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The treatment of tendon/ligament-to-bone injury is a long-standing research challenge in orthopedics and bone
tissue engineering. Orderly healing of the fibrocartilage layer and mineralized bone layer is crucial for treating
tendon-bone interface injuries. We designed a three-dimensional printed porous titanium scaffold composite
system with thermosensitive collagen hydrogel loaded with transforming growth factor 3 (TGF-p3), formulated
for the sustained slow release of TGF-p3 at a constant rate. In vitro, the composite system exhibited good
biocompatibility and was beneficial for the adhesion and proliferation of bone marrow mesenchymal stem cells
(BMSCs), which showed high growth activity. Moreover, the composite system promoted the differentiation of
BMSCs via osteogenesis and chondrogenesis. In vivo, the composite system provided active substances at the
injured site, promoting the repair of the fibrocartilage layer and of the mineralized bone layer at the interface
between the ligament and bone. Micro-CT results demonstrated that the complex promotes the osseointegration
of titanium scaffolds in bone defects. Hard tissue sections showed that the new bone, ligament, and the titanium
alloy scaffold system formed a closely integrated whole; the composite system provided suitable attachment
points for ligament growth. Additionally, the biomechanical strength of the tendon interface improved to some
extent. Our results indicate that the composite system has potential as a bioactive implant interface for repairing
ligament and bone injuries.

1. Introduction The advances in bone tissue engineering technology have provided

promising solutions for the repair of tendon-bone interface injuries.

The tendon/ligament-to-bone junction site is a complex structure
composed of tendon/ligament, uncalcified fibrocartilage, calcified
fibrocartilage, and bone [1]. It acts as an important mediator of force
transmission between muscle and bone. Tendon joint injury is one of the
most common diseases in the field of sports injury due to the high
amount of physical stress imposed on this tissue [2]. Because of the poor
regenerative properties of tendon tissue, a large amount of scar tissue is
formed at the tendon-bone interface during healing and repair. Mean-
while, poor bone and the development of the fibrocartilage layer during
healing will result in decreased mechanical strength at the transition
interface, with an overall lower degree of motor function compared with
that of normal tissue [3-6]. Therefore, promoting a suitable structure for
the mineralized bone and fibrocartilage layers is crucial to promote
tendon bone healing, although repairing the damaged tendon-to-bone
junction may have even greater clinical importance [7,8].
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Titanium alloy is the most commonly utilized implant material in or-
thopedics due to its exceptional physical and chemical properties,
including high strength and corrosion resistance [9,10].
Three-dimensional (3D) printing technology allows the preparation of
titanium scaffolds through personalized bionic structural bone tissue
engineering, which can accurately match bone structures for the treat-
ment of orthopedic diseases [11,12]. The 3D printed titanium alloy
microporous scaffolds prepared by electron beam melting (EBM) tech-
nology exhibit better mechanical properties, and the microporous
structure can increase the contact area between the scaffold and bone,
and improve the bone integration ability of the implant [13].

The microporous structured scaffolds can carry hydrogel mixed with
growth factors [14,15]. The temperature sensitive collagen hydrogel
used in this study was in liquid form at 4 °C and transformed into
colloidal state at 37 °C, which made it more convenient to transport
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growth factors. Growth factors can be transported as a liquid, can be
injected into porous scaffolds, and then transformed into the colloidal
state at 37 °C, where the colloid degrades at a specific rate. Growth
factors are then slowly and continuously released, thus constructing a
stable and sustained slow-release system of localized growth factors. The
titanium scaffold implantation site is continuously stimulated by growth
factors, resulting in more adequate tissue growth between the implant
and bone interface and a more stable bone healing interface [16-19].

Transforming growth factor-f (TGF-f) is a growth factor with mul-
tiple regulatory functions. TGF-p acts on the tetrameric receptor com-
plex to transduce signals to the classical Smad-dependent signaling
pathway and to the non-classical Smad-non-dependent signaling
pathway (i.e., p38 MAPK) to regulate stem cell differentiation during
skeletal development, bone formation, and bone homeostasis. The Smad
and p38 MAPK signaling pathways converge on transcription factors
such as Runt-related transcription factor 2 (RUNX2) that promote
osteogenic differentiation and differentiation of BMSCs in chondrocytes
[20-24]. Among members of the TGF-p family, TGF-p3 regulates the
cartilage, bone, tendon, and ligament regeneration process, as well as
extracellular matrix secretion and reduction of scar formation in tissue
regeneration process; TGF-p3, therefore, serves as a growth factor that
promotes tendon/ligament-to-bone healing [25,26].

In this study, we constructed a 3D-printed titanium alloy micropo-
rous scaffold filled with TGF-p3 as a “bioactive complex”. We verified
that TGF-f3 stored in the composite structure can undergo slow and
sustained release at the injured site. This improved biological activity of
the 3D printed titanium alloy microporous scaffold is conducive to
adhesion, proliferation, and differentiation of BMSCs. In vivo, the system
provided sustained-release of active substances (i.e., TGF-p3) at the
injured site, thus promoting the repair of the fibrocartilage layer and the
mineralized bone layer at the interface between the ligament and bone
(Scheme 1). Hard tissue sections showed that the new bone, ligament,
and titanium alloy scaffold system formed a closely integrated whole,
and the composite system provided attachment points for ligament
growth. In addition, the biomechanical strength of the tendon interface
was improved to some extent. The complex effectively promoted long-
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term tendon/ligament-to-bone healing, providing a theoretical basis
for implant design in patients with clinical injuries at the tendon/
ligament-to-bone healing site.

2. Materials and methods
2.1. Preparation of 3D printed porous titanium alloy scaffolds

Previous studies have shown that microporous titanium scaffolds
with a pore size of 500 pm and 70 % porosity exhibit stronger me-
chanical properties and better ability to promote bone growth in the
micropores of scaffold micropores [19,27,28]. We prepared micropo-
rous Ti6Al4V scaffolds with a pore diameter of 500 pm, a porosity of 70
%, and a strut size of 300 pm using the EBM method. Disc-shaped
microporous scaffolds (910 mm x L3 mm) were used for in vitro cell
experiments, and column-shaped microporous scaffolds (¢4 mm x L8
mm) were used for in vivo animal experiments. Based on the modelling
data of the above two scaffolds, model files were designed to perform
operations in an EBM instrument (EOS M280, Germany). First, porous
scaffolds were prepared by melting Ti6Al4V (TLS, Germany; sphere with
a diameter of 45-55 pm) powder layer by layer. After cooling and
curing, the samples were removed and sequentially washed in acetone
solution, ethanol solution, and deionized water for 60 min, repeating the
process three times. The scaffolds were then autoclaved at 121 °C for 20
min and dried in a constant temperature oven at 60 °C. Finally, the dried
porous titanium alloy scaffolds were irradiated under ultraviolet light
for 60 min.

2.2. Preparation of the 3D-Ti6Al4V/collagen hydrogel/ TGF-)3 composite
system

Based on previous studies [19,27,29], temperature-sensitive
collagen hydrogel was formulated as type I collagen (0.3 % type I
collagen; Nitta Gelatin, Osaka, Japan), a 10x culture concentrate, and a
reconstitution buffer, which were mixed homogeneously in the ratio of
8:1:1 in a sterile operating table in a 4 °C environment. TGF-p3
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Scheme. 1. Schematic illustration of the promotion of ligament-to-bone interface healing by sustained release of TGF-p3 in this study.
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(PeProTech, USA) powder was dissolved in PBS (PBS; Solarbio, Beijing)
containing 5 % alginate according to the manufacturer’s instructions
and then diluted in a solution that could be stored for a prolonged
period. Subsequently, TGF-$3 was added to collagen hydrogel at 4 °C
with physical mixing and 300 pL of the mixed collagen hydrogel was
filled with 3D printed titanium alloy microporous scaffolds. Finally, the
titanium scaffolds were placed in 48-well plates and then placed in a cell
culture incubator at 37 °C for 30 min.

2.3. Characterization of the material of the composite system

The microstructure of the 3D-Ti6Al4V/collagen hydrogel/TGF-$3
preparation (lyophilized and sprayed with gold) was observed by
scanning electron microscopy (SEM; JSM 6700, JEOL, Japan). The
surface element distribution of the composite system was analyzed by
energy-dispersive X-ray spectroscopy (EDS). The X-ray signal emitted
from the sample is collected by an EDS detector, and the signal is con-
verted into an EDS energy spectrum, which is displayed and analyzed by
software. The crystal structure of collagen hydrogel coating was char-
acterized by X-ray diffraction (XRD; Rigaku, Japan). Fourier transform
infrared spectroscopy (FTIR; Nexus-670, USA) analyzes functional
groups in biological coatings.

2.4. TGF-p3 release and hydrogel degradation rate in vitro

Release of TGF-B3 in a temperature-sensitive collagen hydrogel at
various time points was determined using an enzyme-linked immuno-
sorbent assay (ELISA). In preliminary experiments, we determined that
the optimal concentration of TGF-B3 for cell growth in collagen hydrogel
was 100 ng/mL (Fig. S1), the in vivo concentration used was 10 pg/mL
[30]. TGF-B3 was mixed in collagen hydrogel at a concentration of 100
ng/mL in a 4 °C environment and subsequently transferred to a cell
incubator at 37 °C for 30 min to form a complex gel state. First, TGF-p3
was mixed in collagen hydrogel at a concentration of 100 ng/mL in a
4 °C environment and subsequently transferred to a 37°C-cell culture
incubator for 30 min to form a gel state complex. Next, 1 mL of the gel
state complex was pipetted into a centrifuge tube containing 2 mL of PBS
and was subsequently placed in a cell incubator at 37 °C. We collected 2
mL of PBS at different time points (i.e., 12 h, 1 day, 3 days, 5 days, 7
days, 10 days, 14 days, and 21 days) and the collected samples were
stored at —20 °C. Finally, the amount of TGF-p3 released at each time
point was detected using an ELISA kit (Bioss, Beijing, China) and the
absorbance was measured at OD450 (BioTek Instruments, USA). Data
were collected and a standard curve was generated based on the stan-
dard concentration of the TGF-p3. The amount of TGF-$3 released at the
different time point samples was calculated using the standard curve,
and an in vitro slow-release curve of TGF-f3 was plotted. In order to
determine the degradation rate of collagen hydrogel, we conducted
experiments at different time points (i.e., 12 h, 1 day, 3 days, 5 days, 7
days, 10 days, 14 days, and 21 days). The degradation rate of hydrogel
was calculated by weighing the remaining weight of hydrogel.

2.5. In vitro cell experiments

2.5.1. Cell culture

BMSCs were obtained from the femurs of New Zealand white female
rabbits (4 weeks old) and cultured in low-glucose medium (Gibco, USA)
supplemented with 10 % (v/v) fetal bovine serum (Gibco, USA) and 1 %
(v/v) penicillin/streptomycin (Gibco, USA). BMSCs were incubated at
37 °C temperature under 5 % CO- air and the medium was changed
every 2-3 days, when the BMSCs reached 80-90 % confluence, the
BMSCs were detached from the dishes with 0.25 % trypsin/EDTA
(Gibco, USA) and passaged. After incubation and passaging up to the
third generation, the BMSCs were used for cytotoxicity, osteogenic dif-
ferentiation, and chondrogenic differentiation assays. For osteogenic
induction, the following were added to the cell culture medium:
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dexamethasone (100 nmol/L), B-phosphoglycerol (10 mmol/L), and
ascorbic acid (50 pmol/L). For chondrogenic induction, the following
were added to the cell culture medium: dexamethasone (100 nmol/L),
sodium pyruvate (1 mmol/L), Insulin-Transferrin-Selenium (10 mmol/
L), ascorbic acid (75 pmol/L), and proline (1 mmol/L).

2.5.2. Biocompatibility of composite system

2.5.2.1. Cytotoxicity assay. Cell experiments were divided into three
groups, untreated 3D printed titanium microporous scaffolds (eTi),
composite collagen-filled 3D-printed titanium microporous scaffolds
(cTi), and collagen-loaded TGF-p3-filled 3D-printed titanium micropo-
rous scaffolds (cTi/TGF-p3). Cell activity, adhesion, and proliferation
were detected using the Live/Dead staining assay (BestBio, Shanghai,
China) and the Cell Counting kit-8 (CCK-8) assay (Bioss, Beijing, China).
For the Live/Dead staining assay, cell viability was assessed on days 1, 3,
and 7 using the Calcein-AM/PI Double Staining. Three experimental
scaffold treatments (i.e., eTi, cTi, and cTi/TGF-p3) were added to 48-
well plates containing basal low-glycemic medium, respectively, and
BMSCs were inoculated in 48-well plates at 5.0 x 10° cells/well and
were incubated in a 37 °C cell culture incubator. After discarding the
supernatant, cells were washed twice with prewarmed PBS at 37 °C to
remove residual esterase activity. Next, 500 pL of Calcein-AM staining
working solution was added to each well and incubated at 37 °C in a cell
culture incubator protected from light for 20 min. Cells were washed
twice with PBS before the addition of 500 pL of PI staining working
solution to each well. The dishes were incubated for 5 min at 37 °C in a
light-protected cell culture incubator. The cells were then washed twice
with PBS before being observed and photographed with a fluorescence
microscope in a light-protected environment.

For the CCK-8 assay, first a blank control group without scaffold was
set up and the three experimental scaffold treatments, eTi, cTi, and cTi/
TGF-p3 were added to 12 well plates, respectively, containing low-
glycemic basic medium. Cells with good growth status of P3 genera-
tion were inoculated in 12-well plates at 2.0 x 10* cells/well, and were
placed in a 37 °C cell culture incubator. The assay was performed at
three time points: on days 1, 3, and 7. In each well, 100 pL of CCK-8
reagent was added and gently mixed with the culture medium before
incubation in a cell culture chamber at 37 °C for 2 h. Next, 100 pL of each
well was added to a 96-well plate and the OD value at 450 nm was
detected using a fully automated enzyme labeling instrument.

2.5.2.2. Cytomorphological assay. The distribution of the microfilament
cytoskeleton and the nuclear position of the BMSCs were observed using
phalloidin/DAPI staining (Yeasen Biotech, Shanghai, China). The three
experimental scaffold treatments eTi, cTi, and cTi/TGF-3 were added
to 48-well plates, and the BMSCs were inoculated in 48-well plates at
5.0 x 10%/well, and then placed in a 37 °C cell culture incubator.
Phalloidin/DAPI staining assay was performed on day 7. The superna-
tant was discarded, and the cells were washed twice with pre-warmed
PBS at 37 °C. The cells were then fixed with a 4 % formaldehyde solu-
tion for 15 min at room temperature and washed three times with PBS.
Next, cells were permeabilized with a 0.5 % Triton X-100 solution for 5
min and washed three times with PBS, before the addition of 500 pL of
the FITC-conjugated phalloidin working solution to each well. The plate
was then incubated for 30 min at room temperature, protected from
light, and washed three times with PBS. The nuclei were stained with
500 pL DAPI solution, protected from light, and incubated for 30 s. The
plate was immediately observed and photographed with a fluorescence
microscope.

2.5.3. Osteogenic differentiation of BMSCs

The study consisted of three experimental scaffold treatment groups:
eTi, cTi and cTi/TGF-B3 groups, extracts of these groups were inoculated
into 24-well plates precoated with 0.1 % gelatin followed by the
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addition of low-glycemic base medium. Furthermore, the BMSCs were
inoculated into 24-well plates at 1.0 x 10* cells/well and were placed in
the cell culture incubator at 37 °C. Once cell confluence reached 60%-—
70 %, the complete medium in the wells was carefully aspirated and
osteogenic-induced differentiation medium obtained from BMSCs su-
pernatants was added to the 24-well plates. Changes in culture medium
were performed every 3 days and Alizarin Red S (1 %, pH = 4.2,
Solarbio, Beijing, China) staining was performed on days 7 and 14. The
osteogenic induction differentiation medium was aspirated and rinsed
twice with deionized water. Next, 1 mL of 4 % neutral formaldehyde
solution was added to each well and left to fix for 30 min at room
temperature. The neutral formaldehyde solution was then carefully
aspirated, and the wells were rinsed twice with deionized water. Sub-
sequently, each well was stained with 1 mL of Alizarin Red S staining
solution for 5 min. Thereafter, the Alizarin Red S staining solution was
aspirated, and the wells were rinsed three times with deionized water.
The osteogenic staining effect was observed under the microscope and
photographed.

2.5.4. Chondrogenic differentiation of BMSCs

Extracts from the three experimental groups (eTi, cTi, and cTi/TGF-
B3) were added to 24-well plates with low-glycemic base medium.
Furthermore, the BMSCs were inoculated in 24-well plates at 1.0 x 10%/
well and placed in a cell culture incubator at 37 °C. Once cell confluence
reached 60%-70 %, the medium was replaced with chondrogenic-
induced differentiation medium. The culture medium was changed
every three days. On day 14, Alcian Blue (Solarbio, Beijing, China) and
Safranin O (Solarbio, Beijing, China) staining were performed. Chon-
drogenic induction differentiation was removed from the 24-well plates
and rinsed twice with PBS. Next, 1 mL of 4 % neutral formaldehyde
solution was added to each well and fixed for 30 min at room temper-
ature, the neutral formaldehyde solution was aspirated and rinsed twice
with PBS. Finally, each well was stained with 1 mL of Alcian Blue so-
lution for 10 min, the Alcian Blue staining solution was removed, and
the plate was rinsed three times with PBS. The 24-well plate was
observed and photographed under a microscope. The method of
Safranin O staining was the same as that of Alcian Blue staining.

2.5.5. Gene and protein expression of BMSCs

Reverse transcription quantitative polymerase chain reaction (RT-
qPCR) was used to detect changes in gene expression of BMSCs from the
eTi, cTi, and cTi/TGF-p3 scaffold treatment groups associated with
osteogenic differentiation and chondrogenic differentiation ability. The
gene expression of RUNX2, bone morphogenetic protein 2 (BMP-2), and
type II collagen (COL2) was detected. Primer sequences used are listed in
Table 1. Osteogenic-induced differentiation of BMSCs was detected by
RUNX2 and BMP-2 gene expression, while chondrogenic-induced dif-
ferentiation of BMSCs was detected by COL2 expression. The three
scaffolds these treatment groups (i.e., eTi, cTi, and cTi/TGF-p3) were
added to 6-well plates containing basal medium, and then the BMSCs
were inoculated in 6-well plates at 2.0 x 10 cells/well and placed in the
cell culture incubator at 37 °C. The osteogenic differentiation steps were
the same as those described in section 2.5.3, and the chondrogenic dif-
ferentiation steps were the same as those described in section 2.5.4.
Total RNA was extracted on day 14, followed by ¢cDNA synthesis by
reverse transcription. mRNA expression levels were determined using a
quantitative real-time qPCR system (Bio-Rad, USA). All samples were

Table 1
Primers for RT-qPCR.

Gene Forward primer Reverse primer

GAPDH GAGCACCAGAGGAGGACGA TGGGATGGAAACTGTGAAGAG
RUNX2 TCAGGCATGTCCCTCGGTAT TGGCAGGTAGGTATGGTAGTGG
BMP-2 CGTGAGGATTAGCAGGTCTTTG AGGCGTTTCCGCTGTTTG

COL2 AACACTGCCAACGTCCAGAT CTGCAGCACGGTATAGGTGA
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standardized using GAPDH as an internal reference primer and calcu-
lated using the 2724 method.

Immunofluorescence staining was used to detect changes in protein
expression associated with osteogenic differentiation and chondrogenic
differentiation ability of BMSCs in the eTi, cTi and cTi/TGF-p3 scaffold-
treated groups. The osteogenic differentiation steps were the same as
those described in section 2.5.3, and the chondrogenic differentiation
steps were the same as those described in section 2.5.4. BMSCs were
stained with the osteogenic marker polyclonal anti-BMP-2 overnight.
After washing, the cells were further stained with Alexa Fluor® 488
secondary antibody, rhodamine-phalloidin, and DAPI, then imaged
using the confocal microscope. For protein detection of chondrogenic
differentiation ability, BMSCs were stained with the cartilage marker
COL2, with specific immunofluorescence staining methods as above.

2.6. In vivo animal experiments

2.6.1. Animal models

All animal experiments were approved by the Jilin University Animal
Care and Use Ethics Committee, and all operating procedures were
performed in compliance with National Research Council’s Guide for the
Care and Use of Laboratory Animals. New Zealand white rabbits (male, 6
months old, 3.5 &+ 0.5 kg) were randomly divided into three treatment
groups: the eTi, cTi, and cTi/TGF-p3 scaffold groups (n = 9 per group).
The study established a model to reconstruct the tendon-bone interface
from the patellar ligament to the tibial stop of the rabbit knee joint. The
surgical site was the right patellar ligament, which was gradually
exposed under strict aseptic operation after appropriate anesthesia and
disinfection. The patellar ligament was separated from a portion of the
tibial stop at an obtuse angle. A 4-mm diameter drill bit was used to
create a hole at the point of separation. The stent was then placed
perpendicularly at the separation point in each animal in each group,
with the free patellar ligament. The incision was closed in layers and
antibiotics were administered intramuscularly for 3 days after surgery.
Tissues from repaired ligament and bone sites were collected for analysis
at 6 and 12 weeks after surgery.

2.6.2. Micro-CT assay

Bone growth in porous racks was evaluated by micro-CT. The bone
samples were scanned at 48 kV voltage, 200 pA current, and 18 pm
image pixels to obtain a 3D visual reconstruction of the scanned images.
The images were then analyzed using a bone analyzer. In the micro-CT
analysis, the area where the stent was located was selected. Finally,
various parameters were measured from the collected images, including
bone volume fraction (BV/TV), trabecular arthritis (Tb.Th), and
trabecular separation (Tb.SP), trabecular number (Tb.N).

2.6.3. Histological evaluation

Tibia samples with patellar ligament were collected and the samples
were fixed with 4 % paraformaldehyde solution. The fixed samples were
then dehydrated with ethanol in a gradient gradually increasing from
low to high concentrations, and to achieve transparency samples were
submerged in a 1:1 mixture of anhydrous ethanol and xylene for 30 min
and then in xylene for 20 min. The samples were then embedded in
paraffin. Samples were cut to a thickness of 30 pm for hematoxylin-eosin
(H&E) and Masson staining along the longitudinal axis of scaffolds using
a hard tissue slicer. From the H&E and Masson stained sections, tissue
morphology was observed using digital microscopy to analyze the
healing of the tendon-bone union sites at the scaffold, tendon, and bone
junctions.

In order to observe the chondrogenesis at the tendon bone site in the
animal study, we performed Safranin O-fast green staining and Alcian
blue staining on the sections. The collected bone tissue was fixed in 4 %
paraformaldehyde, and then after sufficient decalcification, the scaffolds
were removed and the bone tissue was embedded and sectioned. Sec-
tions were deparaffinized to water, stained first with fast green staining
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and then with Safranin O staining. After dehydration and clear pro-
cessing, the sections were sealed with neutral gum, microscopically
observed and photographed. For Alcian blue staining, the sections were
dewaxed to water, alcian acidifying solution was applied for acidifica-
tion treatment, the tissue sections were placed in 1 % Alcian blue
staining solution, followed by nuclear solid red re-staining, transparent
treatment with anhydrous ethanol, then sealed with neutral gum, and
finally observed under microscope.

2.6.4. Mechanical tensile test and mechanical push-out test

Mechanical experiments were used to assess the strength of the ti-
tanium alloy scaffold in relation to the tendon and the new bone. The
proximal tibial sample was secured to the machine at both ends and kept
vertical. The maximum tensile force for the separation of the implant
from the tendon tissue was recorded using a hydraulic testing machine.
The sample was placed on the plate and kept perpendicular to the plate,
and the maximum thrust to separate the implant from bone tissue was
recorded by applying longitudinal pressure at a rate of 1 mm/min using
the hydraulic testing machine.
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2.6.5. Immunohistochemistry

Rabbit tibial and patellar ligament samples were obtained at 6 and
12 weeks and fixed in 4 % paraformaldehyde. After sufficient decalci-
fication, the scaffolds were removed and bone tissues were sectioned.
The tissue sections were then processed for antigenic restoration and
nonspecific binding sites were blocked using bovine serum proteins.
Specific primary antibodies against osteogenic markers BMP-2 and an-
tibodies against chondrogenic markers COL2 were added and incubated
overnight at 4 °C. The samples were then washed, and the corresponding
secondary antibody was added. Finally, the samples were dehydrated
and blocked, and then observed and photographed under a microscope.

2.7. Statistical analysis

All experimental data were expressed as mean + standard deviation.
Data from multiple experimental groups were analyzed using one-way
ANOVA and independent sample t-test, and statistically analyzed
using GraphPad Prism v.8.0. p < 0.05 was considered statistically
significant.
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Fig. 1. (A) SEM images of eTi and cTi/TGF-p3 (scale bar = 500 pm); (B) Elemental mapping of cTi/TGF-p3 (scale bar = 500 pm); (C) EDS elemental analysis of c¢Ti/

TGF-p3.
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3. Results
3.1. Preparation and material characterization of composite scaffolds

The 3D printed titanium alloy microporous scaffolds, disc-shaped
microporous scaffolds (¢10 mm x L3 mm), and column-shaped micro-
porous scaffolds (94 mm x L8 mm) were prepared using the EBM
method (Fig. S2A). The center of the cylindrical scaffold was a 2-mm
diameter hollow pore structure, which served to better fix the free lig-
ament tissue and fill the 3D-printed titanium alloy microporous scaffold
with temperature-sensitive collagen hydrogel at 4 °C (Fig. S2B). The
collagen hydrogel was liquid at a temperature of 4 °C but after exposure
to a temperature of 37 °C for 30 min, the collagen hydrogel solidified
(Figs. S2C and D). The surface morphology and characteristics of the
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scaffolds were observed by SEM, and the scaffolds had a porosity of 70 %
and a pore diameter of 500 pm (Fig. 1A(a)). Furthermore, the collagen
hydrogel uniformly filled the direct microporous structure (Fig. 1A(b)).
Elemental mapping (Fig. 1B) and EDS elemental analysis (Fig. 1C)
showed the presence of C, N, and O, which confirmed the homogeneous
distribution of collagen hydrogel and that of growth factors throughout
the composite scaffold. A composite system of 3D printed titanium alloy
microporous scaffold filled with collagen hydrogel loaded with TGF-f3
was successfully constructed.

From the XRD analysis, it can also be seen (Fig. S3) that the positions
of the diffraction peaks in the XRD spectra of the collagen hydrogel/
TGF-B3 group are consistent with those of the collagen hydrogel group,
which indicates that the addition of TGF-f3 did not change the crys-
talline form of the temperature-sensitive collagen, which may be due to
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Fig. 2. (A) Live/Dead cell staining of BMSCs at days 1, 3, and 7 (scale bar = 500 um); (B) Cumulative release of TGF-f3 in collagen hydrogel; (C) Cell viability of

BMSCs on different groups for 1, 3, and 7 days (CCK-8) (n = 3, *p < 0.05).
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the consistency of the crystalline form of the TGF-$3 and the type I
collagen, which is a protein, and it is advantageous for the utilization of
the collagen hydrogel-loaded TGF-f3 for the modification and used for
subsequent studies is favorable.

Functional groups in collagen hydrogel and collagen hydrogel con-
taining growth factors were analyzed by FTIR (Fig. S4). By comparison
between the collagen hydrogel group and the group with added TGF-$3,
3338 cm™! corresponds to O-H or N-H stretching vibrations, commonly
originating from hydroxyl and amine groups, which is related to the
abundance of amino acids in the protein structure of TGF-f and N-H
vibrations in the peptide bonds. 2995 ecm™! corresponds to the C-H
stretching vibration, which mainly originates from methyl or methylene
groups in the amino acid side chains of the TGF-p molecule. 1656 cm™!
corresponds to the C=0 stretching vibration and is the amide I band,
which is commonly found in the infrared spectra of proteins and is
mainly associated with the carbonyl vibration in the peptide bond. 1560
cm! corresponds to the amide II band, reflecting the bending vibration
of N-H and the stretching vibration of C-N, which is one of the charac-
teristic peaks of the peptide bond and is directly related to the primary
structure of the protein molecule. 1193 cm™! corresponds to the C-O
stretching vibration, originating from carboxylic acid groups or post-
translational modifications of proteins. It suggests that collagen hydro-
gel was rich in protein and amino acid structures and that the addition of
growth factors does not affect the chemical structure and composition of
collagen hydrogel.

3.2. TGF-p3 release assay and the collagen hydrogel degradation rate

ELISA was used to determine the slow-release rate of TGF-p3 in a
temperature-sensitive collagen hydrogel. The release of growth factors
was more pronounced on day 1 due to the faster degradation rate of the
collagen hydrogel (Fig. 2B). The release of TGF-f3 in the complex
reached 33.01 % + 1.76 % on day 1. After an initial burst of TGF-f3
release, 51.91 % + 2.35 % was released on day 5, and then the rate of
the release reached stabilization, and on day 7 it reached 61.96 % =+
2.36 %, and reached 92.56 % + 3.16 % at day 14, and 97.44 % + 1.67 %
at day 21. TGF-B3 could be released slowly and stably in the collagen
hydrogel for more than 21 days. Through the cumulative release of
growth factors in a cycle of 21 days, we observed that the collagen
hydrogel degraded gradually over time, the degradation was faster in
the first 14 days, with the degradation rate of the hydrogel reached 56 %
+ 1.39 % by day 7, 89.77 % + 1.33 % by day 14, and almost complete
degradation of the collagen hydrogel by day 21 (Fig. S5). The degra-
dation rate of collagen hydrogel was approximately the same as the
cumulative release of growth factors.

3.3. Invitro cell experiments

3.3.1. Cytotoxicity assay

The viability of BMSCs in the three scaffold treatment groups eTi,
cTi, and cTi/TGF-B3 was determined by Live/Dead cell staining on days
1, 3, and 7 (Fig. 2A). On day 1, the number of BMSCs in the cTi group
and the cTi/TGF-B3 group was higher than in the eTi group, which may
be due to the fact that the temperature-sensitive collagen hydrogel
filling the pores can provide a good bonding point favorable for cell
adhesion of BMSCs. On days 3 and 7, the number of cells in the cTi and
cTi/TGF-p3 groups increased faster than in the cTi group, and the
scaffold pores in the cTi/TGF-p3 group were filled with cells, suggesting
that BMSCs proliferated more rapidly in the collagen hydrogel. The ef-
fects of control, eTi, cTi, and cTi/TGF-p3 scaffold groups on cell activity
were examined by the CCK-8 assay. On day 1, there was no statistically
significant differences in cell activity between the control, eTi, cTi, and
cTi/TGF-p3 groups. On day 3, the proliferative capacity of eTi cells was
significantly reduced, while that of cTi and cTi/TGF-p3 was elevated,
with a more pronounced increase in proliferative capacity in the cTi/
TGF-p3 group. On day 7, cell proliferation of the cTi/TGF-p3 group was
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significantly higher, and was statistically significant when compared
with the blank control group and the eTi group (*p < 0.05), whereas the
cell proliferation ability of eTi was significantly reduced (Fig. 2C). This
may be attributed to eTi providing less space for cell adhesion, which is
not conducive to prolonged cell proliferation. Conversely, cell viability
was greater in the cTi group than in the blank control group, suggesting
that the collagen hydrogel provided additional space for BMSCs to
adhere and proliferate and was conducive to improving cell activity. The
cTi/TGF-p3 group showed a significant improvement in cell activity on
day 7, indicating that TGF-$3 could promote better cell adhesion and
proliferation and that the scaffold complex with added TGF-p3 had a
more favorable biocompatibility.

3.3.2. Cytomorphological assay

Cytomorphological properties of BMSCs were detected by phalloi-
din/DAPI staining (Fig. 3). In the eTi group, because of the absence of
collagen hydrogel filling in the pores, the BMSCs adhered and grew only
on the strut of the titanium scaffold, and the cellular morphology was
not fully extended. BMSCs in the cTi and cTi/TGF-B3 scaffold groups
filled the titanium scaffolds and pores, which had been fully stretched,
the cells were spindle-shaped, and there were more cells in the c¢Ti/TGF-
B3 group. The experimental results showed that eTi was not favorable
for cell extension, whereas the collagen hydrogel could provide suffi-
cient growth attachment points and a nutrient environment for BMSCs
because the collagen hydrogel could sufficiently fill the pores of tita-
nium scaffolds. The cTi and cTi/TGF-p3 groups were more favorable to
cell adhesion and extension, and the incorporation of TGF-f3 resulted in
stronger BMSCs activity. The good biocompatibility of the cTi and cTi/
TGF-f3 groups was revealed by phalloidin/DAPI staining. The addition
of collagen hydrogel and TGF-3 was more favorable for cell adhesion
and proliferation.

3.3.3. Osteogenic differentiation of BMSCs

Osteogenic capacity of eTi, cTi, and cTi/TGF-B3 scaffold groups as
shown by Alizarin Red S staining solution (Fig. 4). Alizarin Red S can
bind to calcium ions, and was used to stain calcification deposits during
osteogenic differentiation of cells. On day 7, a small number of calcium
salt particles were found to be deposited in eTi and cTi, while more
calcium salt particles were deposited in the cTi/TGF-p3 group. On day
14 of osteogenic differentiation, there was a significant increase in cal-
cium salt particles in the cTi/TGF-p3 group, which were combined to
form more calcium nodules. Thus, the cTi/TGF-f3 scaffold group had a
more pronounced ability to contribute to osteogenic differentiation.

3.3.4. Chondrogenic differentiation of BMSCs

On day 14 after chondrogenic differentiation, cells were stained for
characteristic substances such as polysaccharide components and
chondroitin sulfate with Alcian Blue and Safranin O stains to assess the
chondrogenic capacity of the three treatment groups: eTi, cTi, and cTi/
TGF-B3 (Fig. 5 A). Alcian Blue is a negative staining reagent mainly used
for staining polysaccharides such as acid polysaccharides and sulfated
polysaccharides, and it is particularly well-suited for the visualization of
polysaccharide components within the cartilage matrix. Safranin O is a
positive staining reagent that can be observed to stain the nucleus of
cells and some positively staining substances, such as chondroitin sulfate
in cartilage [31,32]. On Alcian Blue staining, the cells of the eTi group
appeared to be stained with a lighter shade of blue compared to those of
the cTi and cTi/TGF-p3 groups. In addition, both the eTi and cTi groups
exhibited stem cell morphology characterized by a long shuttle shape. In
contrast, cells in the cTi/TGF-p3 group were clustered, with blue dye
filling the area between these clusters. Furthermore, more mucopoly-
saccharide material was stained blue within the observed area, resulting
in a darker shade of blue in the cTi/TGF-p3 group. Safranin O staining
revealed that the eTi group had minimal red color throughout the field
of view, whereas the cTi group had more red areas than the eTi group.
The cTi/TGF-f3 group had the highest number of red areas throughout
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Fig. 3. Phalloidin/DAPI staining of BMSCs at 7 days (scale bar = 500 pm).

the field of view, indicating that the cells in this group secreted more
chondroitin sulfate, which combined with the Safranin O staining so-
lution to produce a red color. Alcian Blue staining and Safranin O
staining revealed that the cTi/TGF-f3 group had a greater capacity for
chondrogenic differentiation.

3.3.5. Gene and protein expression of BMSCs

The gene expression following treatment with the three scaffold
groups eTi, cTi, and cTi/TGF-$3 was detected by RT-qPCR. As shown in
Fig. 5B, RUNX2, a key initiator gene of osteogenic differentiation,
increased 3.77 + 0.32-fold in the cTi/TGF-f3 group compared to eTi,
increased 2.53 + 0.34-fold compared to cTi. The osteogenic gene BMP-2
expression in the cTi/TGF-p3 group increased 5.44 + 0.60-fold
compared with eTi, increased 4.52 + 0.65-fold compared with cTi. The
expression of the chondrogenic gene COL2 in the cTi/TGF-p3 group
increased 3.10 + 0.47-fold compared to eTi, and increased 2.93 + 0.48-
fold compared to cTi. The results of gene expression suggest that the cTi/
TGF-B3 group has a greater ability to improve bone and cartilage.

To confirm the role of cTi/TGF-$3 in inducing osteogenesis and
chondrogenesis in BMSCs, release medium from different groups was
collected and co-cultured with BMSCs at the same seeding density and

culture conditions. After 14 days of culture, the expression of
osteogenesis-associated protein BMP-2 and chondrogenesis-associated
protein COL2 were detected by immunofluorescence. As shown in
Fig. 6, after 14 days, BMSCs showed protein expression of both BMP-2
and COL2, and the cTi/TGF-p3 group exhibited relatively high BMP-2
expression and COL2 expression (green fluorescence) relative to the
other two groups. The results suggest that cTi/TGF-p3 promotes cellular
osteogenic and chondrogenic differentiation compared to other groups.

3.4. In vivo animal experiments

3.4.1. Micro-CT analysis

To investigate the effect of local growth factor release on tendon
bone healing, eTi, cTi and cTi/TGF-p3 were implanted into the tendon-
bone injury at the site of the patellar ligament in rabbits. Bone regen-
eration in each group was observed and quantified by micro-CT after 6
and 12 weeks of implantation. 3D reconstructed micro-CT images
showed that the new bone mass in the cTi/TGF-p3 group was higher
than that in the other two groups at week 6 and week 12 (Fig. 7A). In
contrast, the cTi group was also significantly more numerous than the
eTi group, but less than the cTi/TGF-p3 group. This indicates that both
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Fig. 4. Alizarin Red S staining of BMSCs cultured on day 7 and 14 (scale bar = 2 mm and 100 pm). (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)

type I collagen hydrogel and TGF-$3 can promote new bone formation,
which may be due to the fact that type I collagen hydrogel provides
attachment points for cell adhesion and proliferation. Type I collagen, as
an important component of bone, also has a certain promoting effect on
bone regeneration. Most importantly, type I collagen hydrogel can also
support TGF-B3 to achieve the role of slow-release growth factor, which
can continue to release TGF-$3 at the site of tendon bone injury, thereby
effectively promoting bone regeneration in the long term. Quantitative
parameters of bone in each group were analyzed, and the values of BV/
TV, Tb.Th and Tb.N in cTi/TGF-p3 group were significantly higher than
those in other groups, and Tb.Sp was the lowest (Fig. 7B-E). These re-
sults indicate that TGF-B3 supported by Type I collagen hydrogel has
excellent effect on promoting bone regeneration, and can promote bone
integration of titanium scaffolds in bone defects.

3.4.2. Histological evaluation
A reconstruction model of the ligament-to-bone interface from the
patellar ligament to the tibia was constructed in the rabbit knee. The

animal experimental modeling protocol is illustrated in Fig. S6 H&E and
Masson staining of hard tissue sections (Fig. 8A and B) was examined to
detect healing at the ligament-bone union site at the ligament-bone
junction. In the H&E-stained sections (Fig. 8A), at week 6, only a
small amount of bone tissue was attached around the scaffold and only a
small amount of irregular fibrous scar tissue was present in the eTi and
cTi groups, whereas in the cTi/TGF-B3 group, a large amount of liga-
mentous tissue could be observed wrapped around the scaffold and the
ligamentous tissue was tightly connected to the new bone tissue. At
week 12, the eTi group exhibited a short, disorganized ligament fiber
with large gaps between them, appearing as like scar tissue leading to
ligament repair. In contrast, the cTi group did not show any fibrous
arrangement, but a large amount of ligament tissue was generated.
Conversely, in the 12-week cTi/TGF-$3 group, significantly thick and
organized ligament tissue was observed and bone tissue was also present
between the ligament and scaffold, with ligament and bone tissue tightly
bound to the scaffold. In the Masson-stained sections (Fig. 8B), at week
6, there were fewer ligament fibers in the eTi and cTi groups, the fibers



L. Zhu et al.

>

Alcian blue

Materials Today Bio 31 (2025) 101549

0]
=
c
©
—
y—_
@©
L.
I §'7 x §° ==
® * » % 1 [ 1
S 6 —— g 8 g
S S g
X X X 4
) T g o
< 4 < <
= 4 =z
[ * 2 4 4
£ r 1 £ £ 24
2 2 2 2- 2
® k] =
o © ©
X o- X o- X o-
& & (R & & (R & & (R
& & &
& & ¢

Fig. 5. (A) Chondrogenic differentiation of BMSCs induced by scaffold treatment in eTi, cTi, and cTi/TGF-p3 groups at day 14; stained with Alcian Blue and Safranin
O (scale bar = 100 pm); (B) Relative mRNA expression of osteogenesis genes RUNX2, BMP-2 and chondrogenic genes COL2 in BMSCs (n = 3, *p < 0.05). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

were irregularly arranged, and only a small amount of bone tissue was
generated around the titanium scaffold. In the cTi/TGF-$3 group,
regularly arranged ligament tissue was observed wrapping around the
scaffolds and a clear area of attachment was visible between ligament
tissue and neoplastic bone tissue. At week 12, the fiber content of the
ligament in eTi remained low and only a small amount of bone tissue
was attached to the titanium scaffold. In the cTi group, although a large
amount of tissue was generated from the newborn muscle fiber, it was
irregularly arranged. The section of cTi/TGF-$3 group at 12 weeks
showed that the titanium scaffold was attached to the newly formed
bone tissue and a distinct and regular transition area was evident be-
tween the newly formed ligamentous fibrous tissue and the newly
formed bone. This may represent the cartilaginous transition area be-
tween the ligament and the bone, which facilitates the tight integration
of the newly formed ligament fibrous tissue, the newly formed bone
tissue, and the titanium scaffold. The results of hard tissue sections
showed that the cTi/TGF-f3 group had formed stable titanium scaffolds
with the surrounding bone and ligaments, which could more effectively
promote tissue growth at the ligament/tendon-bone tissue junction.

10

Safranin O-Fast Green Staining and Alcian Blue Staining were per-
formed to evaluate cartilage regeneration at the ligament-bone inter-
face. In Safranin O-Fast Green Staining, cartilage tissues appeared red or
orange-red, bone tissues appeared green or blue, and muscle and
collagen fibers appeared gray-green. Compared with the eTi and cTi
groups, cTi/TGF-p3 group had more areas of red color (Fig. S7A), indi-
cating increased chondrocyte differentiation. In Alcian Blue staining, the
endoacidic mucopolysaccharides of cartilage tissues reacted with Alcian
Blue staining solution to become blue. cTi/TGF-$3 group had more blue
areas than the other two groups (Fig. S7B). In conclusion, cTi/TGF-p3
promotes cartilage formation in the tendon-bone union.

3.4.3. Mechanical tensile test and mechanical push-out test

The strength of the bond between the scaffold, the new bone, and the
ligament tissue was evaluated using mechanical tensile and push-out
tests. During the tensile tests, all groups showed rupture of the liga-
ment attachment point at the critical point of the tensile force with no
pull-out of the titanium stent. In the maximal tensile force experiment
(Fig. 8C), at weeks 6 and 12, the maximum tensile tolerance in the cTi/
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Fig. 6. Immunofluorescence staining of the osteogenic marker BMP-2 (green: BMP-2; red: F-actin; blue: DAPI) and the chondrogenic marker COL2 (green: COL2; red:
F-actin; blue: DAPI) was confocal imaged after 14 days of osteogenic and chondrogenic induced differentiation of BMSCs. (For interpretation of the references to color

in this figure legend, the reader is referred to the Web version of this article.)

TGF-f3 scaffold group increased by 14.88 + 1.83 N and 41.40 + 2.12 N
compared to the eTi group and increased by 9.01 &+ 2.11 N and 29.70 +
1.98 N compared to the cTi. In the maximal push-out force test (Fig. 8D),
at weeks 6 and 12, the cTi/TGF-p3 scaffold group was more strongly
bound to bone tissue, and the maximum push-out tolerance increased by
159.3 £+ 14.06 N and 199.9 + 14.09 N compared to the eTi group, and
by 101.9 4+ 10.46 N and 78.98 + 17.90 N compared to the cTi group.
Thus, at weeks 6 and 12, the cTi group and the cTi/TGF-p3 group
demonstrated superior tensile strength and pushout resistance
compared to the eTi group, and also the cTi/TGF-p3 group exhibited
higher binding strength than the other 2 types of scaffolds. Overall, the
results indicate that the cTi/TGF-p3 group achieved greater bone growth
in titanium alloy scaffolds and enhanced the integration of the scaffolds
with the bone, resulting in enhanced push-out force resistance. Addi-
tionally, cTi/TGF-p3 treatment improved the bonding strength at the
scaffold-ligament-bone interface, enabling it to withstand stronger ten-
sile force.
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3.4.4. Immunohistochemistry

Immunohistochemical staining was used to further investigate bone
and cartilage regeneration at the scaffold-ligament-bone interface.
Ligament-to-bone tissue was labeled with BMP-2 antibodies to evaluate
the formation of new bone and cartilage at the scaffold-bone interface.
Positive labeling was indicated by a brownish-yellow color and a
rounded or ovoid morphology. Compared with the eTi and cTi groups,
the cTi/TGF-B3 scaffold group showed higher expression of BMP-2
expression (Fig. 9A), indicating increased osteoblast differentiation
and improved cartilage formation. The cartilage of the sectioned tissue
was labeled with the COL2 antibody and exhibited a tan color with
round or ovoid morphology. The cTi/TGF-p3 scaffold treatment group
presented greater cartilage marker expression than the eTi and cTi
groups (Fig. 9B). In summary, cTi/TGF-p3 promoted new bone forma-
tion in the mineralized bone layer at the tendon-bone union site and also
stimulated regeneration of the fibrocartilage layer.
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Fig. 7. (A) Micro-CT 3D reconstructed images of eTi, cTi, and cTi/TGF-$3 groups and their quantitative analysis (scale bar = 2 mm); (B) BV/TV, (C) Tb.N, (D) Tb.Th

and (E) Tb.Sp (n = 3, *p < 0.05).

4. Discussion

Currently, reconstructive surgery of the tendon/ligament-to-bone
interface presents a challenge in orthopedics. This is due to the poor
biocompatibility of most implants, which do not integrate well with the
surrounding tissues and are often replaced by scar tissue after injury,
resulting in frequent failure to form a stable structure after repair of
tendon/ligament-to-bone injuries. Furthermore, the use of implants can
prolong healing time, causing potential complications such as infection
or chronic pain [33-35]. Clinical treatment of orthopedic diseases re-
quires accelerated healing and reduced complications with an acceler-
ated return to normal function [36]. The tendon/ligament-to-bone
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interface is structurally complex, with a four-layer structure comprising
the tendon/ligament, uncalcified fibrocartilage, calcified fibrocartilage,
and bone [5,6]. Promoting the healing of the tendon/ligament-to-bone
interface is an intensive area of research in bone tissue engineering.
Surgical repair of the damaged tendon-bone union site and post-
operative functional recovery are urgent clinical concerns.

With the development of bone tissue engineering, prosthetic im-
plants, autologous tendon grafts, and local loading of growth factors
have been extensively studied [37]. Titanium alloys are widely used in
clinical treatment and bone tissue engineering research due to their
bio-inertness and excellent mechanical properties. The application of 3D
printing has been used to customize the shape of the prosthesis to fit the
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(C) Maximum tensile force and (D) maximum pushout force at weeks 6 and 12 for the eTi, cTi, and cTi/TGF-p3 groups (n = 3, *p < 0.05). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 9. Immunohistochemical staining using (A) BMP-2 and (B) COL2 antibodies in the eTi, cTi, and cTi/TGF-p3 scaffold treatment groups (scale bar = 100 pm).

injury site and control porosity and pore size to facilitate bone tissue
growth [16-19].

A growing number of studies has shown that BMSCs play an
important role in tendon/ligament-to-bone healing. BMSCs have
multidirectional differentiation potential and can differentiate into os-
teoblasts, chondrocytes, and adipocytes [38,39]; thus, participating in
the formation and repair of neoplastic tissue during the
tendon/ligament-to-bone healing. Meanwhile, BMSCs can secrete a va-
riety of growth factors, such as angiogenic factor (VEGF) and BMP, to
promote vascularization and osteoblast proliferation [40-42]. BMSCs
also induce anti-inflammatory and immunomodulatory effects [43-46],
which reduce inflammatory damage during the healing process and
favor tendon bone healing and repair. Interestingly, macrophages and
BMSCs interact with each other, and the macrophage phenotype may
provide a new approach to the treatment of tendon bone injuries [47].

Growth factor applications may lead to new breakthroughs in the
treatment of orthopedic diseases [48,49]. Advancements in current
research suggest that biologics may play a significant role, with a variety
of pharmacologic interventions demonstrating their strong capacity to
promote fracture healing [50,51]. TGF-B3 is a growth factor with mul-
tiple regulatory functions, including the regeneration process of
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cartilage, bone, tendons, and ligaments, as well as modulating the
secretion of components of extracellular matrix, which reduces scarring
during tissue regeneration [20,52,53]. During tendon/ligament-to-bone
healing, the TGF-p signaling pathway plays a crucial role in regulating
cell proliferation, collagen synthesis, and differentiation of tendon and
bone progenitor cells, yielding tendon/ligament-to-bone formation.
TGF-p regulates several signaling pathways involved in the promotion of
proliferation and differentiation of BMSCs. The Smad signaling pathway
is an important signaling pathway active in the skeletal system. TGF-f
activates Smad proteins by binding to its receptor, forming the Smad
complex in the nucleus, and regulating gene transcription [23]. TGF-§
signaling also exhibits crosstalk with several key cytokine signaling
pathways, including MAPK, Wnt/p-catenin, Hedgehog, Notch,
PI3K/Akt, PTHrP, and FGF, to influence BMSCs proliferation and dif-
ferentiation to orchestrate osteogenesis, skeletal development, and bone
homeostasis [20-25]. Therefore, TGF-f3 is widely used in various
studies due to its potent role in promoting growth and development of
the skeletal system. A current research objective is focusing on how to
incorporate TGF-f3 into implants to enable its continuous stimulation of
tissue healing at the site of injury.

In this study examining potential treatment of tendon-bone injuries,
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exogenous TGF-3 was used to promote the repair of internal tissues in
the body. In previous experimental studies, we have shown that the
temperature-sensitive collagen hydrogel can carry growth factors and
completely fill the porous structure of titanium scaffolds [19]. This
collagen hydrogel can reach a swelling equilibrium state at 10 h with a
swelling rate of up to 110 % [27]. In addition, our data using FTIR
analysis revealed the occurrence of vibrational coupling of specific
amino acid side chains or peptide groups, the interaction forces between
molecules in the collagen hydrogel, and the presence of collagen
hydrogel containing growth factors. The collagen hydrogel was
confirmed to bind to titanium scaffolds by XRD analysis, and titanium
scaffolds modified with collagen and growth factors exhibited a lower
contact angle compared with the original 3D printed titanium alloy
[29]. Stable  bioactive  complexes  were formed  using
temperature-sensitive collagen as a carrier for TGF-$3. These complexes
were then injected into the pores of 3D-printed titanium alloy micro-
porous scaffolds, which became gelatinous at 37 °C. Our in vitro exper-
iments demonstrated that temperature-sensitive collagen sustained the
slow release of TGF-p3, inducing osteogenesis and chondrogenesis over
an extended time period. Cell-based experiments confirmed the excel-
lent biocompatibility of the cTi/TGF-p3 complex through the CCK-8 cell
proliferation assay, Live/Dead cell staining, and phalloidin/DAPI
staining. In addition, enhanced osteogenic and chondrogenic differen-
tiation of the cTi/TGF-$3 complex was confirmed by Alizarin Red S
staining, Alcian Blue staining, and Safranin O staining. The RT-qPCR
results indicated that the composite system upregulated the expression
of the RUNX2, BMP-2, and COL2 genes, promoting osteogenic and
chondrogenic differentiation of BMSCs. The high expression of RUNX2
in BMSCs plays an important role in the skeletal system [22,54]. Oste-
oblasts originate primarily from bone marrow mesenchymal stem cells,
and their differentiation is regulated mainly by RUNX2. Activation of
RUNX2 leads to osteogenic differentiation of bone progenitor cells,
resulting in the expression of osteogenesis-specific markers such as
BMP-2, increased alkaline phosphatase activity, and increased secretion
of bone matrix-associated proteins [6]. BMP-2 is a member of the TGF-f
superfamily. It has the ability to induce the directed differentiation and
proliferation of undifferentiated mesenchymal stem cells into chon-
drocytes and osteoblasts. Furthermore, it promotes the differentiation
and maturation of osteoblasts, which are involved in the growth,
development, and reconstruction of bone and cartilage. This accelerates
the repair of bone defects [49]. Chondrocytes produce matrix and fibers
(mainly type II collagen), and the high expression of the COL2 gene in
tendon bone healing contributes to the promotion of endogenous
collagen synthesis, facilitates cartilage repair, and regulates cellular
activity [55], which is of positive significance for tendon bone healing
and restoration of structural function.

In vivo experiments in our study, through the analysis of hard tissue
sections, showed that the cTi/TGF-p3 complex can provide a stable
attachment point for the ligament, and the resulting ligament tissue
exhibits a more ordered fibrous structure. In addition, the bone tissue
grew into the pores of the scaffold, and the ligament, the bone, and the
implant formed a stable structure. The tensile force and push-out ex-
periments demonstrated that the composite system could effectively
increase mechanical strength so that the ligament-to-bone interface
could withstand greater forces. The immunohistochemical results
showed that at the site of ligament-to-bone injury, implantation of the
scaffold preparation promoted the expression of the relevant markers
BMP-2 and COL2. In summary, the composite system of cTi/TGF-p3
effectively promoted bone growth and facilitated the healing of
ligament-to-bone injury sites.

Our experimental study showed that the use of collagen hydrogel
carrying growth factors yielded a stable complex with the implant and
achieved a better therapeutic effect on orthopedic diseases. In partic-
ular, an implant featuring sustained slow-release of growth factors
developed herein had a more powerful therapeutic ability than different
implants without growth factors. However, there are still many
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limitations and shortcomings in this project. For instance, it remains
unclear how the titanium scaffold achieves the optimal shape that
matches the injury site and its effect on the local stress distribution and
motor function of the limb. Furthermore, there is also the question of the
presence of an initial burst of growth factor release from collagen
hydrogel, and the various roles in vivo should be more extensively
investigated.

Meanwhile, it is unclear how TGF-B3 activity maintains its contin-
uous function in vivo, particularly in the healing of tendon/ligament-to-
bone injury. This process involves multiple types of cells and is influ-
enced by various factors [56,57]. Furthermore, the healing process of
ligament/tendon-bone injury is the result of a series of orderly physio-
logical repair processes determined by various cell types under the in-
fluence of multiple factors. This process requires the progressive repair
of the damaged ligament/tendon-to-bone interface to an ordered
four-layer structure comprising tendon/ligament, uncalcified fibro-
cartilage, calcified fibrocartilage, and bone. These repair mechanisms
require further exploration to achieve a better understanding of com-
plete injury healing.

5. Conclusions

This study describes the construction of a composite system con-
sisting of 3D-printed titanium microporous scaffolds filled with
temperature-sensitive collagen hydrogel loaded with TGF-p3. The
collagen hydrogel showed the ability to carry growth factors, allowing
for slow release of TGF-p3 over an extended period of time. We showed
that this continuous stimulation promoted tissue repair at the site of
ligament/tendon-to-bone injury. The composite system developed in
this study effectively promoted bone growth in the scaffold and repaired
the bone defect site, but also served as an attachment point for ligament
growth, increased cartilage formation, enhanced ligament repair,
reduced scar tissue generation, and increased mechanical strength of the
ligament/tendon-bone union site. In general, our bioactive composite
system can effectively promote bone growth in the site of ligament/
tendon-bone injury. This study provides novel ideas for implant design
in patients with clinical ligament/tendon-to-bone site injuries.
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