Materials Today Bio 24 (2024) 100896

ELSEVIER

Contents lists available at ScienceDirect
Materials Today Bio

journal homepage: www.journals.elsevier.com/materials-today-bio

materialstoday

BIO

materilstoday

Functionalized biomimetic mineralized collagen promotes osseointegration
of 3D-printed titanium alloy microporous interface

Xiao Sheng ', He Liu™"", Yu Xu®, Zhonghan Wang *", Weimin Zhang*, Chen Li*"",

Jincheng Wang ™"

& Department of Orthopedics, The Second Hospital of Jilin University, Changchun, 130041, Jilin, China

b Orthopaedic Research Institute of Jilin Province, Changchun, 130041, China

¢ Department of Ophthalmologic, The Second Hospital of Jilin University, Changchun, 130041, Jilin, China

ARTICLE INFO ABSTRACT

Keywords:

3D-printed porous titanium scaffold
Mineralized collagen

Growth factor

Bionic interface

Angiogenesis

Osseointegration

Mineralized collagen (MC) is the fundamental unit of natural bone tissue and can induce bone regeneration.
Unmodified MC has poor mechanical properties and a single component, making it unable to cope with complex
physiological environment. In this study, we introduced sodium alginate (SA) and vascular endothelial growth
factor (VEGF) into the MC material to construct functionalized mineralized collagen (FMC) with good me-
chanical strength and the ability to continuously release growth factors. The FMC is filled into the pores of 3D
printed titanium alloy scaffold to form a new organic-inorganic bioactive interface. With the continuous

degradation of FMC, bone marrow mesenchymal stem cells (BMSCs) and vascular endothelial cells (VECs) in the
surrounding environment are recruited to the surface of the scaffold to promote bone and vascular regeneration.
After implanting the scaffold into the distal femoral defect of rabbits, Micro CT, histological, push-out, as well as
immunohistochemical analysis showed that the composite interface can significantly promote osseointegration.
These findings provide a new strategy for the development and application of mineralized collagen materials.

1. Introduction

As one of the most profound breakthroughs in orthopedic surgery in
the 21st century, joint replacement surgery is an optimal treatment
option for various orthopedic conditions [1,2]. In recent years, the use of
orthopedic implants for joint replacement has shown an increasing
trend, which is expected to continue in the next 15 years [3]. Despite its
success in the treatment of necrosis of the femoral head and osteoar-
thritis diseases, about 10% of patients suffered surgical failure and need
revision surgery [4,5]. In addition to microbial infections, poor
osseointegration between bone and implant is an important cause of
surgical failure [6,7].

Osseointegration is defined as a strong bond between the implant
and surrounding bone tissue, playing a major role in maintaining the
long-term stability of the implant [8]. When the prosthesis is implanted
into the patient’s body, BMSCs are continuously recruited to the surface
of the implant. In the following days to months, BMSCs continuously
differentiate into osteoblast precursors and secrete extracellular matrix

(ECM) to reshape the microenvironment of the prosthesis interface [9].
At the same time, new bone formed around the implant will be miner-
alized and eventually lead to bone integration [10,11]. In this complex
process, the characteristic of implant material is one of the key factors
affecting the microenvironment of osteogenesis.

With advances in manufacturing technology, cell biology, molecular
biology and material science, orthopedic implants have witnessed rapid
progress [12-15]. Compared with the first generation of implants that
can only provide mechanical support, the new generation orthopedic
implant is designed to provide improved bone conductivity, induction
and integration [16]. Titanium alloy has become a popular material of
choice for orthopedic implants due to its good biocompatibility, low
elastic modulus and plasticity [17]. With the advent of
three-dimensional (3D) printed technology, researchers can design ti-
tanium alloy implants that match the shape of bone tissue based on the
individual imaging data [18]. Moreover, 3D printed technology can
simulate the porous structure of natural bone and adjust the elastic
modulus of titanium alloy implants, greatly reducing the risk of
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osteolysis around the prosthesis and facilitating surgery [19,20].

Although the mechanical property provided by titanium alloy pros-
theses is sufficient to meet the mechanical support of the load-bearing
area, the biological inertness and smooth surface of titanium alloy ma-
terials make it difficult for osteoblasts to adhere [17]. This may be one of
the reasons why titanium alloy implants are prone to poor osseointe-
gration. To solve this difficult problem, many studies have attempted to
change the surface morphology and chemical composition of titanium
alloys surface [21]. Although these methods have shown certain positive
effects, their effectiveness in improving osteogenic activity is limited. In
recent years, the study of biomimetic prosthetic interfaces has received
widespread attention in the field of biomaterials. Some researchers are
committed to creating a prosthetic interface with components and
structures similar to natural bone tissue to promote osseointegration.

Mineralized collagen (MC) is the basic unit of natural bone tissue,
which is mainly composed of collagen type 1 (Col-1) (20%-30%) and
hydroxyapatite (60%-70%) [22]. Col-1 has the nucleation site of apatite
crystal particles, which can guide the growth and arrangement of min-
eral crystals [23,24]. Inspired by bionics, researchers have synthesized
bone substitutes that mimic natural MC and achieved amazing results.
These biomimetic materials exhibited excellent biocompatibility and
biodegradability both in vivo and in vitro, and effectively promote bone
defect repair or bone integration [25]. In situ deposition is one of the
main methods to prepare mineralized collagen, that is, Ca®* and PO}~
are introduced into the collagen solution and adjusted the PH to neutral
to trigger the self-assembly and mineralization of collagen fibers [26].
Although this method is simple, the mechanical properties of the
mineralized collagen obtained are extremely poor, making it unable to
exert its biological effects as a scaffold and coating [27]. Therefore,
researchers often add certain polymers to mineralized collagen to endow
it with stronger physicochemical properties and biological functions
[28].

Alginate is a natural polymer that is a byproduct of extracting iodine
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and mannitol from kelp or sargassum [29]. Under mild conditions, so-
dium alginate (SA) can cross link with Ca®" to form a firm gel structure
[30]. Some studies have shown that adding alginate to the collagen
system will form thicker fibrils and mechanically enhanced hydrogels
with Ca?* capture capacity [31]. Furthermore, SA also gives MC mate-
rials more flexibility. This is because SA can be used as a carrier for a
variety of therapeutic elements (cells, antibiotics and growth factors)
[32]. Compared with pure MC, SA/MC composite materials can better
sustainably release drugs and maintain biological activity for a long time
[33]. VEGF, as a potent angiogenic factor, can induce vascular regen-
eration by recruiting endothelial cells and upregulating various genes
such as MMP-2, HIF-1, and KDR [34]. Functional mineralized collagen
(FMC) was obtained by injecting VEGF-loaded sodium alginate into MC
materials. FMC can slowly release signaling factors in a humid envi-
ronment in the body, forming a concentration gradient around the
implant, stimulating bone marrow mesenchymal stem cells (BMSCs)
osteogenic differentiation and migrating vascular endothelial cells
(VEGCs) towards to the center of the implant, completing cell recruit-
ment, and promoting vascular regeneration to provide oxygen and
nutrition, accelerating bone regeneration at the implant interface [33,
35].

In this study, we developed a FMC to construct a cell microenvi-
ronment conducive to osteogenesis, and systematically detected the
BMSCs and VECs behavior including viability, proliferation and differ-
entiation. The FMC was combined with 3D printed titanium alloy porous
scaffold to construct a new bioactive prosthesis interface (sTi/VEGF)
and implant into the bone defect of the distal femur of rabbits. In vitro,
sTi/VEGF not only promotes the proliferation and osteogenic differen-
tiation of BMSCs, induces VECs aggregation, but also increases the
expression of osteogenic and vascular related genes. In vivo, collagen,
calcium phosphate, and VEGF released by sTi/VEGF enhances the
regeneration of bone and blood vessels on the surface of the prosthesis,
thus promoting osseointegration at the prosthesis interface. (Scheme 1).
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Scheme 1. Schematic illustration. (A) Synthesis of Functional mineralized collagen. (B) Preparation of sTi/VEGF. (C) Implantation of sTi/VEGF into distal femoral
bone defects in rabbits. (D). High-quality osseointegration achieved after implantation of bioactive prosthesis interfaces.
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2. Materials and methods
2.1. Preparation of 3D printed porous titanium alloy scaffold

We designed disc-shaped (910 mm x L3 mm) and cylindrical
(p4mm x L8 mm) porous titanium alloy scaffolds for in vitro and animal
experiments, respectively. The two types of scaffolds shared some
common parameters, including porosity = 70%, pore size = 765 pm, and
strut size = 300 pm. The titanium alloy bracket was manufactured using
the electron beam melting (EBM) system (EOS M280, Germany). Briefly,
we developed disk-shaped and cylindrical 3D models and converted
them into standard triangulation language files, which were exported to
the EBM machine. According to the data, medical grade TigAl4V powder
(TLS, Germany; sphere with a diameter of 45-55 pm) was melted layer
by layer and cooled to form a solid. All samples were cleaned with ul-
trasonic wave in acetone, ethanol and deionized water for 15 min.
Subsequently, the scaffolds were autoclaved at 121 °C for 20 min and
then maintained at 60 °C in an oven. Finally, all samples were exposed to
ultraviolet light for 24 h for subsequent experiments.

2.2. Preparation of FMC and construction of functional bionic interface

Briefly, we dissolve 0.15 g of SA (Solar, Beijing, China) powder in 5
ml of deionized water, mix it with magnetic force for 1 h at 50 °C to
obtain 3% SA solution. Then, placed the obtained SA into a centrifuge
tube and sterilize it in a high-pressure steam sterilization pot, and let it
stand for 24 h at 4 °C. Next, we mixed sterile Col-1(Corning, USA) so-
lution with 3% SA 1:1 to form a viscous liquid. We then added VEGF
(PeProTech, USA) solution prepared according to the manufacturer’s
instructions. VEGF was dissolved in sterile PBS containing 5% trehalose
and then diluted into a solution that could be used for a long time. It has
been shown that VEGF exhibits the best angiogenesis and osteogenesis
induction effect at a concentration of 25 ng/ml [36]. Therefore, we
added VEGF into the above solution to obtain a final concentration of 25
ng/ml and 2.5 pg/ml in vitro and in vivo, respectively. Finally, we
sequentially added 0.1 M Nay;HPO4 and 0.1 M CaCl, solutions to the
above mixed solution and adjusted the pH to 7.35-7.45 using 0.1 M
NaOH to trigger mineralization.3D printed TigAl4V scaffolds were
placed into this hydrogel, which allowed the hydrogel to infiltrate their
internal microporous structure under the vacuum pump to obtain the
composite interfaces (sTi/VEGF) required for this experiment.

2.3. Material characterization of sTi/VEGF

The microstructure of sTi/VEGF was observed using scanning elec-
tron microscopy (SEM; SU-8100, Hitachi, JPN). The elemental and
phase composition were quantified by energy-dispersive X-ray spec-
troscopy (EDS; IXRF3310, USA) and X-ray diffraction (XRD; Bruker,
GER), respectively. Fourier-transform infrared spectroscopy (FTIR; TFN
6700, USA) was used to analyze functional groups in materials within

the wave number range of 550-4000 cm .

2.4. VEGEF release in vitro

In order to test the release rate of growth factors in sTi/VEGF, we
placed the prepared sTi/VEGF in 24 well plates (Corning, USA) and
added 1 ml PBS (Solar Beijing, China). All samples were incubated in a
cell incubator at 37 °C. Then, PBS solution containing VEGF were
collected for ELISA detection at predetermined time points (0, 1, 4, 7,
14, 21, and 28 days). Enzyme-linked immunosorbent assay (ELISA; R&D
Systems, USA) was used to detect the concentration of VEGF in PBS and
plot a standard curve to calculate the cumulative release amount of
VEGF.
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2.5. Degradation rate of FMC in vivo

To evaluate the degradation rate of the FMC in vivo, we implanted 1
ml hydrogel under skin. The rats were killed by spinal dislocation at the
predetermined time points (1, 4, 7, 14, 21 and 28 days). Then, we
removed the FMC from the tissue and weighed. The degradation rate of
the FMC at each time point was calculated according to the weight of the
FMC injected subcutaneously into the rat at the beginning, and the
degradation curve of the hydrogel was drawn.

2.6. Rheological properties of hydrogel

The US302 rheometer was used for the rheological test of the
hydrogel. Before the test, the hydrogel prepolymer was prepared by the
mold and placed in the quartz mold (diameter: 15 mm, height: 2 mm).
After 10 s of illumination, the obtained gel sample was placed in the
rheometer clamp. The outer layer of the hydrogel was sealed with sili-
cone oil to reduce errors caused by water evaporation of the hydrogel.
Gel samples were prepared at constant frequency (1 Hz) and constant
strain (0.5%).

2.7. Invitro cell experiments

2.7.1. Culture of BMSCs and HUVECs

BMSCs were isolated from the bone marrow of femur and tibia of
suckling rabbits (1 week old). Briefly, the rabbits were killed by injecting
air into the ear vein and put into a beaker containing 75% alcohol. Next,
we transfer the suckling rabbits to a cell culture dish and their femur and
tibia were dissected. After removing the peripheral soft tissue, the bone
was removed from the metaphysis, and the BMSCs in bone marrow was
washed in F-12 medium (Gibco, NY, USA) containing 10% fetal bovine
serum and 1% penicillin/streptomycin (Hyclone, USA). Then, the
BMSCs were incubated in cell incubator at 37 °C and 5% CO; and the
cells were passaged when they completely covered the bottom of the
culture dish. After cells passage to the third generation, BMSCs were
used for cytotoxicity testing and osteogenic differentiation assay.

The HUVECs were purchased from Cellcook Biotech (Guangzhou,
China). Cells were incubated in high-sugar medium (Gibco, NY, USA)
containing 10% fetal bovine serum and 1% penicillin/streptomycin at
37 °C and 5% COg, with the medium changed every two days. The cells
were passaged after they completely covered the bottom of the cell
culture dish. In this study, cells from the 3rd to the 6th generation were
used.

2.7.2. Cell phenotype identification by flow cytometry

Flow cytometry was used to identify surface antigens of BMSCs and
HUVECs. Briefly, BMSCs were placed in a centrifuge tube and treated
with 50% ethanol for 30 min. A single cell suspension of 100 pl was
prepared by centrifugation, and primary antibodies (CD34, CD90) were
added. The supernatant was removed by centrifugation after incubating
at room temperature for 30 min. FITC labeled secondary antibodies were
added and incubated in dark for 30 min at 4 °C. PBS was washed and
centrifuged to remove the supernatant, and resuspended cells by re
adding PBS. The samples in the flow cytometry tube were tested. The
same method was used to detect HUVECs surface antigens (CD31,
CD34).

2.7.3. Cell viability

The live-dead cell staining (BestBio, Shanghai, China) and CCK-8
assay (Bioss, Beijing, China) were used to evaluate the cell viability of
sTi/VEGF. For live-dead cell staining, empty titanium (eTi), SA/MC
bound titanium (sTi) and sTi/VEGF were placed into 24-well plates.
Subsequently, 2 ml medium suspension (2 x 10%/well) BMSCs were
added to each group. BMSCs were cultured for 24 h. Next, scaffolds in
each group were then immersed in the live/dead cell staining solution
and incubated at 37 °C under dark conditions for 15 min. After removing
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the working solution and washing with PBS, the stained BMSCs were
observed under a fluorescence microscope (Olympus, JAN).

For the CCK-8 assay, eTi, sTi, and sTi/VEGF were placed in 24-well
plates, and 2 ml of BMSCs suspension (2 x 10*/well) was added into
each group. BMSCs were then cultured for 1, 4, and 7 days. Next, each
group was then immersed in the CCK-8 solution and incubated at 37 °C
for 2 h. The absorbance was measured at 450 nm using a Microplate
Reader (BioTek Instruments, USA).

2.7.4. Angiogenic activity of sTi/VEGF

2.7.4.1. Cell invasion assay. HUVECs were starved and incubated for 12
h before the experiment. The cells were then resuspended in a serum free
medium and 100 pl (2 x 10*/well) was added to the upper chamber of a
24-well Transwell insert (Corning, USA). Then, scaffolds in each group
was placed in the lower chamber with 300 pL complete medium con-
taining FBS. After incubating at 37 °C and 5% CO for 24 h, the HUVECs
were fixed in 4% paraformaldehyde (Solar Beijing, China) for 20 min
and then washed three times with PBS. Finally, the cells in the lower
chamber were stained with crystal violet (0.1% g/ml) for 10 min and
observed under microscope and quantitatively analyzed using Image J
software.

2.7.4.2. Wound healing assay. HUVECs were seeded in 6-well plates at a
concentration of 1 x 10%/well and cultured for 12 h. When cells reach
80% fusion, a single scratch was made with 200 pL pipette tip on the
bottom of the culture plate. Each well was washed three times with PBS
to remove any cell debris. Subsequently, scaffolds in each group was
placed in 6-well plate and co-cultured with HUVECs. After 24 h, the
repair of scratch was observed under a microscope and quantitatively
analyzed using Image J software.

2.7.4.3. Tube formation assay. The Matrigel matrix (BD, United States),
96-well plate, and gun head were maintained at 4 °C for 12 h before the
experiment. Then, 50 pL Matrigel matrix was poured into a 96 well plate
and maintained at 37 °C for 30 min. Then, HUVECs were resuspended in
extracts from eTi, sTi and sTi/VEGF and inoculated on the surface of
matrix at a concentration of 1 x 10 cells/well. After 6 h of incubation,
tubes were observed under an inverted microscope. The results were
analyzed quantitatively with Image J software.

2.7.4.4. Real-time quantitative polymerase chain reaction (RT-qPCR) for
angiogenesis genes. To evaluate the effect of the sTi/VEGF on angio-
genesis genes (MMP-2, Bax and Bcl-2), HUVECs were cultured in 6-well
plates (1 x 10%/well) for 1 and 4 days with eTi, sTi and sTi/VEGF. Total
cellular RNA was extracted with RNA extraction kit (Beyotime,
Shanghai, China) and reversed transcribed to cDNA using cDNA syn-
thesis kit (Beyotime, Shanghai, China) following the manufacturer’s
instructions. The expression levels of mRNA were detected using Q SYBR
green Supermix (Bio-Rad, Hercules CA, USA) and QuantStudioTM 7 Flex
real-time PCR system (Applied Biosystems, Carlsbad, CA, USA). Finally,
the relative gene expression levels were calculated using the compara-
tive Ct method (Z'AACt) and normalized based on the expression levels
of the endogenous human GAPDH gene.

2.7.5. Osteogenic differentiation of sTi/VEGF

2.7.5.1. ALP staining and quantitative analysis. For ALP staining, BMSCs
(2 x 10*/well) were inoculated on eTi, sTi, sTi/VEGF in 24-wells plates
and cultured with osteogenic differentiation medium (OriCell,
Guangzhou, China). After 7 and 14 days of incubation, each group was
stained using the ALP staining kit (Beyotime, Shanghai, China). In brief,
the medium was aspirated from the 24-wells plates that were then
washed with PBS. The cells were fixed with 4% paraformaldehyde for
30 min and washed with PBS again. Subsequently, ALP staining solution
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was added into the 24-wells and incubated for 2 h. Finally, the staining
cells were observed under an optical microscope.

For ALP quantitative analysis, BMSCs (2 x 10*/well) were inocu-
lated on eTi, sTi, sTi/VEGF in 24-wells plates and cultured with osteo-
genic differentiation medium. After 7 and 14 days of incubation, each
group of cells was lysed using cell lysate (Beyotime, Shanghai, China).
The ALP activity of cells was detected using the ALP assay kit (Beyotime,
Shanghai, China).

2.7.5.2. RT-qPCR for osteogenesis genes. To evaluate the expression of
osteogenic genes (BMP-2, ALP and OCN) in the cells, BMSCs were
inoculated on €Ti, sTi and sTi/VEGF in 6-wells plates and cultured with
differentiation medium. After 7 and 14 days, total cellular RNA was
extracted by RNA extraction kit and reversed transcribed to cDNA by
cDNA synthesis kit following the manufacturer’s instructions. The
expression level of mRNA was detected using Q SYBR green Supermix
and QuantStudioTM 7 Flex real-time PCR system. Finally, the relative
gene expression levels were calculated using the comparative the Ct
method (Z'AACt) and normalized based on the expression of the
endogenous human GAPDH gene.

2.8. Animal experiments

Animal experiments were performed in compliance with the Na-
tional Institutes of Health’s Guide for the Care and Use of Laboratory
Animals (NIH Publications No. 8023, revised 1978) and were approved
by the Animal Care and Use Ethics Committee of Jilin University. 60
New Zealand white rabbits (6 months, 3 + 0.5 kg) were randomly
divided into three groups: eTi, sTi and sTi/VEGF. Rabbits were anes-
thetized with 3% pentobarbital at a dose of 60 mg/kg. According to the
size of the scaffolds, a cylindrical bone defect with a radius of 4 mm
radius and a height of 12 mm was created on the lateral epicondyle of
the femur using an electric drill. After washing with normal saline,
scaffold was placed into the defect and sutured with absorbable suture.
Penicillin (2 mg/kg) was injected intramuscularly 3 days after opera-
tion. At the 12th week after operation, rabbits were euthanized using
auricular vein air injection, and their distal femurs were removed and
fixed in 4% paraformaldehyde.

2.8.1. Microscopic computed tomography (micro CT) analysis

Micro CT was used to evaluate the growth of bone into the porous of
scaffold. Samples were scanned at 48 kV voltage, 200 pA current and 18
pm Imagepixel size using Skyscan 1076 scanner (Bruker Micro CT, NV,
Konich, Belgium) to obtain 3D visual reconstruction of scanned images.
Then, image analysis was performed using a bone analyzer (CT analyzer
1.17.7.2 software, Konich, Belgium). In Micro CT analysis, the size of the
region of interest was the area where the stent was located. Finally,
various parameters, including bone volume fraction (BV/TV), trabecular
number (Tb. N), trabecular arthritis (Tb. Th) and trabecular separation
(Tb. SP) were measured from the collected images.

2.8.2. Push-out mechanical test

To evaluate the bonding strength between the interface and bone, we
conducted a mechanical push out experiment. In brief, the soft tissues
around each bone were removed to reveal the interface position. Then, a
hydraulic testing machine (MTS Mini Bionix, Minneapolis, USA) was
used to press the position of the interface at a speed of 1 mm/min to
separate the interface from the bone. Finally, the maximum thrust
needed to detach the implant from the bone tissue was recorded and
analyzed.

2.8.3. Histological evaluation

Samples were fixed with 4% paraformaldehyde solution for 2 weeks
and then decalcified for 4 weeks. Subsequently, samples were dehy-
drated using an ethanol gradient. After vitrification with xylene, the
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samples were embedded in paraffin, cut into thick sections, stained with
VG and Masson and were observed under a microscope (DSX 500;
Olympus Corporation, Tokyo, Japan). The surface area and growth
depth of new bone was analyzed using Image J.

2.8.4. Immunohistochemistry

Rabbit femur samples were fixed in 4% paraformaldehyde for 2
weeks, and scaffold was removed after decalcification. The remaining
bone tissue was sectioned and stained. In brief, the sections of the
treated femoral specimens were treated with 3% H505, blocked in serum
and incubated with specific antibodies against the angiogenic markers
CD31 and CD34 and osteogenic markers OCN and Col-1 overnight at
4 °C. After further incubation with a secondary antibody, these
antibody-labeled sections were stained with diaminobenzidine and he-
matoxylin, dehydrated in an alcohol gradient, and sealed. Finally, the
sections were observed under a microscope.

2.9. Statistical analysis

Data are presented as mean =+ standard deviation. Each group of data
was obtained from three independent experiments. Differences between
multiple experimental groups were statistically analyzed using one-way
analysis of variance (ANOVA) and Tukey’s multiple comparison test.
Prism 9 was utilized for all statistical analysis. P < 0.05 indicated sig-
nificant difference.
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3. Results
3.1. Characterization of the sTi/VEGF

The appearance of MC and FMC is shown in Fig. S1. We can clearly
observe that The addition of SA changes the viscous MC liquid into gel
state. As shown in Fig. S2A, the disc-shaped scaffold and cylindrical
scaffold measured 3 mm and 8 mm in height and 10 mm and 4 mm in
diameter respectively and hydrogel completely fills the pores of the
scaffold (Fig. S2B), which is more conducive to cell proliferation and
adhesion. Empty scaffolds had a pore diameter of 765 (Fig. S3)pum and
porosity of 70%, with the titanium alloy scaffold surface having micron
level roughness (Fig. 1A(a)). EDS analysis showed that the presence of C,
N, O, Ca and P (Fig. S4) which confirmed the combination of FMC and
titanium alloy scaffold is successful.

To further determine the crystal structure in materials, the MC and
FMC were analyzed by XRD after freeze-drying. As shown in Fig. S5,
multiple characteristic peaks of HA were observed in both MC and FMC.
According to Fig. S5A, peak observed at 20 degree of 31.7 can be
recognized to (211) HA crystal lattice. In FMC (Fig. S5B), peaks observed
at 20 degree of 27.6, 31.8, 32.2, and 45.7 can be recognized to (102),
(211), (112), and (222) HA crystal lattice. It can be seen that the addi-
tion of SA contributes to the formation of HA with different lattices.

The absorption bands of MC and FMC were obtained through FTIR.
The characteristic banding of the PO3~ group can be seen in both sam-
ples (Fig. S6), with asymmetric O-P-O bending modes occurring at
approximately 574 cm ™! and asymmetric P-O stretching modes occur-
ring at approximately 1028 cm™! and 1057 cm™!. As expected, N-H

sTi/VEGF

Fig. 1. Microscopic characterization of (A) eTi (a) and (b) sTi/VEGF using SEM scanning images. (B) Live (green)/dead (red) staining of BMSCs cultured with eTi,
sTi, sTi/VEGF for 24 h. (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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absorption peaks of collagen amide were observed between 3414 cm™!

in MC. Double peaks also appeared near 1641 cm ! and 1548 cm™}, and
a peak also appeared at 857 cm ™!, which is due to the replacement of
apatite vibration frequency by carbonate ions at the phosphate and OH™
positions. The absorption peak near 1641 cm™" on the spectra of MC is
most likely attributed to OH, CO%’, H>0, or a combination of the
contribution of the former and the amide I band of collagen [37].
Stretching vibration of N-H group of collagen and SA was observed near
3294 cm L. The stretching vibration of aliphatic C-H of collagen and SA
was observed at 2887 cm ™! and 2827 cm ™, respectively. In addition, we
also observed an absorption peak of ~-COOH at 1605 cm™* [38]. In
summary, there is a significant difference in the FTIR spectra of MC and
FMC, with varying degrees of shift in the absorption peak positions,
which explains the interaction between collagen and SA.

3.2. Ability of sTi/VEGF to release VEGF

We detected the amount of VEGF released by sTi/VEGF at each
predetermined time point by ELISA. The cumulative release of VEGF in
the sTi/VEGF within 28 days is shown in Fig. S7A. It showed that FMC
released 32.48% + 1.2% VEGF within the first 24 h. Subsequently, the
release rate gradually slowed down and stabilized. At 28 days, FMC
released a cumulative 79.22% =+ 2.17% of VEGF.

3.3. Rheological properties

We used a rheometer to characterize the shear viscosity and shear
stress of MC and FMC. Shear stress is the interaction force that occurs
between two sides of any cross-section (shear plane) inside an object
when it deforms due to external factors such as load and temperature
changes (Fig. S9A). The ratio of shear stress to shear rate is called shear
viscosity. Shear viscosity is a measure of the viscosity of hydrogel, and it
is an expression of fluid flow force on its internal friction phenomenon.
The higher shear viscosity means that the hydrogel has a strong ability to
maintain its own shape stability. This also proves that high shear vis-
cosity hydrogels have better mechanical properties. As shown in
Fig. SOB, when the shear rate is the same, the shear viscosity of FMC is
greater than that of MC, indicating that FMC has better mechanical
strength.

3.4. Degradation of FMC in rats vivo

We measured the degradation rate of hydrogel in vivo by subcu-
taneous implantation in rats (Fig. S8). As shown in Fig. S7B, FMC
degraded by 33.66% =+ 5.87% in the first week, and then the degrada-
tion gradually slowed down. At 28 days, FMC had a cumulative degra-
dation rate of 70.71 £ 2.93%.

3.5. Invitro cell experiments

3.5.1. Cell phenotype identification by flow cytometry

Detection of surface antigens of BMSCs and HUVECs by flow
cytometry. As shown in Fig. S10, BMSCs showed positive expression of
CD90 and negative expression of CD34, while HUVECs showed positive
expression of CD31 and CD34. This is consistent with the typical cell
surface antigen expression characteristics of BMSCs and HUVECs.

3.5.2. Cells viability and proliferation

The live-death staining assay was used to evaluate the biocompati-
bility of each type of scaffold. As shown in Fig. 1B, after co-culture of eTi,
sTi and sTi/VEGF with BMSCs for 24 h, more living cells were recorded
on the surface of sTi and sTi/VEGF, and only a few cells were attached
on the surface of eTi. This demonstrated that FMC not only has good
biocompatibility but also provides more cells attachment points and
survival space for the surface of titanium alloy scaffolds.

The CCK-8 assay was conducted to quantified assess the effect of each
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type of scaffold on cell proliferation. As shown in Fig. S11, the cells in all
groups were in a proliferative state at all time-points, indicating the
good biocompatibility of the prepared titanium scaffolds. At 4 days, sTi
and sTi/VEGF did not show the effect of promoting cell proliferation.
Until the 7th day, sTi/VEGF exhibited higher proliferation rates than
cells in the sTi (P > 0.05). This may be due to the explosive release of
growth factors causing a slight cellular inhibitory effect. As the release of
growth factors stabilizes, the effect of sTi/VEGF on promoting cell
proliferation is gradually demonstrated.

3.5.3. Effect of sTi/VEGF on angiogenesis

3.5.3.1. Cellular migration. The effect of different scaffolds on the
migration ability of HUVECs were assessed through the cell invasion
assay and wound healing assay. In the invasion experiment, the pene-
tration ratio of sTi/VEGF group cells was 2.44 + 0.60-fold and 1.53 +
0.15-fold that in eTi and sTi groups (Fig. 2A). In the wound healing
assay, the maximum fluidity was observed in the sTi/VEGF group
(Fig. 2B). This indicated that VEGF is a key factor inducing the migration
of HUVECs. Therefore, we demonstrated that sTi/VEGF induces targeted
migration of HUVECs through sustained release of growth factors.

3.5.3.2. Tubule formation. The tubule formation was performed to
assess the angiogenesis activity of the different scaffolds. After 6 h of
culture, microscopic observation revealed that the HUVECs formed a
tubular structure (Fig. 2C), and the total length was analyzed with image
J (Fig. 2F). The results showed that the total length of tubules in sTi/
VEGF group was 1.34 + 0.18-fold and 1.28 + 0.12-fold higher
compared with that of eTi and sTi groups, respectively. Tubular for-
mation simulates the basic process of angiogenesis, which suggests that
sTi/VEGF can induce the formation of tubular structures in HUVECs at
the implantation site, providing conditions for final angiogenesis.

3.5.3.3. RT-PCR of angiogenesis genes. To further evaluate the angio-
genesis activity of different scaffold in vitro, the expression of three genes
related to angiogenesis was measured. MMP-2 is a marker of angio-
genesis and remodeling [39]. As shown in Fig. 3F, the mRNA level of
MMP-2 in sTi/VEGF was 2.05 + 0.0.78-fold and 3.49 + 0.26-fold higher
than that in eTi on days 1 and 4. Bax is the most important apoptosis
gene in human cells [40]. The mRNA level of Bax was higher by 0.21 +
0.05-fold and 0.25 + 0.03-fold in sTi/VEGF cultured HUVECs compared
to eTi on days 1 and 4 (Fig. 3H). Bcl-2, in contrast to Bax, can inhibit cell
apoptosis [41]. On days 1 and 4, the mRNA level of Bcl-2 in sTi/VEGF
was 3.12 + 0.39-fold and 3.15 =+ 0.41-fold higher compared with that of
eTi respectively (Fig. 3G). These results demonstrate that sTi/VEGF
stimulates the expression of genes related to angiogenesis. In addition,
the expression level of anti-endothelial cell apoptosis gene in sTi/VEGF
increases and the expression level of promoting apoptosis decreases.

3.5.4. Effect of sTi/VEGF on osteogenesis

3.5.4.1. ALP staining and quantitative analysis. The content of ALP in
BMSCs can reflect the osteogenic potential. To evaluate the osteogenic
induction ability of different scaffolds on BMSCs, we conducted ALP
staining and ALP quantitative analysis. As shown in Fig. 3A, we found
that the staining depth of cells at 14 days was significantly higher than at
7 days in the same group. Comparison between groups showed that the
staining intensity in sTi and sTi/VEGF groups was significantly deeper
than in eTi group. In addition, the sTi/VEGF group had the highest ALP
staining intensity. These findings were verified in the ALP quantitative
assay (Fig. 3B). This confirmed that mineralized collagen can promote
the osteogenic differentiation of stem cells. In addition, VEGF and
mineralized collagen may have synergistic effects in stimulating the
osteoblastic differentiation and proliferation of cells.
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3.5.4.2. RT-PCR of osteogenesis genes. Three osteogenesis-related genes
including ALP, BMP-2 and OCN were detected through the RT-PCR
experiment. ALP is a significant early osteogenic marker of stem cells
differentiation into the osteogenic phenotype [42]. As shown in Fig. 3C,
the mRNA levels of ALP were higher by 2.19 + 0.45-fold and 1.91 +
0.44-fold in sTi/VEGF cultured BMSCs compared with levels in eTi and
sTi groups on day 7, and were higher by 2.19 + 0.47-fold and 1.16 +
0.57-fold on day 14. BMP-2 is a member of the transforming growth
factor family. It can induce differentiation and proliferation of undif-
ferentiated mesenchymal stem cells into osteoblasts. It also promotes the
differentiation and maturation of osteoblasts, and participates in the
growth, development and reconstruction of bone and cartilage [43]. On
days 7 and 14, the mRNA level of BMP-2 in sTi/VEGF was 2.02 +
0.18-fold and 3.67 + 0.13-fold higher compared with that of eTi, and
1.03 £ 0.04-fold and 1.25 + 0.18-fold higher that in sTi, respectively
(Fig. 3D). OCN is expressed at the late stage of osteoblast differentiation
and can combine with Ca®" to regulate Ca?" homeostasis and bone
mineralization. OCN gene is an important marker of late osteogenesis
[44]. On day 7, there was no significant difference in mRNA level of
OCN between groups (P > 0.05). On day 14, the mRNA level of OCN was
higher by 2.54 + 0.10-fold in the sTi/VEGF compared with eTi (Fig. 3E).
These results show that FMC can affect the osteogenic differentiation of
BMSCs at the entire period of osteogenesis.

3.6. Animal experiments

3.6.1. Micro CT

To investigate the bone regeneration potential of sTi/VEGF in vivo,
we implanted eTi, sTi, and sTi/VEGF into the distal femoral bone defect
of rabbits (Fig. S12). The Micro CT analysis was used to observe the
formation of new bone in the scaffolds. 3D-reconstructed Micro CT im-
ages showed that the amount of new bone in the sTi/VEGF was greater
than that in the other groups at 12 week. And it was also observed be-
tween the eTi and sTi groups (Fig. 4A). BV/TV represents the area size of
bone tissue per unit volume, Tb. Th represents the average thickness of
bone trabeculae, Tb. N represents the number of bone trabeculae, and
Tb. SP represents the degree of trabecular separation. BV/TV, Tb Th and
Tb. N increase indicates an increase in bone mass, while an increase in
Tb. SP indicates a decrease in bone mass. The sTi/VEGF groups had
significantly higher BV/TV, Tb. Th and Tb. N than the sTi and eTi groups
(Figs. 4C, F and 5D), and Tb. SP was significantly lower (Fig. 4E) (P >
0.05). These results, consistent with the results of in vitro experiments,
demonstrate that titanium alloy scaffolds combined with FMC can pro-
mote bone regeneration.

3.6.2. Push-out mechanical test
To measure the bonding strength between different scaffolds and
bone tissue, we designed a push-out experiment. As shown in Fig. 513,
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we randomly selected three parallel samples from each group to undergo
the push-out test. Subsequently, we performed statistical analysis on the
maximum push-out force. The specific experimental data can be found
in Table S1, which summarizes the results obtained from the experi-
ment. The result shows that sTi/VEGF group had the strongest binding
force with bone tissue, which was 2.36 + 0.54-fold higher than that of
eTi and 1.40 + 0.12-fold higher than that of sTi (Fig. 4B). The reason for
this result is positively correlated with the amount of bone tissue in the
scaffold pores. These findings confirm that sTi/VEGF enhances the
adhesion and stability of the bone-implant interface by stimulating bone
regeneration on the scaffold surface.

3.6.3. Histological analysis

In order to evaluate the growth of new bone on different scaffold
surfaces and pores, we obtain histological analysis by VG and Masson
staining on specimen sections. For VG staining, as shown in Fig. 5A, only
a small amount of new bone tissue was observed on the surface of eTi

and sTi, and no significant new bone formation was observed inside the
scaffold. In contrast, we observed significant new bone formation on
both the surface and interior of sTi/VEGF. In addition, Masson staining
was performed to explore the maturity of newly formed bone. At 12
weeks after implantation, new bone (blue) in the defect area grew from
the metal micropores of sTi/VEGF, indicating activation of collagen
synthesis around the scaffold. Compared with eTi and sTi, significantly
more new bone tissue was formed around metal micropores in the sTi/
VEGF group. The percentage of new bone tissue in the interface pore
area is an important indicator of bone regeneration. The proportion of
the area of new bone to interface pores on sections was calculated using
Image J software (Fig. 5B and C). Bone ingrowth is the gold standard
marker for evaluating bone integration at the microporous interface.
The new bone trabeculae grow deep into the pores, interact and fuse
with the scaffold through the interconnected pores. Compared with
other groups, sTi/VEGF showed excellent bone ingrowth depth and
which reached the micropores in the scaffold (Fig. 5D and E). This
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further confirmed that sTi/VEGF promote the bone regeneration on the
scaffold surface.

3.6.4. Immunohistochemistry

Immunohistochemical staining test was conducted to further inves-
tigate vascular regeneration and bone regeneration at the scaffold-bone
interface. Blood vessels in the tissue were labeled with anti-CD31 and
anti-CD34 antibodies, which exhibited a brownish yellow color with
round or oval shape. Compared with eTi and sTi group, sTi/VEGF group
had higher vascular density (Fig. 6A). In addition, the most important
markers of osteogenesis, OCN and Col-1 were also examined. Significant
new bone formation was observed around sTi/VEGF (Fig. 6B). The
percentage of positive of section was calculated using Image J software
(Fig. 6C and D). In general, these results suggested that sTi/VEGF can
promote not only the formation of blood vessels but also the regenera-
tion of bone around the scaffold.

4. Discussion

In clinical practice, poor osseointegration is a serious problem faced
by joint surgeons [45]. In fact, poor osseointegration causes instability
of the prosthesis and reduces its operation life. An important cause of
poor osseointegration is lacking of sufficient biological activity on the
surface of the prosthesis to induce the proliferation and differentiation
of osteoblasts, which prevents the formation of a sufficient amount of
bone tissue on the surface of the prosthesis, thereby reducing the
binding force between the bone and the prosthesis interface [46]. In
addition, the blood supply around the prosthesis is crucial for bone
regeneration on the prosthesis surface. Numerous studies and clinical

cases have shown that the condition of blood vessels around fractures is
a key factor in determining whether fractures heal normally [47].
Combined with the above problems, our team developed a functional
mineralized collagen hydrogel that can continuously release VEGF, and
combined it with 3D printed titanium alloy scaffold to form a new sys-
tem. The experimental results demonstrate that this new composite
system can promote the regeneration of bone and blood vessels on the
scaffold interface through the osteogenic induction of mineralized
collagen and the vascular induction of VEGF, thereby achieving the goal
of promoting stable binding between bone and implant.

According to previous studies, the osteogenesis behavior of the
scaffold is influenced by several factors in vivo, including materials used,
shape, pore structure and coating [48-51]. We manufactured a porous
titanium alloy scaffold with 70% porosity and 765 pm pore diameter by
EBM. Compared with the scaffold made by traditional technology, the
scaffold made using EBM has a micron-level rough surface, which is
more conducive to cell adhesion [52]. Furthermore, the porous structure
of the scaffold significantly reduces its elastic modulus and prevents
stress shielding [53]. The pore structure inside the scaffold was designed
in advance. This is because the porosity in human bone trabecula is
70-90%, and the larger apertures are conducive to the inward growth of
bone and blood vessels, which facilitates nutrient exchange [18].
However, the porosity of the scaffold is negatively correlated with its
mechanical strength, and excessive porosity is not conducive to early
mechanical support during implantation [18]. Based on previous
research, we believe that titanium alloy scaffolds with a porosity of 70%
can not only ensure inward growth of bone tissue, but also provide
sufficient mechanical property [54,55]. We will verify the combination
of titanium alloy scaffolds with different pore sizes and porosity with
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FMC in the future research and identify the most suitable values.

In the past decades, research on collagen materials have received
widespread attention. Some researchers believe that a perfect bone tis-
sue substitute material is a biomimetic material with the same compo-
sition and structure as autologous bone, and can be safely degraded in
the body [56]. At present, researchers have synthesized the basic
structure of natural bone tissue - mineralized collagen fibers - through
various pathways. Research has shown that MC has almost the same
effect as autologous bone in repairing small bone defects [57,58]. This
proves that MC has natural bone conduction and bone induction ability.
However, research has shown that the mechanical properties of MC
materials are extremely poor and cannot provide sufficient mechanical
support as a substitute for bone tissue [59]. Furthermore, unmodified
mineralized collagen (MC) materials possess a singular function and
relatively limited osteogenic ability [56]. Indeed, VEGF (vascular
endothelial growth factor) is a growth factor known for its ability to
stimulate endothelial cell migration, proliferation, and capillary for-
mation. When VEGF is loaded onto mineralized collagen (MC) materials,
it can effectively promote vascular regeneration in the vicinity of the
implant. This enhanced vascularization provides an adequate supply of
nutrients, oxygen, and other essential factors necessary for the growth
and development of new bone tissue. By facilitating vascularization,
VEGF-loaded MC materials play a crucial role in promoting the overall
osseointegration process [60]. However, it is important to note that
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using unmodified mineralized collagen (MC) as a carrier for growth
factors carries the risk of rapid and uncontrolled release of these factors.
This can lead to undesirable effects such as excessive angiogenesis or an
inflammatory response. To mitigate this risk, it is crucial to employ
appropriate strategies for controlled release of growth factors from the
MC carrier, ensuring a sustained and controlled delivery over the desired
timeframe. This allows for optimal and targeted effects on vascular
regeneration and subsequent bone tissue growth [61].

Research has demonstrated that using substances such as SA can
effectively prolong the release time of VEGF in the body while preser-
ving its biological activity. SA-based systems provide a controlled
release mechanism that allows for sustained and gradual release of VEGF
over an extended period. This controlled release approach helps main-
tain the biological activity of VEGF and ensures its availability for an
extended duration, promoting the desired effects on vascular regenera-
tion and subsequent bone tissue development. By utilizing SA as a car-
rier, the risk of explosive release of growth factors is minimized,
allowing for a more controlled and sustained release profile [62].

Therefore, the utilization of VEGF-loaded sodium alginate (SA)/
mineralized collagen (MC) hydrogel represents a novel approach for the
functionalization of biomimetic materials. This hydrogel system com-
bines the osteogenic and angiogenic factors, harnessing the synergistic
potential of MC and VEGF. MC possesses the ability to promote bone
formation, while VEGF is known to stimulate blood vessel growth.
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Moreover, research has shown that MC can upregulate the autophagy
process in mesenchymal stem cells (MSCs) mitochondria, thereby pro-
moting osteogenic differentiation. This further highlights the multifac-
eted benefits of MC in enhancing bone regeneration processes. By
incorporating VEGF into the SA/MC hydrogel, we create a biomimetic
material that not only supports osteogenesis but also facilitates angio-
genesis. This innovative strategy holds promise for promoting the for-
mation of both bone and blood vessels, leading to improved tissue
integration and overall functionalization of biomaterials [63].

Another study has demonstrated that mineralized collagen scaffolds
can induce time-dependent transcription of bone morphogenetic pro-
teins (BMPs), thereby activating self-BMP signaling through the phos-
phorylation of Smad 1/5. This process plays a crucial role in promoting
osteogenic differentiation and bone formation. The mineralized collagen
scaffold provides a favorable microenvironment for the release and
activation of BMPs, which are key regulators of bone development and
regeneration. The time-dependent transcription of BMPs within the
scaffold leads to the activation of Smad 1/5 signaling pathways, ulti-
mately promoting the differentiation of mesenchymal stem cells towards
an osteogenic lineage. This finding further underscores the significance
of mineralized collagen in promoting bone regeneration and highlights
its potential as a biomaterial for tissue engineering applications [64].

In addition, VEGF also plays a crucial role in the process of bone
growth and maturation. Research conducted by Murakami et al. has
demonstrated that VEGF activates the ERK/RUNX2 signaling pathway,
leading to a significant increase in the expression of RUNX2. RUNX2 is a
transcription factor that plays a fundamental role in osteoblast differ-
entiation and bone formation. Activation of the ERK/RUNX2 pathway
by VEGF promotes osteoblast differentiation and enhances the expres-
sion of genes involved in bone matrix synthesis and mineralization.
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These findings highlight the multifaceted effects of VEGF in bone
biology, as it not only promotes angiogenesis but also directly influences
osteogenic processes through the activation of signaling pathways such
as ERK/RUNX2 [65].

Interestingly, it is intriguing to observe the synergistic effect between
the osteogenic mechanism of mineralized collagen (MC) and VEGF.
When VEGF activates the Akt/p-catenin signaling pathway, it leads to an
increase in bone morphogenetic protein (BMP) levels in mesenchymal
stem cells (MSCs). This increase in BMP, mediated by osteoblasts,
stimulates osteoblast differentiation through an autocrine system.
Furthermore, it also stimulates VEGF production through a positive
feedback loop [60]. The functional mineralized collagen (FMC) material
effectively integrates the advantages of MC, sodium alginate (SA), and
VEGF. This integration allows FMC to exhibit robust osteogenic and
angiogenic effects both in vivo and in vitro. The combination of MC’s
osteogenic properties, SA’s controlled release capabilities, and VEGF’s
angiogenic potential contributes to the comprehensive and synergistic
effects observed with FMC. These findings highlight the potential of
FMC as a biomaterial that can promote both bone regeneration and
vascularization, making it a promising candidate for various tissue en-
gineering applications.

We observed through SEM that FMC was completely filled into the
pores of the scaffold and formed a uniform and rough surface. EDS, XRD,
and FTIR results confirmed the presence of FMC on the scaffold surface.
ELISA was used to detect the release behavior of VEGF. We found that
VEGF from the FMC was fast in the first week, with a slow release rate in
the subsequent time, reaching about 80% at the end of 28 days. A similar
degradation behavior of hydrogel was observed in rats. Therefore, we
speculate that the release of VEGF is linked to the degradation of FMC.
The larger volume of the hydrogel at the beginning could lead to a larger
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contact area with the surrounding environment, resulting in faster
degradation speed. However, with time, the volume of hydrogel be-
comes smaller, slowing down the degradation rate.

Cell viability experiments confirmed the excellent biocompatibility
of sTi/VEGF. Notably, the results of live staining and CCK-8 showed that
compared with the scaffold without FMC, there was a higher number of
living cells in the microporous structure of sTi and sTi/VEGF, and their
proliferation rate was faster. It shows that the components of sTi/VEGF
have no obvious cytotoxicity and promote cell growth and proliferation.
This is because FMC can provide more space for cell reproduction than
smooth titanium alloy surfaces. In addition, the behavior of HUVECs
indicates that sTi/VEGF can promote vascular remodeling by inducing
targeted migration of vascular endothelial cells. In general, the migra-
tion rate of endothelial cells determined the speed of vascular recon-
struction around the bone-implant interface, higher vascularization
which provided favorable conditions for bone tissue regeneration. In
addition, we assessed the effect of sTi/VEGF on osteogenic differentia-
tion of BMSCs cells using ALP staining, quantitative analysis and PCR
experiments. sTi/VEGF improved the ALP content and significantly
increased osteogenesis-related genes expression of BMSCs in sTi and sTi/
VEGF groups compared with the eTi group.

In animal experiments, cylindrical bone defects were made on the
external femoral epicondyle of our rabbits for implantation of scaffolds.
After 12 weeks, the femoral specimen with scaffold was harvest and
observed using micro CT to assess the growth of bone tissue in the mi-
cropores and surface of the scaffold. Compared with eTi and sTi, there
was a large amount of bone tissue in and around the sTi/VEGF scaffold.
The mechanical push out experiment verified that sTi/VEGF had the
strongest binding force with the surrounding bone tissue. To further
observe the inward growth of bone, we sectioned the titanium alloy
scaffold and stained it with VG and Masson. The results showed that
compared with eTi the amount of new bone tissue in the sTi/VEGF was
larger. Finally, immunohistochemical staining showed that sTi/VEGF
successfully induced the expression of osteogenic and angiogenic
marker proteins. Taken together, these results prove that sTi/VEGF can
induce bone and vascular regeneration and promote bone integration at
the metal microporous interface in vivo.

In follow-up research, we will assess the bone integration of this
bionic interface under pathological conditions and further improve it.
For example, strontium ion or bisphosphonate can be added to the FMC
to promote osseointegration under osteoporosis. In addition, we will
further optimize the release rate of biological factors or agents loaded in
the hydrogel to ensure the biological safety of implants. Our ultimate
goal is to develop a new generation of intelligent hydrogel/metal
microporous system that can adapt to different people.

5. Conclusion

In this study, we designed a functionalized mineralized collagen
hydrogel and filled it into the pores of 3D printed porous titanium alloy
scaffold. Compared with a single mineralized collagen material, the
addition of sodium alginate and VEGF improved the mechanical prop-
erties and angiogenesis ability of mineralized collagen. This new
mineralized collagen material enhances the osteogenic differentiation of
BMSCs and the directional migration of HUVECs. When a titanium alloy
scaffold filled with this material is implanted into a bone defect, it can
promote bone and vascular regeneration through the continuous release
of VEGF and the osteogenic induction of mineralized collagen, ulti-
mately achieving the goal of promoting bone osseointegration. Our re-
sults provide a new strategy for the development and application of new
mineralized collagen materials.
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