeneration, thus surgical reconstruction is always necessary,
especially when the ligament is ruptured [1]. ACL reconstruction with
autologous grafts is one of the main therapies in current clinic, while the
grafts include semitendinosus and gracilis tendons, bone-patellar
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plications such as donor pain, quadriceps atrophy and flexion contrac-
ture were reported in BPTB therapy [9,10].

Although great improvements have been achieved in ACL recon-
struction with autologous grafts, limitations and challenges are still
remaining. The major disadvantages of autologous grafts therapy
include the comparatively long tendon-bone healing time and unpre-
dictable healing results [11,12]. More importantly, the actual healing in
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bone tunnels is driven by the formation of fibrovascular scar tissue
which is structurally and compositionally inferior to native tissue [13,
14]. As a consequence, this fibrous tissue exposes the insertion site to
high mechanical stress which may increase the reconstruction failure
and the rate of failure recurrence [15-17], leading to further efforts to
enhance and accelerate tendon-bone healing.

The ideal tendon-bone healing is the restoration of native interface
structure and rehabilitation of tendon/ligament anchoring function. The
native interface of tendon/ligament to bone is a specialized tissue
known as “enthesis”, which integrates the ligament in bone and facili-
tates the dissipation of stresses across the interface. This direct insertion
site contains four distinct types of tissue: ligament, uncalcified fibro-
cartilage, calcified fibrocartilage and bone [18-20]. However, these
distinctive tissues contain similar extracellular matrix (ECM) which
primarily consists of type I collagen (Col I), mineral component (~99%
hydroxyapatite) and small amounts of proteoglycans [16,17]. A strong
mechanical attachment between ligament and bone is established via a
compositional and structural gradient in the ECM.

In recent research, many interventions such as mechanical stimula-
tion [21], tendon wrapping with periosteum [22], growth factors [23],
bone marrow stromal cells [24], gene transfer [25] and bone substitute
materials [26,27] were applied to achieve better tendon-bone healing.
However, previous experimental studies have shown that the structure
and function of normal ACL insertion sites have not been ideally repli-
cated after ACL reconstruction [28,29].

Based on the principles of “tissue-inducing biomaterials” theory, a
strategy of developing biomimetic biomaterial was utilized in this study
to prepare and evaluate an injectable paste with optimized materials’
parameters to promote tendon-bone interface regeneration and facilitate
functional rehabilitation. Such injectable paste is composed of hy-
droxyapatite particles (HAp) [30] and type I collagen (Col I) [31], which
were both widely used in Food and Drug Administration cleared
implantable devices. HAp is a natural mineral compound that is often
used as bone void fillers, bone graft substitutes and implant coatings to
promote the growth of new bone [32,33]. As the main organic compo-
sition in ECM of many tissues, Col I provides suitable microenviron-
ments for cells such as fibroblasts, osteoblasts and BMSCs, and also plays
an important role in regulating cell behaviors including adhesion, pro-
liferation and differentiation [34-38]. Both HAp and Col I possessed the
characteristics which were beneficial to the regeneration of tendon-bone
healing during the ACL reconstruction, and therefore they were used as
raw materials for the injectable paste in this study.

The injectable Hap/Col I paste was prepared with optimized mate-
rials parameters, including the collagen concentration, particle size of
HAp, and composition ratio of HAp, and then undergone systematic in
vitro and in vivo evaluation. Particularly, the physicochemical properties
of HAp/Col I paste were characterized, including injectability, unifor-
mity and stability. In addition, the cellular response of HAp/Col I paste
was studied. Finally, the HAp/Col I paste was evaluated in a canine ACL
reconstruction model to investigate its effect to promote the tendon-
bone healing process as well as to regenerate the tendon-bone inter-
face structurally and functionally.

2. Materials and methods
2.1. Materials

Type I collagen was extracted and purified from newborn calfskin in
our laboratory. Calcium nitrate tetrahydrate (Ca(NO3)3-4H20), ammo-
nium phosphate (NH4)2HPO4,), aqueous ammonia (NH4OH), acetic acid
(HAC) and sodium hydroxide (NaOH) were purchased from Kelong
Reagent Company (Chengdu, China). a-Minimum Essential Medium
(a-MEM, Hyclone) and Fetal bovine serum (FBS, Gibco, Australia origin)
were purchased from Thermo Fisher Scientific Corporation (USA).
Fluorescein diacetate (FDA), propidium iodide (PI), rhodamine phal-
loidin and 4',6-diamidino-2-phenylindole (DAPI) were purchased from
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Sigma-Aldrich (USA). All chemicals were used as received without
further treatment unless otherwise stated.

2.2. Preparation and characterization of HAp/Col I pastes

Spherical HAp particles were prepared by a two-step process
including wet precipitation and spray drying. Briefly, 1.0 mol/L dia-
mmonium phosphate ((NH4)2-HPOj4) solution was added gradually into
1.0 mol/L calcium nitrate (Ca(NO3)2-4H20) solution according to the
molar ratio of Ca/P = 1.67. The pH of the reactive system was adjusted
to around 10.0 by aqueous ammonia (NH4OH) and the reaction tem-
perature was set at 70 °C. After reaction for 4 h, the slurry obtained was
aged for 24 h and then washed with distilled water for 3 times. The
spherical HAp particles were produced by spray-drying the slurry with a
SFDC-20 Spray Dryer (Shanghai Ohkawara Dryers Co., China), and the
particles within specific size range (40-71 pm) were further sieved and
collected. The final attained HAp particles were sterilized by dry heat at
300 °C for 2 h. On the other hand, self-prepared type I collagen (Col I)
was extracted from calfskin by pepsin and dissolved in 0.5 mol/L acetic
acid (HAC) to a concentration of 10 mg/mL. The collagen was treated by
chemical sterilization and followed the sterility process control protocol
during the preparation. The pH of the collagen solution was adjusted to
7.2-7.4 by adding 2 mol/L sodium hydroxide (NaOH) solution in an ice
bath. Finally, the HAp/Col I pastes were prepared by aseptic processing
with blending sterilized HAp particles with Col I solution (10 mg/mL) to
40 wt% directly under stirring (T10, IKA, Germany) for 5 min, which
was carried out in an ice bath. Then, the HAp/Col I paste was transferred
into syringes (1 mL) and degassed by centrifugation at RCF of 1775g for
30 s (D-37520, Sigma, Germany). The as-prepared samples were stored
at 4 °C for further study.

The physical properties of HAp/Col I pastes such as composition,
structural morphology and uniformity, systematical stability and
injectable performance were characterized. The compositions of the
HAp/Col I paste were analyzed by a thermal gravimetric analyser (TG
209 F3, Netzsch) at a heating rate of 10 °C/min from 25 °C to 600 °C in
flowing air. To study its microstructure, the HAp/Col I paste was firstly
frozen in liquid nitrogen and lyophilized to obtain the samples for
scanning electron microscopy (SEM, HITACHI S-800, Japan) analysis.
The cross-sections of the test samples were prepared and further sputter-
coated with a layer of gold. The energy dispersive spectroscopy (EDS)
mapping for Ca, P and C elements was implemented to study the dis-
tribution of inorganic particles in the composite.

To evaluate the compositional uniformity, HAp/Col I paste was
gently extruded into a cylindrical mold with a diameter of 8 mm and a
height of 2.5 mm, and immediately frozen at —20 °C to stabilize the
distribution of compositions in the paste. Then the frozen samples were
embedded in O-C.T Compound (SAKURA Tissue-Tek, USA) and sliced to
5 pm thick sections by a cryostat (Leica CM1850, Germany). Following
the staining by Alizarin Red S, the sections were imagined to observe the
composition distribution. In addition, the porosity of the paste could be
estimated by area analysis of the pore zone and the matrix zone using
Image J 1.8.0.

The systematical stability of HAp/Col I paste was assessed by both
macroscopic observation and elements release analysis during and after
the sample extraction. Briefly, the HAp/Col I paste was extruded from
the syringe into a petri dish to form a word “HA” in saline according to
the extraction ratio in ISO 10993-12 [39]. After soaking for 7, 14 and 28
days at 37 °C, the macroscopic morphologies were recorded and the
concentrations of released Ca and P were determined by inductively
coupled plasma-atomic emission spectrometer (ICP-OES, Varian 700-ES,
USA).

For injectability performance evaluation, the paste was filled in 1 mL
syringe equipped with an 18-gauge needle (1.2 mm of inner diameter)
and then extruded by a vertical compressive load on the top of syringe
plunger. The experiments were performed on a universal material
testing machine (AGS-X, SHIMADZU, Japan) at a constant speed of 30



Q. Jiang et al.

mm/min. The curve of the pushing force against piston displacement
was recorded. All samples were analyzed in triplicate.

2.3. Invitro cell culture

2.3.1. Culture of MC3T3-E1

MC3T3-E1 preosteoblasts were purchased from National Collection
of Authenticated Cell Cultures (Chinese Academy of Sciences, Shanghai,
China). Cells were cultured in «-MEM (HyClone, USA) supplemented
with 10% fetal bovine serum (FBS, Gibco, Australia) and 1% antibiotic/
antimycotic (HyClone, USA). Cells were grown in a humidified atmo-
sphere of 5% CO5 at 37 °C. When reaching 70-80% confluence, adherent
cells in dishes (Costar, USA) were harvested and passaged. The third-
passage cells were used in the co-culture process.

2.3.2. Cell viability, proliferation and morphology

The MC3T3-E1 preosteoblasts and HAp/Col I paste were uniformly
mixed to a cell density of 2 x 10 cells/mL in sterile environment using a
hand-held homogenizer (T10, IKA, Germany). 0.25 mL MC3T3-El
preosteoblasts-loaded paste was carefully transferred into self-prepared
cylindrical molds (diameter: 8 mm, height: 2.5 mm) with 1 mL syringe.
The gelation of the cells/paste constructs could be finished in 30 min and
the samples were further incubated at 37 °C for 24 h and separated from
the molds for further culture. Since there was no launched product for
similar indication or composite with similar characterization, no suit-
able control group was applied in the in vitro cell culture process. Each
well of ultralow adhesive 24-well plate (Costar, USA) received one
sample and 2 mL culture media. The samples were cultured under
identical conditions (5% CO», 37 °C) for 2 weeks and the culture media
was changed every 2 d. After culturing for 1, 3, 7 and 14 d, fluorescein
diacetate (FDA) and propidium iodide (PI) molecule probes were used to
investigate the viability of MC3T3-E1 preosteoblasts. Briefly, the
cultured samples were rinsed with PBS three times and immersed in PBS
solution containing 1 pg/mL of FDA and 1 pg/mL of PI for 5 min before
the observation with confocal laser scanning microscope (CLSM, ZEISS
LSM 880, Germany). Meanwhile, the cell proliferation was evaluated at
the same time intervals by cell counting KIT-8 (CCK-8) according to the
instructions from the manufacturer. Following the harvest of cell/paste
constructs, they were incubated in 10% (v/v) CCK-8 solution for 4 h at
37 °C and 5% COs. 100 pL of the supernatant was transferred to a new
96-well plate to be determined at 450 nm using a microplate reader
(Varioskan Flash, Thermo Flasher Scientific, USA).

At the given culture time points, the morphology of cells in cell/paste
constructs was examined with F-actin fluorescence staining and SEM.
For F-actin fluorescence staining, samples were washed with PBS and
fixed in 4% (w/v) paraformaldehyde for 30 min at 4 °C, permeated with
0.25% (v/v) Triton X-100 (Sigma-Aldrich, USA) for 10 min at 25 °C, and
then washed using PBS for three times. Finally, these samples were
stained with rhodamine-phalloidin solution (5 pg/mL, Sigma-Aldrich)
for 6 h and with DAPI (10 pg/mL, Sigma-Aldrich) for 2 min at 25 °C.
Subsequently, the constructs were rinsed with PBS and photographed
using a CLSM. For SEM observation, samples were fixed in 2.5% (w/v)
glutaraldehyde solution for 48 h at 4 °C, and then dehydrated with a
gradually increasing ethanol concentration of 30, 50, 70, 90, 95 and
100% (v/v) for 30 min at each step. The samples were dried using a
critical point dryer (Leica EM CPD300, Germany) and observed with
SEM after coating with gold in an ion sputter.

2.3.3. Evaluation of osteogenic properties

After being in vitro cultured for 7 and 14 d, the cell/paste constructs
were collected and frozen at —20 °C in RNAlater® solution (Ambion) for
further RNA extraction and expression test. Rneasy® Mini Kit (Qiagen)
was applied to extract the RNA and the concentration was measured by
microspectrophotometer (ND1000, Nanodrop Technologies). Then, the
RNA expression of alkaline phosphatase (ALP), bone morphogenetic
protein (BMP-2), osteocalcin (OCN), osteopontin (OPN) and runt related
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transcription factor 2 (Runx-2) genes was determined by reverse
transcription-polymerase chain reaction (RT-PCR) while GAPDH was
used for normalization and primers were listed in Table 1 [40]. PCR was
performed at 94 °C for 45 s, 60 °C for 45 s, and 72 °C for 1 min, for 30
cycles. The PCR products were analyzed on 1% (w/v) agarose gel and
stained by ethidium bromide. The transcription level normalized to
GAPDH was calculated using the 2°Ct formula.

2.4. In vivo evaluation of HAp/Col I paste

2.4.1. Surgical procedure

The animal study was approved by the Ethical Committee of Sichuan
University. A total of 36 male mature beagle dogs weighing 11.55 +
1.08 kg were used for in vivo evaluation of HAp/Col I paste. The dogs
were reared according to the guidelines of the ethical committee and the
National Institutes of Health guidelines for the care and use of laboratory
animals. The dogs were randomly assigned into two groups (i.e.,
experimental and control groups) and were fed 7 d to adapt to the
environment before the surgery. Unilateral ACL injury model was
established in all dogs and further undergone surgical reconstruction,
which had a diagram shown as Fig. S1. The procedures were displayed as
Fig. S2 and went briefly as following. Firstly, intravenous anesthesia
with pentobarbital sodium (30 mg/kg, body weight) was administered.
Then, the peroneus longus tendon was identified and then removed as a
transplant donor through a 1 cm incision which was made along the
posterior side of the distal tibia. The acquired tendon segment of
approximate 8 cm long was folded in half to create a double-strand ACL
graft and both ends were sutured with one No. 2 polyester suture
(Ethibond; Ethicon, Somerville, NJ) in a whip-stitch style. The proximal
end of the graft was trimmed to yield a diameter of 4.5 mm. Through an
anteromedial incision and a medial parapatellar arthrotomy, the knee
joint cavity was exposed. The native ACL was excised at its femoral and
tibial origins. In a surgical position of 70°-90° knee flexion, femoral and
tibial tunnel was constructed via a drilling point between the medial
tibial tubercle and the medial edge of the tibia by a 1.5 mm Kirschner
needle along the direction of tibial trochanter-anterior cruciate ligament
tibial end-anterior cruciate ligament femoral end-femur. Then, 4.5 mm
hollow drill was used to enlarge the bone tunnel. Following the injection
and fully filling of the paste, the pre-stretched and wetted graft was
implanted into bone tunnel. The plate was fixed at the external entrance
of the femoral tunnel and the polyester suture drawn from the tibial
tunnel was fixed as a stake below the external entrance of the tibial
tunnel. Following the immobilization of implants, the joint cavity was
completely washed with saline to remove any remain. Finally, the joint
cavity was closed and sutured as shown in Fig. S2L. In the control group,
no additional biomaterial was implanted between graft and bone tunnel.
After the surgery, the animals were kept in individual cages for free
movement at room temperature on a 12 h light/dark cycle. Standard
balanced food and water were available for freely intake. Intramuscular
injection with penicillin (250 kU/kg) and streptomycin (80 mg/kg) was
administered every day for the first 3 postoperative days. The dogs were

Table 1
Primer sequences for the Real Time RT-PCR analysis.
Gene Primer sequences
GAPDH Forward: CAGTGGCAAAGTGGAGATTGTTG

Reverse: TCTCGCTCCTGGAAGATGGTGAT
ALP Forward: ATCTTTGGTCTGGCTCCCATG
Reverse: TTTCCCGTTCACCGTCCAC

BMP-2 Forward: TCTTCCGGGAACAGATACAGG
Reverse: TGGTGTCCAATAGTCTGGTCA
Runx-2 Forward: ATGCTTCATTCGCCTCACAAA
Reverse: GCACTCACTGACTCGGTTGG
OCN Forward: CTCCCATTGGCGAGTTTG
Reverse: TGTAGTCCAGGTGGAGCTTGTG
OPN Forward: ACACTTTCACTCCAATCGTCCCTAC

Reverse: GGACTCCTTAGACTCACCGCTCTT
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sacrificed at 12, 24 and 48 weeks for microcomputed tomography
(micro-CT), histologic examination and biomechanical testing.

2.4.2. General observation and harvest procedure

All the animals were daily inspected on surgical site after the oper-
ation, including the wound healing, infection situation and knee
movement, to have an initial evaluation of ACL reconstruction. The
animals were sacrificed at 12, 24 and 48 weeks postoperatively in both
experimental and control groups by intravenous administration of a
pentobarbital overdose (100 mg/kg). After the sacrifice, the knee joint
cavity was exposed following the separation of subcutaneous tissue and
medial retinaculum, and the dislocation of patella along a cut on the
medial edge of the patella. The mobility of the joint, integrity of the
graft, the condition of articular cartilage and meniscus were observed.
The distal femur, proximal tibia and the soft tissues in between were all
harvested for further detection. The reconstructive ACL of both groups
were sampled for hematoxylin and eosin (HE) staining to have a histo-
logical analysis. Also, the reconstructive ACL were sampled and the
morphology was further examined with SEM after fixing in 10% (w/v)
formalin for 48 h and drying by a critical point dryer.

2.4.3. Microcomputed tomography (micro-CT) analysis

For quantifying the ingrowth of mineralized tissue inside the bone
tunnel, micro-CT analysis was performed using a high-resolution micro-
CT system (VivaCT80, SCANCO Medical AG). Three samples (n = 3)
from each group were harvested for micro-CT analysis at the given time.
The parameters were set with the energy of 80 kV, the intensity of 450
pA, the isotropic resolution of 20 pm and the optimal threshold value of
300. The scanning direction was perpendicular to the long axis of the
sampled bone tissue, covering the entry and exit of the bone tunnel. A
customized cylindrical region of interest (ROI) (diameter: 10 mm,
height: 7 mm) containing the bone tunnel was chosen to quantitatively
analyze the newly formed mineralized tissue over time. Based on the
ROI of sample which was reconstructed using Materialise Mimics V17.0
software, the total bone volume (TBV, mms), bone volume fraction (BV/
TV, %), trabecular number (TbN, 1/mm) of mineralized tissue inside the
tendon-bone interface was calculated and elucidated. The average tun-
nel diameter was measured using the axial images of the sampled
femoral and tibial bone tissue.

2.4.4. Histological analysis

After micro-CT analysis, the ACL-bone complexes (n = 3) from each
group were fixed in 10% (w/v) neutral buffered formalin for 7 days,
dehydrated with graded alcohol of 70, 80, 90, 95 and 100% (v/v) for 12
h at each step, then cleaned by dimethylbenzene and embedded in
polymethyl methacrylate (PMMA, Technovit 9100, Germany). The
embedded samples were sectioned by saw microtome (2500E, Leica,
Germany) and the slicing direction was parallel to the long axis covering
the entry and exit of the bone tunnel. Then, the sections were cut,
grinded and polished to 5 pm (Exakt Micro-Grindin System, Leica,
Germany) and stained with hematoxylin and eosin (HE), masson tri-
chrome staining (Masson) to have a histological analysis.

2.4.5. Biomechanical test

The biomechanical properties of the retrieved implants were tested
following the previously established protocol. Before the test, the
retrieved implants which were frozen and preserved at —80 °C were
slowly thawed at 4 °C, and all soft tissue except for the regenerated
ligament was removed to attain test samples of femur-graft-tibia com-
plex. Four samples (n = 4) from experimental and control groups were
used and another four native femur-ACL-tibia complexes were served as
normal control. The femur and tibia were immobilized with specially
designed clamps at both ends, allowing tensile loading along with the
long axis of the graft in a testing machine (AGS, Shimadzu Corporation,
Japan). The test was performed at a constant rate of 10 mm/min, and the
ultimate failure loads were recorded. All samples were kept moist with
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phosphate buffered saline (PBS) solution during the test.
2.5. Statistical analysis

Statistical analysis was performed using one-way analysis of variance
(ANOVA) followed by Tukey’s posthoc testing using SPSS 22.0 software.
These data were presented as mean + standard deviation (SD). The
significance level was set at p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).

3. Results
3.1. Physical characterization of HAp/Col I paste

The as-prepared HAp/Col I paste which was filled in the syringe
showed coherence and milk-white color (Fig. 1A). The TGA curves of the
pastes suggested a sharp decline owing to the water evaporation till
120 °C as the peak end temperature shown in differential curves (DTG),
and a slight decline before 350 °C because of the thermal decomposition
of collagen. Finally, the thermally stable contents were 40.64% =+ 0.39%
which attributed to the HAp particles (Fig. 1B). The average diameter of
spherical HAps calculated through Image J software (version 1.8.0) was
54.82 + 1.18 pm (Fig. 1C), which was at the center of a normal distri-
bution. The SEM image of the cross-section of lyophilized paste was
shown as Fig. 1D, which displayed a uniform distribution of spherical
HAps in Col I and irregular interconnecting pores with average pore size
of 30-80 pm. At higher magnification (Fig. 1E and F), the spherical HAp
was composed of loosely structured nano-scale particles (30-100 nm).

The EDS mappings of element Ca (blue), P (green) and C (red) were
shown as spots dispersed in HAp/Col I paste (Fig. 2A-C), and the
overlapping of Ca, P and C further testified the uniform dispersion of
inorganic particles and collagen carrier (Fig. 2D). Alizarin Red S staining
images indicated that the HAp particles shown in red were homoge-
neously dispersed in collagen solution and no obvious particle aggre-
gation was observed (Fig. 2F and G).

The staining result was consistent with those of SEM observation and
EDS mappings. After immersing in the saline for 7, 14 and 28 d, the “HA”
letters formed by HAp/Col I paste extruded from the syringe was stable
and kept its original shape without any disintegration, which could be
beneficial for surgical operation (Fig. 2H). The ICP-OES results sug-
gested the HAps in the paste were stable and only 0.74%-2.11% were
released and dissolved, which was estimated according to the Ca and P
concentrations and changes in the extraction solutions (Fig. 2 I).

The compressive test illustrated that the loading force-displacement
curves were smooth and showed analogous pattern among parallel
samples. The loading force increased dramatically to initial the injec-
tion, followed by a linear increase and then achieved a relative stable
level till all the paste was pushed out from the syringe. The average
push-out forces of stable extrusion was 4.26 + 0.28 N. (Fig. 2J).

3.2. Invitro cell culture

3.2.1. Cell viability, proliferation and morphology

Cell viability observed by CLSM and proliferation result determined
by CCK-8 was shown in Fig. 3. The live/dead staining images indicated
living cells were uniformly distributed in the pastes. Also, the green
fluorescence intensity continuously increased with extending culture
time, and only few of dead cells were detected, which meant cells
encapsulated in the paste having good viability and proliferation
(Fig. 3A). In addition, according to the results acquired from CCK-8
assay, the cell number in the pastes increased significantly from 1 to
14 d, which was consistent with the CLSM observation (Fig. 3B).

The cytoskeletal staining and SEM results of MC3T3-E1 preosteo-
blasts-loaded in paste were given in Fig. 3C. The F-actin and nucleus
(blue) staining of preosteoblasts cytoskeleton demonstrated the cells
quickly adhered to the matrix in the paste and cell spreading was
observed at the initial stage of co-culture. Complete and well-spread
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Fig. 1. The structural morphology and compositional contents of HAp/Col I paste. (A) The appearance of HAp/Col I paste loaded in syringe. (B) TGA and DTG curves
of HAp/Col I pastes. (C) The size distribution of HAp particles. (D-F) SEM images of HAp/Col I paste at different magnifications.

morphology was seen after 7 d. The nuclei of MC3T3-E1 preosteoblasts
were also observed to have normal morphology and well-defined actin
filament. The SEM images of cell morphology and cell distribution were
consistent with the F-actin and nucleus staining (Fig. 3C). The spreading
area of individual cell at different time points was calculated using
Image J, and the results showed that spreading area increased gradually
and the whole visual field was covered at 14 d (Fig. 3D).

3.2.2. Osteogenic gene expression

The expression of five representative osteogenic genes, namely ALP
which was a widely recognized marker of osteoblast differentiation,
Runx2 which was an early marker of osteogenic maturation, OPN which
was a later marker of osteogenic differentiation and mineralization,
BMP-2 and OCN were measured to assess the osteogenic performance of
MC3T3-E1 preosteoblasts using RT-PCR and the results were shown in
Fig. 3E. Accordingly, it could be seen that the expressions of ALP and
BMP-2 were nearly two times as other gene expressions after cultured for
7 d. After cultured for 14 d, the expressions of five genes were all up-
regulated compared to those acquired at 7 d, while OPN was the only
gene expression increased insignificantly (p > 0.05). In addition, ALP
and BMP-2 were still the comparatively high expression genes among
the five osteogenic genes, which were about twice higher than those of
OCN and OPN.

3.3. In vivo animal study

3.3.1. General observation

All the animals had normal intakes and behavior post-operation. The
body weight of each animal increased gradually and showed insignifi-
cant differences among groups (data not shown). No wound infection or
accidental death occurred during the observation period. Except for two
cases of joint instability caused by ligament absorption from the control
limbs at 12weeks and 24 weeks respectively, the anterior drawer test
and Lachman test yielded negative findings in the rest of knees. There
was no obvious joint degeneration, effusion, or graft necrosis.

After the exposure of the implanted site, both grafts in the control

and HAp/Col I groups were intact and had the similar texture and color
as native ACL (Fig. 4A). Therein, the surface of the grafts was covered by
a thin synoviume-like tissue which probably secreted and formed owing
to inflammation and especially obvious in the control group. H.E.
staining results showed the collagen fibers in reconstructive graft were
closely organized and arranged in parallel, which was similar to native
ACL at 12, 24 and 48 weeks postoperatively (Fig. 4B, C, D). The oval and
round fibroblasts were distributed among the collagen bundles and ar-
ranged in succession. Similarly, the SEM images displayed that the
morphology of collagen bundles in reconstructive ACL was comparable
with that in native ACL, including collagen bundle diameters, parallel
ripple and spiral coiling modes (Fig. 4E, F, G), while the former collagen
bundle tightness seemed inferior to that of latter.

Compared with the outcome at 12 weeks, the grafts in the experi-
mental and control group seemed further matured at 24 and 48 weeks,
and the ACL reconstruction could be considered to enter a stable liga-
mentation period based on their morphology and structure. According
to the morphological characteristics, the shaping process of the trans-
planted graft could be divided into four stages: the early shaping stage,
the shaping stage, the mature stage and the static stage. It was reported
that the shaping and stabilization period of the graft was 26-36 weeks
post-operation, which featured with regularly and evenly arranged
collagen fibers in compact bundles and obviously co-directional ripples
[41-43]. Furthermore, the tissue was mainly composed of oval-shaped
cells, with fewer polygonal or star-forming shape [44].

3.3.2. Micro-CT analysis

The newly regenerated bone tissue within bone tunnels of femur and
tibia was evaluated by micro-CT scan in both groups, and the results
were shown in Fig. 5. Three-dimensional reconstruction images showed
that the femoral and tibial tunnels in both experimental and control
group contracted to a certain extent and the internal tunnel surface were
uneven due to the growth of new bone tissue. Meanwhile, the entrance
size of the femoral tunnel tended to be larger than that in the interior.
The contraction of bone tunnel in the experimental group was more
obvious than that in control group at each time point (Fig. 5A). The
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Fig. 2. The uniformity, systematical stability and injectable performance of HAp/Col I pastes. (A-D) EDS mapping results of Ca, P and C in HAp/Col I paste. (E-G)
Alizarin Red S staining of HAp/Col I paste (E: x 10, F: x 100, G: x 200); (H) The macroscopic observation of HAp/Col I paste immersed in saline; (I) The contents of
Ca and P element released into the extraction solution. (J) The loading force-displacement curves of HAp/Col I pastes extruding from the syringe.

average width of tibial and femoral tunnels was statistically analyzed
and shown in Fig. 5B. Accordingly, the average width of the bone tun-
nels in the experimental group was significantly smaller than that in the
control group at 12, 24 and 48 weeks. There was no significant change of
average tunnel width from 24 weeks to 48 weeks in both groups. In
addition, the tunnel width of tibia was smaller than that of femur in the
same group (Fig. 5B).

Accordingly to the quantitative analysis results included the total

bone volume (TBV), bone volume/tissue volume (BV/TV) and trabec-
ular number (TbN) which were acquired based on the micro-CT recon-
struction data, there was a significantly increasing trend of TBV, BV/TV
and TbN in both femoral and tibial tunnels in experimental group from
12 weeks to 24 weeks (Fig. 5C, D, E). Typically, in experimental group,
the level of BV/TV significantly increased from 26.5% + 5.7% (12
weeks) to 33.8 + 1.5% (24 weeks) in femur and 29.5% + 1.8% (12
weeks) to 35.6% + 2.8% (24 weeks) in tibia. In comparison, the data in
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the control group showed no significant difference at different time
points and they were all significantly lower than those in the experi-
mental group over the same period (Fig. 5D). In addition, the compar-
ison between femoral and tibial data indicated that the bone tunnel
healing in tibia was always superior to that in femur in both groups.
Taking all results of 3D reconstruction and quantitative analysis into
consideration, more new bone formation could be estimated in the
femoral and tibial bone tunnels of experimental group than that in
control group.

3.3.3. Analysis of biomechanical testing

The biomechanical properties of native and reconstructive ACL from
control and experimental groups were tested, together with distal
femoral end and proximal tibial end. It should be noticed that the
loading direction in mechanical test was different from that in native
joint, but the mechanical analysis of the harvested tissue was meaningful
to compare among the groups and further evaluate the functionality of
HAp/Col I paste in bone tunnel healing in vivo (Fig. 6A, B, C). The
pullout load of experimental and control groups at 12 weeks post-
operatively was in the range of 130-137 N, which had no significant
difference between these groups and was around one-third of the native
sample’s result. At 24 and 48 weeks postoperatively, the loads in
experimental group increased to 155.65 + 45.35 N and 172.54 + 8.77 N
respectively, which were significantly higher than those of the control
group at 86.00 & 21.30 N and 108.08 + 21.52 N (Fig. 6D). Meanwhile,
the maximal load of experimental group samples increased to

approximately half of native ACL’s maximal load (313.80 + 47.36 N) at
24 weeks and further achieved 54.2% at 48 weeks.

To measure the cross-sectional areas of implant at breaking site, the
individual autograft was wrapped with a suture thread to get its
circumference and converted to diameter. Then, the tensile strength (TS)
was further obtained to have a better evaluation on biomechanical
property. The TS was calculated as maximum failure load divided by
cross-sectional area of the autograft and the data were shown as Fig. 6E.
The results illustrated that HAP/Col I paste could significantly enhance
the TS of reconstructive ACL than the control samples at all time points.
The TS of experimental group samples at 24 and 48 weeks achieved 9.07
=+ 0.20 MPa and 11.89 + 1.14 MPa which were 37.9-52.45% of native
ACL at the same time point. In addition, all samples were broken within
the intra-articular zone but not pulled out from the bone during
biomechanical test, although the exact rupture sites were inconsistent.
Specifically, most of the native ACL samples were broken at the tibial
insertion (3 of 4 at 12 weeks, 4 of 4 at 24 weeks and 4 of 4 at 48 weeks),
while the reconstructive ACL were mainly broken at the intermediate
section, namely 2 of 3 at 12 weeks, 3 of 3 at 24 weeks, 4 of 4 at 48 weeks
in control group, and 4 of 4 at 12 weeks, 4 of 4 at 24 weeks, 3 of 4 at 48
weeks in experimental group. It was also noticeable that 1 of 4 auto-
grafts was absorbed in the articular cavity at 12 weeks and 24 weeks
respectively in control group (Table 2).

3.3.4. Histological examination
H.E. staining and Masson trichrome staining were used to validate
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the tissue formation in the tendon-bone interface, and the results were
given in Fig. 7. Since the tendon-bone interface was focused in the bone
tunnel in reconstructive groups, and the histological characteristic of
native enthesis was well studied and reported [15,45,46], the histo-
logical results of native group were not included in this study. The his-
tological results suggested that the tendon-bone interface treated with
HAp/Col I paste was fully bridged by a new forming multi-layer struc-
ture tissue from 12 weeks to 48 weeks.

At 12 weeks, in the experimental group, the tendon-bone interface
was filled with newly formed bone (green arrow) and regular collagen

fibers (yellow arrow) which could be considered as Sharpey fibers since
they perforated and were approximately perpendicular to the bone
interface in the proximal part of the tunnel (Fig. 7D, J). In comparison,
in the control group, small gaps between tendon and bone and loose
connective tissue could be found (black arrow), as well as Sharpey fibers
with sparser structure than those in experimental group (Fig. 7A, G).
With the extension of implantation time, the morphology of newly
formed tissue was improved and the cells proliferated appropriately in
the experimental group.

At 24 weeks, in the experimental group, abundant Sharpey fibers
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Table 2
The failure point statistics on the graft complex.

Time Group (n = 4) Graft midsubstance ACL femoral origin ACL tibial insertion Femoral or tibial pullout Graft absorption
12 weeks Native ACL 1 0 3 0 0
Control Group 2 0 1 0 1
HAp/Col I Group 4 0 0 0 0
24 weeks Native ACL 0 0 4 0 0
Control Group 3 0 0 0 1
HAp/Col I Group 4 0 0 0 0
48 weeks Native ACL 0 0 4 0 0
Control Group 4 0 0 0 0
HAp/Col I Group 3 0 1 0 0

could be found anchored directly onto the newly formed bone leading to
an indistinct boundary. Meanwhile, a portion of the tendon-bone
interface replicated the fibrocartilaginous transition zone which exis-
ted in native tissue [47], but the calcified fibrocartilage and tide line
were not observed (Fig. 7E, K). In the control group, tense Sharpey fibers
could be found at the tendon-bone interface, no chondrocytes or
cartilage-like tissues were found here (Fig. 7B, H).

At 48 weeks, the histological staining images gave clues that well-
defined four-layer structure of insertion site could be regenerated in
the experimental group, including tendon tissue, fibrocartilage, calcified
fibrocartilage and bone. A regular marking of the tide line between
fibrous cartilage and calcified cartilage could also be observed (Fig. 7F,
L). In the control group, more and compact Sharpey fibers linked
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directly from tendon to bone, with a clear boundary and morphology
similar to those in the experimental group at 12 weeks, while no fibro-
cartilage and calcified cartilage were observed (Fig. C, I).

4. Discussion

As one of the connections between femur and tibia, ACL and its
terminal structure plays an important role in physiological and biolog-
ical functions of knee joint. The gradient composition and structure can
not only transmit and balance stress, but also regulate the growth and
collagen remodeling of tendon or ligament. As a result, the restoration of
gradient composition and structure in reconstructive ACL is crucial to its
physiological function recovery and normal daily life of patients. The
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ACL insertion site which is the part of the tendon in bone tunnel could be
the weak link in the early stage of ACL reconstruction. Therefore, an
accelerated and enhanced early healing of tendon-bone could be bene-
ficial to the successful ACL reconstruction.

It is well established that bone tunnel is healed with an intervening
layer of fibrovascular scar tissue between the graft and bone [13,48].
Previous studies on ACL reconstruction using biological graft drew a
consistent conclusion that graft would undergo a “ligamentization”
process after the implantation, including stages like tissue necrosis, new
tissue growth replacement, remodeling and maturation [49,50]. In the
remodeling stage, the migrated and proliferated osteogenic cells at the
fibrous interface secreted and generated new extracellular matrix, and
the interface was gradually modeled to develop a Sharpey fiber-like
local structure which could increase the connection strength [51].
However, such scar tissue was mechanically inferior to native tissue and
became a “weak link” after surgical reconstruction. For these reasons,
there is much interest in developing interventions that can accelerate
and improve the healing of tendon-bone interface. Several approaches
have been studied in this field, including the application of transforming
growth factor (TGF) [52,53], bone morphogenetic protein (BMP) [54,
55], gene transfection [25], stem cells [56,57], platelet rich plasma
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(PRP) [58], autogenous periosteum [22] and calcium-based cements
[59,60].

In light of the theory of tissue inducing biomaterials and our previous
research, we hypothesized that constructing an appropriate microenvi-
ronment with suitable biomaterials to regulate cell behavior probably
could accelerate and enhance the tendon-bone interface healing during
ACL reconstruction. Since both bone and ligament were involved during
the compositional and structural restoration, calcium phosphate and
collagen based biomaterial should hold great potential owing to their
physicochemical and biological advantages.

Calcium phosphates including hydroxyapatite have been proven
with excellent biocompatibility, osteoconductivity and osteoinductivity
[61-63], were further studied to promote the bone growth in
tendon-bone healing. For instance, Matsuzaki et al. [64] reported on the
use of hybridized semitendinosus tendon grafts with a calcium
phosphate-containing solution to perform ACL reconstructions in rab-
bits, and found that new bone and cartilage was formed around the
tendon grafts at 3 weeks. Pan W et al. [60] evaluated the ability of
injectable calcium phosphate cement (ICPC) together with xenograft
and growth factor to enhance the tendon-bone healing, they noted the
interface tissue contained more new bone and the space between the
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grafted tendon and the bone tunnel was narrower than the control.

Even though calcium phosphates showed outstanding osteogenesis,
they still need suitable carriers to transfer. Meanwhile, because the ECM
of ACL was composed primarily of 90% type I collagen [65], type I
collagen hydrogel was developed to combine with the inorganic calcium
phosphates. Collagen hydrogels could provide microenvironment such
as suitable adhesion sites, proliferate space and transfer channels for
nutrition and metabolite for cell attachment, proliferation, and differ-
entiation [66,67], including cell sources such as fibroblasts, osteoblasts
and MSCs [68-70]. Moreover, collagen served as a functional bioreactor
which could provide various cytokines and physiological cyclic loading
to induce the differentiation and expression of cells [36]. Recently,
increasing attentions were paid to use type I collagen hydrogel to repair
cartilage injury, which have achieved good results [71,72]. Thus type I
collagen could promote the formation of an enthesis with gradient
structures during the ACL reconstruction.

In this study, an injectable paste based on hydroxyapatite and type I
collagen was prepared and evaluated to accelerate and improve the
tendon-bone healing in a canine ACL reconstruction model. The
compositional and structural properties of the HAp/Col I paste were
systematical characterized, as well as their stability and injectable per-
formance. The optimized HAp/Col I paste was composed of spherical
HAp (40 wt%) with low crystallinity and Col I solution (60 wt%), as
approved by the thermal analysis shown in Fig. 1B. Both SEM and
Alizarin red staining of the paste indicated the homogeneous distribu-
tion of HAps in collagen solution, which was not only beneficial to the
systemic stability and easy injection, but would also provide open and
inter-connecting pores after the degradation of collagen in vivo. Inject-
able calcium phosphate cement was applied to heal the tendon-bone, but
the osteointegration of grafted tendon in bone tunnels was unsatisfied
because of the slow degradation and compact spatial structure [60,73].

The collagen could be rapidly degraded and absorbed in vivo [74],
which leads to the formation of an interconnected porous structure. The
porous structure allows the migration and proliferation of cells as well as
vascularization [75,76]. Thus, the HAp/Col I paste composed of calcium
phosphate particles and degradable organic carrier could provide the
necessary compositional and spatial support to the tissue regeneration in
the bone tunnel. Based on 24 staining images, the area ratio of pores to
the visual field was statistically calculated using Image J. Accordingly,
the pore area accounted for around 39.4% + 1.13% of the whole visual
field in the images. It could be inferred that the final porosity of the
implant was around 40%, which would allow cell migration, prolifera-
tion and vascularization [75].

Previous single bundle ACL reconstruction by autogenous semite-
ndinosus tendon stated that tissue necrosis happened in the bone tunnel
at 2 weeks and new tissue grew into and replaced from the edge of
ligament at 4 weeks [50]. While collagen-based biomaterial was
considered to be fully degraded and absorbed in 4-8 weeks [34,36], the
degradation of collagen in HAp/Col I paste might be synchronous or
slightly delayed with the tissue necrosis and new tissue growth stages in
the bone tunnel. Meanwhile, the pores produced by the continuous
degradation of collagen would be replaced by the growth of new tissue,
forming a dynamic repair process to improve the interface integration
between tendon and bone.

Because collagen could be self-assembled at the body temperature
[77]1, the HAp/Col I paste could be gelled and stabilized when it was
injected into aqueous phase as shown in Fig. 2H. The stability ensured
that the paste could be directly operated and injected into the bone
tunnel under arthroscopy [78]. And the detection of Ca and P contents
under the given extraction condition implied the gelation of collagen
could stabilize the paste and majority of the implant could be main-
tained in the bone tunnel after the implantation.

Because the HAp/Col I paste was prepared by physically mixing two
materials with excellent biocompatibility under controlled conditions,
the in vitro study verified the paste was cell compatible and the MC3T3-
E1 cells could appropriately proliferate and osteogenically express when
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HAp was encapsulated in the paste. Further investigation may also need
to elucidate the mechanism of the material-cell interaction in the future
with evaluation methods including western blotting, immunofluores-
cence, and proteomics.

After the in vivo implantation and harvest of the pastes at different
time points, the results of general observation, micro-CT analysis,
biomechanical test and histological examination indicated that the
HAp/Col I paste could accelerate and enhance the tendon-bone interface
healing in the bone tunnel of ACL reconstruction. According to the 3D
reconstruction of micro-CT scan shown in Fig. 5A, an enlarged opening
of the bone tunnel near the articular cavity was observed, which was
especially obvious in the control group. The average bone tunnel width
was significantly bigger than that in experimental groups, both in femur
and tibia as statistics shown in Fig. 5B. The enlarged bone tunnel was not
only related to the windshield wiper effect caused by animal activity, but
also to the effects of proteolytic enzymes, cytokines and growth factor
inhibitors in the synovial fluid. It has been reported that proteolytic
enzymes in synovial fluid can inhibit bone growth, delay tendon healing
and enlarge bone tunnel [79,80]. Particularly, according to the results
displayed in Fig. 5C and D, graft resorption was found at 12 and 24
weeks respectively in the control group, which may be the result of
increased collagenase activity owing to the change of biological factors
in synovial fluid. In the experimental group, the collagen gel formed
onsite in vivo could form a barrier at the entrance of the bone tunnel to
prevent the graft from being over-exposed to the synovial fluid. Mean-
while, the as-filled paste was beneficial to improve the interface between
tendon and bone tunnel, which was drilled manually with matching
design, but the gaps between graft and bone tunnel were inevitable. The
increased contact and compaction between graft and bone tunnel
further reduced the abrasion of the graft and increased the compressive
stress on graft which was in favor of cartilage formation [40,81,82]. On
the other hand, the increase of BV, BV/TV and TbN as shown in Fig. 5C,
D and 5E indicated the generation of new bone tissue owing to the
implanted HAp/Col I paste in the experim.ental group. These factors
combined together may lead to different tightness of collagen bundle in
reconstructive ACL and contractility at the opening of bone tunnel.

As shown in the histological examination, a typical four-layer tran-
sitional structure at the interface between tendon and bone was found in
the experimental group at 24 weeks. The graft implanted without the
paste was healed with a structure containing ligament, Sharpey fibers
and bone [51], as found in control group. The highly differentiated
structures were analogous to the native anatomy and could definitely
disperse the stress on the ligament [18] and therefore improve the
biomechanical property in the experimental group. It could be inferred
that the filling of paste in the bone tunnel not only increased the physical
contact between the graft and bone tunnel, but also changed the
microenvironment compositionally and structurally which influenced
the reconstructive interface. The collagen component in the paste could
provide the scaffold for cell migration, attachment and proliferation
shortly after the implantation. The gradual degradation of collagen
provided the consumable raw materials for cells and further made room
for the newly-formed extracellular matrix, which was a dynamic process
and played an important role in remodeling of the transitional structure
at the interface between tendon and bone. At the longer term after the
implantation, the HAp component in the paste could regulate the oste-
ogenic expression and induce the new bone formation [32]. The inter-
twining interactions among the graft components, cells and host bone
tissues led to a better healing of the tendon-bone interface.

The biomechanical property of graft was so important that it would
affect the graft itself and the reconstructed ACL, it would also influence
the remodeling structure between graft and bone tunnel. It was reported
that the graft’s mechanical properties and physical signals could direct
cellular activity and phenotype toward functional tissue assembly and
mechanical competent tissue repair [83]. Frank et al. [84] pointed out
that the biomechanical strength of the autologous graft would firstly
decrease after auto-transplantation, then gradually increase and finally
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could restore only 10%-50% of the native tissue’s strength.

In this study, the reconstructive ACL with enhanced healing of
tendon-bone interface could achieve around half of maximal load of
native tissue at 24 weeks. Therefore, the reconstructive ACL could
provide enough strength at early stage since the ACL was loaded only
about 20% of its failure load during daily activities [85]. Among the
many factors could affect the shaping of tendon fibers, the enhanced
tendon-to-bone interface could fix the graft ends and then mechanical
stimulation could be correctly loaded on the graft which had positive
influence on the tendon fiber remodeling. The shortened shaping period
and matured tendon fibers could be beneficial to increase the mechan-
ical property of the reconstructed ligament. Comparing the mechanical
results between control and experimental groups, the earlier and
intenser interaction between graft and bone tissue could be considered
as one of the major reasons. As displayed in histological staining,
Sharpey fibers could be observed anchored directly onto the newly
formed bone without obvious gap in experimental group as early as 12
weeks, and the connection was so intense and universal at the interface
that the boundary was blur at 24 weeks. The abundant and dense
Sharpey fibers contributed significantly to the biomechanical properties
of reconstructive tissue. The matured tendon-to-bone interface structure
could enhance the mechanical property theoretically, however, the
mechanical test results were not significantly improved after 24 weeks.
The major reason was that the testing force was loaded on the entire
graft complex but not focused on the tendon-to-bone interface, leading
to reflect the lowest mechanical strength in the reconstructive ACL.
Therefore, the current extensively applied biomechanical test method
should be further modified to meet the requirements for mechanical test
of tendon-to-bone interface.

5. Conclusion

In summary, the results of this study suggested that an injectable
HAp/Col I paste could improve tendon-bone healing in a canine ACL
reconstruction with autogenous tendon as evidenced by medical imag-
ing, biomechanical and histologic results. A compositional and struc-
tural gradient, especially a typical four-layer transitional structure could
be restored at the interface between tendon and bone, which was similar
to the anatomical structure of normal ACL. The potential of using this
injectable hydroxyapatite/collagen type I paste to promote tendon-bone
healing and reduce the risk of reconstruction failure would be attractive
for ligament or tendon regeneration, and further provide a practicable
solution for clinical issues.
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