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Abstract

The key to managing fracture is to achieve stable internal fixation, and currently, biologically and mechanically appropriate
internal fixation devices are urgently needed. With excellent biocompatibility and corrosion resistance, titanium-—niobium
alloys have the potential to become a new generation of internal fixation materials for fractures. However, the role and mecha-
nism of titanium—niobium alloys on promoting fracture healing are still undefined. Therefore, in this study, we systematically
evaluated the bone-enabling properties of Ti45Nb via in vivo and in vitro experiments. In vitro, we found that Ti45Nb has an
excellent ability to promote MC3T3-El cell adhesion and proliferation without obvious cytotoxicity. Alkaline phosphatase
(ALP) activity and alizarin red staining and semiquantitative analysis showed that Ti45Nb enhanced the osteogenic differen-
tiation of MC3T3-E1 cells compared to the Ti6Al4V control. In the polymerase chain reaction experiment, the expression
of osteogenic genes in the Ti45Nb group, such as ALP, osteopontin (OPN), osteocalcin (OCN), type 1 collagen (Col-1)
and runt-related transcription factor-2 (Runx2), was significantly higher than that in the control group. Meanwhile, in the
western blot experiment, the expression of osteogenic-related proteins in the Ti45SNb group was significantly increased, and
the expression of PI3K—Akt-related proteins was also higher, which indicated that Ti45SNb might promote fracture healing by
activating the PI3K—Akt signaling pathway. In vivo, we found that Ti45Nb implants accelerated fracture healing compared to
Ti6Al4V, and the biosafety of Ti45Nb was confirmed by histological evaluation. Furthermore, immunohistochemical staining
confirmed that Ti4SNb may promote osteogenesis by upregulating the PI3K/Akt signaling pathway. Our study demonstrated
that Ti45Nb exerts an excellent ability to promote fracture healing as well as enhance osteoblast differentiation by activating
the PI3K/Akt signaling pathway, and its good biosafety has been confirmed, which indicates its clinical translation potential.
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Introduction

In clinical practice, fractures are one of the common diseases
and account for more than billions of dollars in treatment
costs, loss of social productivity and personal disability [1].
Fracture healing is a complex coordination of various cellular
and mechanosensitive processes, and the outcome of fracture
healing depends on many factors, including the severity of
trauma, the quality of fracture reduction and fixation (realign-
ment) and comorbidities [2]. Surgical treatment of fractures
mainly consists of anatomical reduction and stable fixa-
tion, which requires internal fixation devices such as screws,
intramedullary nails or plates. Due to their good mechani-
cal properties and biocompatibility, titanium (Ti) implants
are widely used in clinical internal fixation instrumenta-
tion [3]. Although these implant materials exert excellent
mechanical and corrosion resistance properties, there are still
some insurmountable disadvantages: (1) the lack of bioac-
tivity and poor osteoconductivity, which makes it difficult to
promote fracture healing by regulating osteoblast and osteo-
clast differentiation, and (2) the local ‘stress shielding’ effect
caused by a high elastic modulus, which is not conducive to

osteotylus and bone remodeling [4]. With the development
of orthopedic surgical techniques and implant materials,
the prognosis of fractures has improved significantly, but a
proportion of all fractures still exhibit delayed union and
nonunion [5]. The occurrence of fracture-related complica-
tions remains a major clinical problem, further increasing
the physical pain and financial burden of fracture patients [6].
Thus, overcoming the inherent defects of existing orthopedic
endosseous implants and developing a new class of internal
fixation materials exert great clinical value and social signif-
icance, providing better osteoinductive properties.

In recent years, novel metallic biomaterials with good
wear resistance, including tantalum (Ta), zirconium (Zr) and
niobium (Nb), have received increasing attention [7]. Nb has
been investigated and utilized as an implantable material for
its remarkable biocompatibility, mechanical properties and
corrosion resistance as well as osteoconductive properties
[8]. Nb metals presented good biocompatibility and osteoge-
nesis when implanted in soft and hard tissues of rats [9]. In
vitro apatite formation assays and in vivo histomorphometric
studies demonstrated that Nb metals are biologically active
and can be biologically bonded to bone [10]. In contrast, the
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elastic modulus of Ti—Nb alloys is stoichiometrically depen-
dent, and it is lower than 85 GPa when the weight of Nb is
between 10% and 20% or between 35% and 50%, which
is closer to human bone compared with Ti6Al4V, whose
elastic modulus is approximately 114 GPa, thus minimiz-
ing the stress shielding effect and additionally combining
excellent biocompatibility and corrosion resistance [11, 12].
Chen et al. [13] found that a Ti—-Nb alloy facilitates cell
adhesion and exhibits significantly enhanced cell-material
interactions. Additionally, the nontoxicity of Ti—Nb alloy
provides a good basis for its use as a clinical implant mate-
rial [14, 15]. However, despite the literature illustrating the
excellent biocompatibility of Ti—Nb alloys, in vivo studies
of Ti—Nb alloys for fracture healing are still lacking, and the
mechanism by which Ti—-Nb alloys promote fracture healing
has not been clarified and remains to be explored.

Our previous studies have suggested that Nb may pro-
mote fracture healing by upregulating the PI3K-Akt sig-
naling pathway [16]. The PI3K—-Akt signaling pathway is
the foundation of various cellular processes, such as cell
growth, survival and proliferation. Yang et al. [17] found that
extracellular vesicle-encapsulated microRNA-29b-3p could
facilitate fracture healing by activating the PI3K—Akt signal-
ing pathway. Dong et al. [18] suggested that the PI3K—Akt
and Wnt/pB-catenin pathways were closely related to frac-
ture healing. Therefore, we speculated that the Ti—-Nb alloy
might affect the fracture healing process by stimulating the
PI3K-Akt signaling pathway.

In our study, we determined the in vitro cytocompatibility
and in vivo biosafety of Ti45Nb alloy and Ti45Nb serving as
intramedullary nails in a rat femur fracture model to evaluate
its effect on fracture healing compared to Ti6Al4V. Fur-
thermore, histological evaluation and an attempt to explore
its main signaling pathways were performed. Therefore, we
hypothesized that Ti45Nb alloy has the potential to promote
fracture healing, and it presents potential for clinical trans-
formation.

Materials and methods
Sample characterization

The microstructure of the material surface was observed
by scanning electron microscopy (SEM, S-4800; Hitachi,
Japan). Energy-dispersive spectroscopy (EDS) was per-
formed to detect the elements contained in the materials.
Before performing SEM scanning, all samples were coated
with platinum (Pt) to increase the electrical conductiv-
ity. Ti45Nb was characterized by X-ray diffraction (XRD,
Rigaku MiniFlex 600, Cu Ka).
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In vitro cytocompatibility and osteogenic
differentiation

Cell proliferation and morphology

Inin vitro experiments, samples with a round shape and 2 mm
heightx 10 mm diameter were cocultured with MC3T3-El
cells at a density of 5x 10* cells per well on the surface in a 24-
well plate. Cells were incubated in alpha minimal essential
medium (a-MEM) with 10% fetal bovine serum (FBS) at
37 °C and 5% CO». Cell counting kit-8 (CCK-8) (Dojindo
Molecular Technology, Japan), following a previous protocol
that added reagent into wells ataratio of 1:10 for 2h, was used
to examine the cell viability, and the cell proliferation rate was
detected at 1,3, 5, and 7 d after coculture with the samples. An
ELX800 absorbance zymograph (Bio-Tek, USA) was used
to examine the optical density (OD) at 405 nm. MC3T3-
El cells were incubated in «-MEM with 10% FBS for 7 d.
After removal of the medium, each well was washed three
times with phosphate-buffered saline (PBS) and then fixed
using 4% paraformaldehyde solution for 30 min at 37 °C.
Next, each sample was stained with phalloidin for 30 min for
cytoskeletal structure staining, and the nuclei were restained
with 4’,6-diamidino-2-phenylindole (DAPI, Sigma, D9542-
10MG) for 15 min. The results were obtained by fluorescence
microscopy (Leica Microsystems, Heidelberg, Germany).

Live/dead staining

MC3T3-El1 cells seeded at a density of 5x 10* cells per well
in a 24-well plate were incubated with the material and cor-
responding medium for 24 h. Then, the cells were stained
with a calcein-acetoxymethyl (AM)/propidium iodide (PI)
double staining kit (Dojindo Molecular Technology, Japan)
to perform a live/dead assay.

Osteogenic differentiation

To investigate the osteogenic differentiation ability of each
sample, we performed alkaline phosphatase (ALP) and
alizarin red staining. Briefly, MC3T3-El cells (5x 10* cells
per well) were cocultured on the surface of Ti6Al4V and
Ti45Nb for 3 d. When the cells were completely adherent to
the samples, the growth medium was removed and replaced
with osteogenic differentiation medium (HUXMA-90021,
Cyagen, USA), which was then removed and changed every
3d. An ALP activity assay kit (P0321; Beyotime, China) was
used according to a previous protocol to detect and measure
ALP activity at 405 nm. After 21 d of coculture, the sam-
ples were transferred to another 24-well cell plate, washed
three times with PBS and fixed in 4% paraformaldehyde
for 30 min at 37 °C. After alizarin red staining, mineral-
ized nodules were dissolved in 10% cetylpyridinium chloride
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(C9002-25G; Sigma, USA) and analyzed semiquantitatively
by measuring the absorbance at 562 nm.

Quantitative real-time polymerase chain reaction (RT-PCR)

Total RNA from MC3T3-El cells under consistent cul-
ture conditions coincubated with the material was extracted
according to the TRIzol method. Reverse transcription was
conducted on cDNA by PrimeScript RT Master Mix (Takara).
RT-PCRs were performed utilizing SYBR Premix Ex Taqll
(Takara) on a CFX96 PCR system (Bio Rad). The mRNA
expression of osteopontin (OPN), osteocalcin (OCN), ALP,
type 1 collagen (Col-1) and runt-related transcription factor-
2 (Runx2) was investigated for osteogenic differentiation
of MC3T3-El cells. Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) served as the housekeeping gene for the
control.

Western blot (WB) analysis

On Day 14, cells cocultured with materials were lysed
using radio immunoprecipitation assay (RIPA) lysis buffer
(PO013K, Beyotime, China) for 30 min at 4 °C. After cen-
trifugation, protein concentrations were detected using a
colorimetric assay (Thermo Scientific, MA, USA). Next,
loading buffer (POO15, Beyotime, China) was added to the
centrifuge tube and then boiled at 100 °C for 10 min. An equal
amount of protein was added to the lane for electrophoresis
and then transferred to a polyvinylidene fluoride (PVDF)
membrane (IPVH00010, Millipore, USA), which was then
incubated with 5% skim milk. Anti-Akt (4691 L, Cell Signal-
ing, China), anti-PI3K (ab227204, Abcam, UK), anti-Col-1
(14,695-1-AP, Proteintech, China), anti-ALP (ab108337,
Abcam, UK), anti-OCN (ab93876, Abcam, UK) and anti-
OPN (22,952-1-AP, Proteintech, China) were incubated
overnight at 4 °C, followed by incubation with secondary
antibodies for 1 h at 37 °C, and detected using enhanced
chemiluminescence (ECL) reagent (Millipore, USA).

Establishment of the animal model

In vivo experiments were conducted in accordance with the
Chinese Animal Experimentation Law and approved by the
Ethics Committee of Shanghai Jiao Tong University School
of Medicine (ethical number: SHOH-2022-A98-1). Eight-
week-old male Sprague-Dawley rats (Shanghai Sipper BK
Laboratory Animals Ltd., Shanghai, China, n=78) were used
for in vivo experiments. The rats were randomly separated
into two groups, and anesthesia was completed with an
abdominal injection of sodium pentobarbital. The surgical
area was shaved and sterilized, and a 2-cm incision was
made on the lateral side of the right hind leg to expose the
quadriceps muscle by opening the skin and fascial layer, and

the femur was revealed by bluntly separating the muscle.
A transverse osteotomy was performed at the mid-femur
with a reciprocating saw, and the two groups of animals
were fixed using niobium and Ti6Al4V rods of 3.5 cm in
length and 1.5 mm in diameter as intramedullary nails [19].
The incisions were sutured layer by layer and disinfected
again. A sterile calcium xanthophyll solution of 20 mg/kg
was injected subcutaneously into the right femur 7 and 14 d
before sampling. Sampling was performed after euthanasia
of the experimental animals at4, 8 and 12 weeks after surgery.

Medical imageology evaluation

Anterior posterior (AP) and lateral views of the right femur
were determined using a Faxitron MultiFocus X-ray sys-
tem (Faxitron, Bioptics, LLC, USA) for animals follow-
ing the manufacturer’s instructions. After fixation in 4%
paraformaldehyde for 3 d, the femoral specimens were stored
in 70% ethanol for micro computed tomography (micro-
CT) scanning (WCT 80; SCANCO Medical AG, Bassersdorf,
Switzerland). The mid-femur was considered the region of
interest. The 200 layers above and below the fracture stacking
line were the center, and the layer thickness was 18 pm. A
high-resolution three-dimensional (3D) reconstruction of the
mid-femur was also performed. Bone volume/tissue volume
(BV/TV), mean trabecular thickness (Tb.Th), mean trabec-
ular spacing (Tb.Sp) and trabecular number (Tb.N) were
quantitatively analyzed.

Histological analysis

After micro-CT analysis, the samples were embedded in
methyl methacrylate (MMA). Hard tissue sections were
made from the embedded specimens using the Cut and
Grind System (Buehler 11-1280-250, USA). Tissue sections
were stained with van Gieson’s picrofuchsin. Images were
captured by a Nikon SMZ 1500 stereo-zoom microscope
(Nikon Instruments, Melville, NY, USA). Femoral speci-
mens were fixed in 4% paraformaldehyde for 72 h and
decalcified with ethylenediaminetetraacetic acid. After dehy-
dration, all decalcified femoral specimens were embedded in
paraffin. The samples were cut and then further subjected
to hematoxylin—eosin (H&E) staining, Movat staining and
immunohistochemical staining for PI3K and Akt.

Statistical analysis

Data are presented as the meanzstandard deviation. Stu-
dent’s z-test and one-way analysis of variance (ANOVA) were
implemented to determine the variance using SPSS version
23.0 software (IBM Corp., Armonk, USA). A P value less
than 0.05 was considered to indicate a significant difference.
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Results
Materials characterization

The disks used in the in vitro experiment are shown in Fig. 1a.
SEM was utilized to examine the characteristics and mor-
phology of Ti45Nb and Ti6Al4V (Fig. 1b). The EDS results
showed that no other elements were found in the Ti45Nb
disks (Fig. 1c). The XRD results showed that the Ti45Nb
alloy mainly shows the B-TiNb phase (Fig. S1 in Supple-
mentary Information).

Cell proliferation and adhesion

Biocompatibility is one of the most important evaluation
indices when selecting bone repair materials [14]. There-
fore, we first evaluated the adhesion and proliferation of
cells after coculture with the material. To investigate cell
adhesion, we performed fluorescence staining of MC3T3-
El cells (Fig. 2a). DAPI and phalloidin staining showed that
the amount of cell adhesion in the Ti45Nb group was greater
than that in the Ti6Al4V group, and the cells in the Ti45Nb
group were more dispersed than those in the Ti6Al4V group.
Additionally, a CCK-8 assay was conducted to examine the
proliferation rate between the two groups (Fig. 2b), and the
results showed that the number of cells in the Ti45Nb and
Ti6Al4V groups significantly increased with increasing incu-
bation time. Collectively, this result indicated that Ti45Nb
had better in vitro cytocompatibility performance, and the
cell number in the Ti45Nb group was similar to that in the
control group, which proved that Ti45Nb was nonsignifi-
cantly toxic to MC3T3-El1 cells.

Live/dead staining

The results of live/dead staining showed that the number of
dead cells in the Ti45Nb group did not significantly increase
compared with the Ti6Al4V group, which was in accordance
with the results above. Ti45Nb was nontoxic to MC3T3-E1
cells and did not alter the cell morphology (Fig. 2c).

Osteogenic differentiation

MC3T3-EI cells were cultured in media supplemented with
ascorbic acid, p-glycerophosphate and dexamethasone to
determine the potential osteogenic effect through ALP stain-
ing on Day 7 and alizarin red staining on Day 21. ALP activity
was higher in the Ti45Nb group than in the Ti6Al4V group
(Fig. 3a), which showed that the Ti45Nb group promoted the
osteogenic differentiation of MC3T3-El cells. Furthermore,
alizarin red staining (Fig. 3b) and semiquantitative analysis
(Fig. 3c) showed that calcium nodules were formed in all
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groups, and the number of calcium nodules was remarkably
higher in the Ti45Nb group than in the Ti6Al4V group.

Quantitative real-time polymerase chain reaction

Then, quantitative RT-PCR analysis was conducted to exam-
ine the expression of the osteogenic markers OPN, OCN,
ALP, Col-1 and Runx2 at Day 14 to investigate osteogenic
differentiation. The expression levels of those genes were
higher in the Ti45Nb group than in the Ti6Al4V group
(Figs. 3d-3h). These results suggested that Ti45Nb presented
better performance in inducing osteogenic differentiation of
MC3T3-El cells.

Western blot

The expression levels of ALP, OCN, OPN, Col-1, Akt, and
PI3K proteins were investigated by western blotting (Fig. 4a).
Then, the statistical data were calculated by grayscale val-
ues/internal parameters. The results confirmed the role of
Ti45Nb in promoting the expression of osteogenesis-related
proteins (Figs. 4b—4e) and upregulating the key factor in the
PI3K-Akt signaling pathway (Figs. 4f—41).

Animal experiments

Since enhanced osteogenic differentiation in vitro demon-
strated that Ti45Nb enhances bone-to-implant osseointegra-
tion in vivo, we next evaluated implant performance using a
rat femur fracture model.

Radiographic evaluation

Radiographic and micro-CT analyses were conducted to
investigate postoperative new bone formation. X-ray results
showed that fracture lines were visible in both groups at week
4, with more dense bone forming around the fracture line in
the Ti45NDb group than in the Ti6Al4V group (Fig. 5a). At
week 8, there was obvious callus formation around the frac-
ture site in both groups. The formation of continuous callus
was nearly complete at 8 weeks post-fracture in the Ti45Nb
group. At week 12, the bone around the injured site in the
Ti45Nb group was significantly calcified. Furthermore, the
fracture line of the Ti45Nb group almost disappeared, and
the callus remodeling was significantly better than that of
the Ti6Al4V group. In addition, to closely observe the heal-
ing process of the fracture, we used micro-CT to examine the
samples. As shown in the 3D reconstructed results and cross-
sectional images (Fig. 5b), the callus in the Ti45Nb group at
week 4 postoperatively was larger than that in the Ti6Al4V
group. At weeks 8 and 12, the cross-sectional images showed
that the callus in the Ti45Nb group had gradually started to
shrink and calcify into lamellar bone after remodeling, while
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the Ti6Al4V group still showed larger callus tissue. Com-
pared with the Ti6Al4V group, the Ti45Nb group had higher
BV/TV values at all time points, and the Ti45Nb group also
had the higher number of trabeculae and trabecular thickness
and lower trabecular spacing among the two groups at week
12 (Figs. 5¢-5f). Overall, Ti45Nb not only promoted osteo-
genesis but also upregulated remodeling efficiency, resulting
in a better recovery of early mechanical stability of the frac-
tured femur.

Ti6AI4V

T 0.0
Ti45Nb

T
Ti6Al4V  Ti45Nb

g Col-1, and h Runx2. Data are represented as mean+standard deviation
(n=3/group). “P<0.05 vs. the Ti6Al4V group. ALP: alkaline phos-
phatase; OD: optical density; OPN: osteopontin; OCN: osteocalcin;
Col-1: type 1 collagen; Runx2: runt-related transcription factor-2

Histological evaluation

H&E staining showed the general morphology of the cal-
lus (Fig. 6a). At week 4 in the Ti6Al4V group, there were
mainly fibrous components, while the Ti45Nb group showed
more calcified tissue. At week 8, the fibrous healing tis-
sue around the fracture site was completely calcified in the
Ti45Nb group. The Ti45Nb group was completely calcified
into woven bone, and remodeling and consolidation of the
calcified callus occurred. Remodeling of the callus was better
in the Ti45Nb group by week 12. Movat staining (Fig. 6b)
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showed that the Ti45Nb group had more cartilage calcifica-
tion at week 4 and had completely calcified into woven bone
at week 8, while the Ti6Al4V group showed more cartilage
calcification only at week 8. van Gieson staining of both
groups at each time point (weeks 4, 8 and 12) is presented
in Fig. 6¢. Compared with the Ti6Al4V group, the Ti45Nb
group had a larger area of new bone at week 8 and a smaller
area at week 12. These results suggest that Ti45Nb can accel-
erate the formation of new bone. During fracture healing, new
bone formation and bone reconstruction can be evaluated by
continuous fluorescent labeling using calcein. The distance
between calcein markers was used to represent the temporal
variation in new bone formation or bone remodeling. During
the scab formation phase, the greater the distance between
calcein markers is, the faster the rate of bone formation is.
In this study, at weeks 4 and 8, the distance between cal-
cein markers was farther in the Ti45Nb group than in the
Ti6Al4V group, indicating that Ti45Nb induced new bone
formation (Fig. S2 in Supplementary Information). At week
12, the distance between calcein markers decreased in both
groups, suggesting that bone remodeling was occurring.

Immunohistochemical evaluation

The results of immunofluorescence staining shown in Fig. 7
indicated that the expression of the Ti45Nb group was
higher than that of the control group, which suggests that
Ti45Nb may accelerate early fracture healing by activating
the PI3K—Akt signaling pathway.

Biosafety evaluation

There were no remarkable differences between the body
weights of the animals in the Ti45Nb and Ti6Al4V groups
(Fig. 8a). Histological analysis was conducted to examine the
toxicity of major organs, including the liver, spleen and kid-
neys. The results were observed using light microscopy, and
no significant differences were found between the Ti45Nb
and Ti6Al4V groups in the microstructure of the heart, liver,
spleen, lung or kidney (Fig. 8b).

Discussion

Fractures are one of the most common injuries of the muscu-
loskeletal system, and when fractures require open reduction
and internal fixation surgery, implants are needed to provide
better conditions for fracture healing. Therefore, implants
must meet the following basic requirements: (1) maintaining
their mechanical properties long enough for bone healing,
with appropriate mechanical strength [20], (2) good bio-
compatibility, and (3) being able to promote or at least not
impeding bone regeneration and osseointegration [21]. In this

study, we first evaluated the biocompatibility and osteogenic
differentiation-enabling activity of Ti4SNb alloy in vitro,
and the experimental results showed that Ti45Nb has good
biocompatibility and osteogenic performance compared to
Ti6Al4V, which indicates that Ti45Nb has potential for clin-
ical applications. Next, we established an in vivo rat femur
fracture model to investigate the fracture healing ability of
Ti45Nb metal as an intramedullary nail compared to the con-
trol Ti6Al4V group, which is currently the most commonly
used nail.

As a result, we confirmed that Ti45Nb as intramedullary
nails could reduce the fracture healing time by promoting
early fracture formation. Thus, Ti45Nb-based plates can be
an effective means of treating fractures in clinical practice
and have good prospects for clinical translation. Currently,
the widely used internal fixation devices are mainly made of
titanium; however, there are some insurmountable disadvan-
tages of implant materials, including nonbiological activity
and implant-associated infection [22, 23]. Thus, the devel-
opment of implant materials for hard tissues is currently
focused on optimizing and enhancing mechanical properties
and biocompatibility. Currently, the most common method
is to modify the implant surface using bionic coatings to
enhance the bioactivity and resistant performance to avoid
implant infection, with the expectation of prolonging the life
of the implant and reducing the risk of revision surgery. It
has been reported that hydroxyapatite (HAp) coatings, with
excellent osteoconductivity and bioactivity, are capable of
creating a stable interface between the implant and bone,
and HAp coatings should have good adhesion and stabil-
ity to the substrate [24]. However, the main problem with
HAp coatings remains the occurrence of delamination with
the underlying substrate, and the particles generated by the
delamination of the coating can cause inflammatory reactions
around the implant [25]. Although it is possible to improve
these problems by sol-gel processes, electrophoretic depo-
sition, pulsed laser deposition and electrospray deposition,
each of these techniques has its own shortcomings [26].

The way to optimize implants is not only the addition of
coatings but also the development of new implant materi-
als, such as tantalum (Ta) metal and its alloys. Tantalum is
a bioactive metal with good biocompatibility and corrosion
resistance; however, its large elastic modulus and weight are
the main reasons that limit its widespread clinical applica-
tion, and therefore, many researchers have managed to find
alternative methods to overcome this challenge. For example,
porous Ta scaffolds prepared using 3D printing technology
have not only regular pore shape and connectivity but also
controlled elastic modulus and compressive strength, which
improved osteogenic and osseointegration outcomes in vitro
and in vivo compared with porous Ti6Al4V scaffolds [21].
As a novel implant, porous Ta has good biocompatibility,
excellent bioactivity, good corrosion resistance and suitable
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biomechanical properties, and several Ta-related products
have been developed for osteoarticular applications, such as
hip and knee arthroplasty and spine surgery [27]. However,
there are no uniformly optimized parameters for the inconsis-
tency of parameters in various types of tantalum-containing
implants. Although there have been numerous studies on
Ti—Ta alloys [28-30], the optimal ratio of Ti—Ta content has
not been determined, and new material modification methods
need to be developed. In addition, the specific mechanisms
of how Ta affects the physicochemical and biological prop-
erties have not been elucidated, and the fabrication of porous
tantalum scaffolds is complex and costly.

Nb and Ta have similar physical and chemical properties,
including excellent biocompatibility, mechanical properties
and corrosion resistance as well as osteoconductivity [31].
There have been a number of studies on niobium-based coat-
ings; for example, Nb,Os5 commonly serves as a protective
and enabling bone coating for Ti alloys and stainless steels
to improve the biocompatibility and corrosion resistance of
implants [32]. The application of Nb-containing alloys in
scaffolds has attracted attention. Studies have shown that
Ti—Nb alloy has better mechanical properties and biocom-
patibility than Ti6Al4V [33]. Rao et al. [34] suggested that
porous TiNbZr with bioactive nanostructured titanate net-
work coatings could be used for bone tissue engineering.
In this study, Ti45Nb promoted MC3T3-E1 cell adherence
and osteogenic differentiation compared to Ti6Al4V, pre-
senting remarkable osteogenic potential. Subsequently, we
performed an in vivo experiment to determine the effect of
Ti45Nb on osteogenesis. In radiology and histological anal-
ysis, we observed that the Ti45Nb group exhibited earlier
bone formation at week 4 compared to the Ti6Al4V group,
and at week 8, the Ti45Nb group showed better bone remod-
eling than the Ti6Al4V group. At week 12, the Ti45Nb group
also showed faster completion of callus remodeling than the
control group, indicating that Ti45Nb was able to accelerate
fracture healing.

As a representative degradable metal, magnesium alloy
has attracted extensive attention from clinicians in the field
of orthopedic implants [35, 36]. Moreover, as a bioactive
metal, magnesium alloy shows good bone inductivity after
implantation, and the degradation products of magnesium
can promote fracture healing by regulating bone forma-
tion and absorption [37]. Magnesium rods have been shown
to be effective in increasing local bone density in ani-
mal models [38]. However, the common disadvantages of
these magnesium-based implants are an uncontrolled rate
of degradation, high hydrogen production, interference with
osteoblast migration and isolation of bone tissue, thus affect-
ing bone repair. More importantly, rapid implant degradation
is likely to lead to a significant decrease in implant mechan-
ical strength, which may lead to failure of internal fixation.

According to previous studies, there are multiple cru-
cial signaling pathways involved in the fracture healing
and repair process, including Wnt/B-catenin, Notch, bone
morphogenetic protein (BMP)/transforming growth factor
(TGF-), etc. Wnt signaling plays an important role in cell
proliferation, differentiation, growth, survival, development,
regeneration and self-renewal [39]. However, there is some
controversy regarding Wnt/B-catenin signaling during dif-
ferent stages of fracture repair in fracture healing models. In
the early stage, inhibition or activation of Wnt pathway bone
healing affects the differentiation of mesenchymal stem cells
(MSCs) into osteoblasts [40]. Notch signaling is involved
in controlling the proliferation, differentiation and apoptosis
of osteoblasts, osteoclasts, osteocytes and chondrocytes and
has a critical role in bone development. BMPs belong to the
TGF-p superfamily as multifunctional paracrine growth fac-
tors. Additionally, both in vivo and in vitro experiments have
demonstrated the significance of the BMP/TGF-f signaling
pathway at the onset of bone formation [41]. Moreover, BMP
signaling plays a central role in both cartilage formation and
osteogenesis [42]. Similarly, the PI3K/Akt pathway plays
a crucial role in multiple cellular processes, including cell
growth, survival, proliferation and motility [43], and is a key
signaling pathway regulating the bone regeneration process
in many systems, which can also be considered a key intra-
cellular signaling pathway associated with bone formation
[44]. Dong et al. [45] found that an extract of concentrated
growth factor activated the PI3K/Akt signaling pathway and
promoted osteogenic differentiation and mineralization of
MC3T3-EI cells, thus enhancing osteogenesis in a rat model
of cranial defects. A number of studies have reported the key
regulatory functions of PI3K signaling and its upstream and
downstream targets in bone formation and remodeling. For
example, TGF-B also interacts with the PI3K/Akt pathway
and promotes osteoconduction during wound healing [46];
BMP-2 promotes osteoblast differentiation by activating the
PI3K/Akt pathway [47]. We found higher expression of PI3K
and Akt in the Ti45Nb group in histological staining at weeks
4 and 8 and significantly at the callus, indicating a role in the
endochondral ossification of the callus. Endochondral ossi-
fication is an important process in fracture healing and is
induced by BMP, TGF-82 and TGF-f3 signaling in cartilage
healing tissues [48]. At the end of this phase, the formed carti-
lage calcifies and is replaced by woven bone [49]. Therefore,
we speculate that the mechanism by which Ti45Nb promotes
fracture healing may involve BMP-induced Akt phosphory-
lation and the PI3K/Akt signaling pathway. However, there
are still some limitations of our study: (1) We did not test the
mechanical properties of the samples, although the results of
X-ray are convincing, and additionally micro-CT and histo-
chemical results have confirmed the efficacy of the Ti45Nb
group in promoting fracture healing, and (2) there is a lack of
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in-depth study on the upstream and downstream mechanisms
of the PI3K—Akt signaling pathway.

Conclusions

We evaluated the osteogenic properties as well as biocompat-
ibility of Ti45Nb in in vitro and in vivo experiments without
any local or systemic toxicity to major organs compared to
the control group. We also found that Ti45Nb could pro-
mote fracture healing by affecting the PI3K—Akt pathway.
Collectively, our results suggest that Ti45Nb implants have
potential for future orthopedic applications.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42242-023-00250-6.
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