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A B S T R A C T

Background: Stable fixation is crucial in fracture treatment. Currently, optimal fracture fixation devices with
osteoinductivity, mechanical compatibility, and corrosion resistance are urgently needed for clinical practice.
Niobium (Nb), whose mechanical properties are similar to those of bone tissue, has excellent biocompatibility and
corrosion resistance, so it has the potential to be the most appropriate fixation material for internal fracture
treatment. However, not much attention has been paid to the use of Nb in the area of clinical implants. Yet its role
and mechanism of promoting fracture healing remain unclear. Hence, this study aims at elucidating on the
effectiveness of Nb by systematically evaluating its osteogenic performance via in vivo and ex vivo tests.
Methods: Systematic in vivo and in vitro experiments were conducted to evaluate the osteogenic properties of Nb. In
vitro experiments, the biocompatibility and osteopromoting activity of Nb were assessed. And the osteoinductive
activity of Nb was assessed by alizarin red, ALP staining and PCR test. In vivo experiments, the effectiveness and
biosafety of Nb in promoting fracture healing were evaluated using a rat femoral fracture model. Through the
analysis of gene sequencing results of bone scab tissues, the upregulation of PI3K-Akt pathway expression was
detected and it was verified by histochemical staining and WB experiments.
Results: Experiments in this study had proved that Nb had excellent in-vitro cell adhesion and proliferation-
promoting effects without cytotoxicity. In addition, ALP activity, alizarin red staining and semi-quantitative
analysis in the Nb group had indicated its profound impact on enhancing osteogenic differentiation of MC3T3-
E1 cells. We also found that the use of Nb implants can accelerate fracture healing compared to that with
Ti6Al4V using an animal model of femur fracture in rats, and the biosafety of Nb was confirmed in vivo via
histological evaluation. Furthermore, we found that the osteogenic effects of Nb were achieved through activation
of the PIK/Akt3 signalling pathway.
Conclusion: As is shown in the present research, Nb possessed excellent biosafety in clinical implants and accel-
erated fracture healing by activating the PI3K-Akt signalling pathway, which had good prospects for clinical
translation, and it can replace titanium alloy as a material for new functional implants.
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1. Introduction

Fractures, a common clinical condition, account for 16% of all
musculoskeletal injuries [1]. There has been a dramatic rise in traumatic
and life-threatening long bone fractures in recent years due to the
increasing access to motorized transport throughout the developing
world as well as the increase in natural disasters and industrial accidents
[2]. As a good fracture fixation lies the foundation of fracture treatment,
it leads to a surge in the demand for required internal and external fix-
ation devices for such treatment. In 2013, the global market for the fix-
ation devices was valued at $5.7 billion and is growing at a rate of 7.2%
[3]. Early treatment, anatomic repositioning, and rigid fixation are pri-
mary treatments of fractures while surgical treatments are required in
open fractures, closed fractures with failed manipulative reduction, and
old fractures with suboptimal function. Internal fixation devices such as
screws, intramedullary nails, and steel plates are generally applied in
such treatments.

Among the clinical internal fixation devices, titanium (Ti) implants
are widely used owing to their good mechanical properties and
biocompatibility [4]. Nevertheless, these rigid bone implant materials
still have the following insurmountable disadvantages except for its
excellent mechanical and corrosion resistance properties: 1) the lack of
biological activity, poor osteoconductivity, and difficulty in promoting
fracture repair by regulating osteoblast and osteoclast functions; 2)
posibility to cause metallic artefacts when performing CT and MRI ex-
aminations with stainless steel and Ti-based implants, which might affect
the clinician's observation of the lesion [5]. Poor healing which has great
clinical significance and socioeconomic effects, resulting in an average
economic loss of more than $10,000 per non-healing fracture [6]. com-
plications that further exacerbates the pain and financial burden of the
fracture patients. Hence, it is of great clinical value and social signifi-
cance to overcome the inherent defects of existing orthopaedic implants
and develop a class of internal fixation materials with better mechanical
properties and good osteoinductivity.

Recently, a new generation of metallic biomaterials based on
expensive refractory elements of the IVB and VB groups with good wear
resistance, such as tantalum (Ta), zirconium (Zr), and niobium (Nb), has
attracted tremendous attention. Nb is an off-white metal with an atomic
number of 41 and an atomic weight of 92.9. If Nb is to be used as a
material for orthopaedic implants, its biomechanical properties should
be a primary requirement. Clinically, the elastic modulus mismatch be-
tween the implant and the surrounding bone tissue has been identified as
a major cause of pain during walking, stress shielding, implant loosening,
and even bone resorption [7,8]. Furthermore, the mismatch in modulus
can lead to excessive micromotion between the implant and bone, which
prevents bone formation and instead promotes the inward growth of
fibrous tissue, leading to the impediment of the implant osseointegration.

Compared to Ti6Al4V (elasticity modulus of approximately 114 GPa)
[8], Nb has an elasticity modulus of 108 GPa [9], which provides suffi-
cient mechanical fixation and support to facilitate fracture repair during
fracture healing. In addition to its good radiopacity for CT and MRI ex-
aminations, Nb has low MRI compatibility (overall magnetisation,
stainless steel: 3520–6700� 106; Nb: 237� 106) [10], which can greatly
reduce the negative effects of metallic artefacts during the physicians'
interpretation of x-ray films. As is shown in previous studies, Nb has been
investigated and used as an implantable material due to its excellent
biocompatibility, mechanical and corrosion resistance, and osteo-
conductivity [11]. Nb metal implanted in soft and hard tissues of rats
both showed good biocompatibility and osteogenic effects [9]. In vitro
apatite formation assays and in vivo histomorphometric studies indicate
that Nbmetal is biologically active and can be biologically bound to bone
[12]. It is demonstrated in a study that the formation of a protective oxide
layer on its surface attributes to the excellent biocompatibility, corrosion
resistance and the osteoconductivity of the Nb metal [13]. Moreover,
such oxide coatings of Nb, which promote cellular metabolic activity,
increases cell viability, and collagen I production, have been shown to
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facilitate cell proliferation that can reduce the negative effects of metallic
artifacts during the physician's review process [14]. Nb2O5 coatings
improve the surface properties of stainless steel (e.g. hardness, corrosion
resistance, and bioreactivity) [15] and it also promotes adhesion, pro-
liferation, and osteogenic differentiation of rat bone mesenchymal stem
cells [16]. Although previous literature has already clarified the excel-
lence of Nb's biocompatibility, in vivo studies on the use of Nb for fracture
healing are still lacking, and the mechanisms by which Nb metals pro-
mote fracture healing have not been clarified.

Based on the above observations, we made a hypothesis that Nb has a
facilitative effect on fracture healing. We proposed to evaluate the
osteogenic effects, biocompatibility, and biosafety of Nb metal implants
in vitro and in vivo in the present study. Nb metal was utilized as an
intramedullary nail to study its effect on fracture healing in a rat femur
fracture model and was compared with that of Ti6Al4V in the study. In
addition, the effect of Nb metal implants on fracture healing was also
determined by assessing the fracture repair healing and performing his-
tological assessments, attempting to explore its major signalling path-
ways and determine its in vitro cytocompatibility and in vivo biosafety.

2. Materials and methods

2.1. In vitro cytocompatibility and osteogenic differentiation

2.1.1. Cell proliferation and morphology
MC3T3-E1 cells were seeded on the surface of the discs (diameter-

*height: 10 � 2 mm) in 24-well plates at a density of 5 � 104/well, and
cells were incubated in α-MEM with 10% foetal bovine serum at 37 �C
with 5% CO2. Cell proliferation was examined at the 1, 3, 5, and 7 days
after the co-culture with the material respectively (n ¼ 5). Cell viability
was measured using the Cell Counting Kit-8 (CCK-8; Dojindo Molecular
Technology, Japan). The reagent was added to the wells at a ratio of 1:10
and then incubated for 2 h. Optical density (OD) was tested at 405 nm
using an ELX800microplate reader (Bio-Tek, USA). MC3T3-E1 cells were
inoculated at a density of 5 � 104/well on the surface of the material in
24-well plates (n ¼ 5). After the α-MEM medium was discarded, each
sample was washed three times with PBS and fixed overnight at 4 �C in
2.5% glutaraldehyde solution, then subjected to dehydration in gradient
alcohol solutions (50, 60, 70, 80, 90, and 100%) for 15 min each. After
dehydration, each sample was dried at 37 �C. Cell morphology was
observed through scanning electron microscopy (SEM, S-4800; Hitachi,
Japan). Additionally, each sample was washed three times with PBS and
then fixed in 4% paraformaldehyde solution for 30 min at room tem-
perature. Thereafter, each sample was stained with phalloidin for 30 min
at room temperature for cytoskeletal staining, and nuclei were counter-
stained with 40,6 diamidino-2-phenylindole (Sigma, D9542-10 MG,
DAPI) for 15 min. Images were taken by fluorescence microscopy (Leica
Microsystems, Heidelberg, Germany).

2.1.2. LIVE/DEAD staining
Cells (5 � 104/well for MC3T3-E1 cells) were inoculated in a 24-well

plate with the material and corresponding medium (n ¼ 5). After 24 h of
incubation, the medium was gently removed. Cells were stained with the
Calcein-AM/PI Double Staining Kit (Dojindo Molecular Technology,
Japan) at room temperature.

2.1.3. Osteogenic differentiation
Alkaline phosphatase (ALP) activity is an early marker of osteoblast

differentiation, through which the osteogenic differentiation of MC3T3-
E1 cells was assessed along with alizarin red staining. MC3T3-E1 cells (5
� 104/well) were inoculated on Ti6Al4V and Nb discs, and after 3 days (n
¼ 5), when the cells were fully attached to the scaffold, the growth
medium was discarded and replaced with osteogenic differentiation
medium (HUXMA-90021, Cyagen, USA), which was then replaced every
3 days. Cells cultured in osteogenic differentiation medium for 7 days
were used to measure the activity of ALP using activity assay kit (P0321;
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Beyotime, China) according to the manufacturer's instructions. First, the
mediumwas carefully removed, and the material was washed three times
with PBS. Next, 0.2% triton X-100 solution was added. The substrate and
p-nitrophenol were then added and incubated at 37 �C for 10 min and
ALP activity was measured at 405 nm.

After 21 days of incubation, the material was then transferred to a
new 24-well cell culture plate, washed three times with PBS, and fixed in
4% paraformaldehyde for 30 min at room temperature. After alizarin red
staining, the material was washed with PBS solution until the solution
was clear. Thereafter, the stained mineralised nodules were dissolved
with 10% cetylpyridinium chloride (C9002-25G; Sigma, USA) and
assayed semi-quantitatively by measuring the absorbance at 562 nm.

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

MC3T3-E1 cells were inoculated at a density of 5 � 104/well in a 24-
well culture plates (n ¼ 5). After cells were fully adherent, the α-MEM
complete medium was replaced with osteogenic induction medium
(complete medium with ascorbic acid, dexamethasone, and β-glycer-
ophosphate), and the medium was changed every 2 days. Osteogenesis-
related genes were detected after 7 days of co-culture with the scaffold,
and osteopontin (OPN), osteocalcin (OCN), ALP, type 1 collagen (Col-1),
and runt-related transcription factor-2 (Runx2) expression was examined
to detect the osteogenic differentiation of MC3T3-E1 cells. Total RNA
from MC3T3-E1 cells co-cultured with the material was extracted using
TRIzol; then, reverse transcription was performed to obtain cDNA via
PrimeScript RT Master Mix (Takara). RT-PCR reactions were performed
by SYBR Premix Ex TaqII (Takara) on a CFX96 PCR system (Bio- Rad).
The housekeeping gene GAPDH was used as a control. The primers used
are provided in Table S1.

2.3. Animals and surgical procedures

Animal experiments conformed to the Chinese Animal Experimenta-
tion Law and were approved by the ethics committee of Shanghai Jiao
Tong University School of Medicine (ethical number: SH9H-2022-A785-
SB). A total of 72 8-week-old male Sprague–Dawley rats (Shanghai Sipper
BK Laboratory Animals Ltd) randomly divided into 6 groups (n¼ 12). All
rats were housed in a barrier facility under high-efficiency particulate air
filtration and allowed ad libitum access to water and standard laboratory
pellets. Anaesthesia was induced via the abdominal injection of pento-
barbital sodium. The surgical site was shaved and disinfected, and a 2 cm
incision was made on the lateral side of the right hind leg to access the
skin and fascial layers to expose the quadriceps muscle and bluntly
separate it to reveal the femur. A lateral osteotomy was performed at the
mid-femur by sawing, and tissues of the two groups of animals were fixed
using Nb rods 3.5 cm in length and 1.5 mm in diameter, as well as
Ti6Al4V rods as intramedullary nails. The incisions were sutured layer-
by-layer and disinfected again. The right femur was injected subcuta-
neously with 20 mg/kg of sterile calcein solution 7 and 14 days before
sampling. Sampling was performed after euthanasia at 4, 8, and 12 weeks
after surgery.

2.4. Medical imageology evaluation

Frontal and lateral slices of the right femur were assessed through a
Faxitron MultiFocus X-ray system (Faxitron, Bioptics, LLC, USA) for small
animals according to the manufacturer's instructions. After fixation in 4%
paraformaldehyde for 72 h, femoral specimens were stored in 70%
ethanol for micro-CT scanning (μCT 80; SCANCO Medical AG, Bassers-
dorf, Switzerland) (n ¼ 3). The middle femur was considered the region
of interest. The bone folding line is centered on 200 layers above and
below, with a layer thickness of 18 microns. A high-resolution 3D
reconstruction of the mid-femur was also performed. Bone volume/tissue
volume (BV/TV), mean trabecular thickness (Tb.Th), mean trabecular
spacing (Tb.Sp), and number of trabeculae (Tb.N) were quantified. We
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determine the success of fracture healing by the results of X-ray and
micro-CT.
2.5. Histological analysis

After micro-CT analysis, the samples were embedded in methyl
methacrylate. Hard tissue sections were generated from the embedded
specimens via the Cut and Grind System (Buehler 11-1280-250, USA)
system. Tissue sections were stained with van Gieson's picrofuchsin (n ¼
3). Images were captured with a Nikon SMZ 1500 stereomicroscope
(Nikon Instruments, Melville, NY). Femoral specimens were fixed in 4%
paraformaldehyde for 72 h and decalcified with ethylenediaminetetra-
acetic acid. After dehydration, all decalcified femoral specimens were
embedded in paraffin. Samples were section and stained with
haematoxylin-eosin (HE), Movat and immunohistochemical reagents for
PI3K and Akt (n ¼ 5).
2.6. Transcriptomic analysis

The effects of Nb on fracture healing and associatedmechanisms were
investigated via transcriptomic analysis. After euthanising experimental
animals at 8 weeks post-surgery, the right hind leg mid-femoral callus
was removed under aseptic conditions and fragmented for storage in
liquid nitrogen; the total RNA was then isolated and extracted. Tran-
scriptomic analysis was performed by Applied Protein Technology Co.
Ltd. Differential expression analysis was performed using the DESeq2 R
package (1.16.1). Gene ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses were performed to determine
the potential biological functions of differentially expressed genes.
2.7. Western blot analysis

After 7 and 14 days of co-culture with the material (n ¼ 5), the cells
were lysed with RIPA lysis buffer (P0013K, Beyotime, China) on ice for
30 min. The proteins were then scraped off and transferred to centrifuge
tubes for centrifugation. The protein concentration was measured by
colorimetry (Thermo Scientific, MA) after centrifugation. Then, the
loading buffer (P0015, Beyotime, China) was added to the centrifuge
tube, which was boiled for 10 min at 100 �C. Twenty micrograms of
protein was added to the lane for electrophoresis and then transferred to
a polyvinylidene fluoride membrane (IPVH00010, Millipore, USA). The
membranes were then incubated with 5% skim milk. Primary antibodies
against Akt (4691L, Cell Signaling, China), PI3K (ab227204, Abcam,
U.K.), Col-1 (14695-1-AP, Proteintech, China), OCN (ab93876, Abcam,
U.K.), ALP (ab108337, Abcam, U.K.) and OPN (22952-1-AP, Proteintech,
China) were incubated with the blots overnight at 4 �C. The membranes
were washed three times with PBS and then incubated with secondary
antibodies at room temperature for 2 h. To visualise the bands, a
chemiluminescence kit (Thermo Scientific, MA) was used.
2.8. Statistical analysis

The sample size for this study was 3 unless otherwise stated. Data are
expressed as mean � standard deviation. A Student's t-test and one-way
analysis of variance were used to determine the variance using SPSS
version 23.0 software (IBM Corp.). A difference of P < 0.05 was
considered to be significant.

3. Results

3.1. Material characterisation

The morphology of the Nb and Ti6Al4V discs was determined by a
SEM (Fig. 1).



Figure 1. (a) Niobium (Nb) and Ti6Al4V discs (diameter*height: 10 � 2 mm) used for in vitro experiments. (b) Scanning electron microscopy (SEM) micrograph of the
blank sample of the discs.
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3.2. Cell proliferation and adhesion

The morphology of MC3T3-E1 cells cultured on both material discs
for 7 days was observed by SEM (Fig. 2a). Cells could be detected on all
discs examined. Cells on the discs in the Nb group spread well and
showed extended cell pseudopodia. To investigate cell adhesion, we
performed fluorescent staining of MC3T3-E1 cells (Fig. 2b). DAPI and
phalloidin staining showed higher cell adhesion on the Nb group discs
than that of the Ti6Al4V group, and the cells in the Nb group spreadmore
than those in the Ti6Al4V group. The proliferation of cells inoculated on
the scaffolds was assessed using the CCK-8 assay (Fig. 2c), which showed
that the number of cells in the Nb and Ti6Al4V groups grew with
increasing incubation duration. This result indicated that Nb has good in
vitro cytocompatibility, and the cell count in the Nb group was essentially
the same as that in the blank control group, indicating that Nb is non-
toxic to MC3T3-E1 cells.

3.3. LIVE/DEAD staining

The results of live-dead staining indicated that there was no increase
in the number of dead cells in the Nb group compared with that in the
Ti6Al4V group, which are consistent to results above; it also showed that
cells in the Nb group were fuller and rounder than those in the Ti6Al4V
group (Fig. 2d).

3.4. Osteogenic differentiation

To determine the potential osteogenic effect, MC3T3-E1 cells were
cultured in sample extracts supplemented with ascorbic acid, β-glycer-
ophosphate, and dexamethasone. The osteogenic differentiation effect of
Nb and Ti6Al4V on MC3T3-E1 cells was determined by ALP and alizarin
red staining. The ALP activity of both groups was tested on day 7, and the
result in the Nb group was higher than that in the Ti6Al4V group
(Fig. 3a), indicating that Nb enhanced the osteogenic differentiation of
MC3T3-E1 cells at an early stage compared to that with Ti6Al4V. In
addition, alizarin red staining (Fig. 3b) and semi-quantitative analysis
(Fig. 3c) on day 21 showed that calcium nodules were formed on the
material in all groups, and there were significantly more calcium nodules
in the Nb group than in the Ti6Al4V alloy group, indicating that Nb has
potential osteogenic properties.

3.5. RT- PCR

Osteogenic differentiation was assessed by quantitative RT-PCR
analysis of expression of the osteogenic markers OPN, OCN, ALP, Col-1,
and Runx2 at days 7 and 14. Levels of Col-1, ALP, and Runx2were higher
in the Nb group than in the Ti6Al4V group at both time points (Fig. 3d, e,
h). In contrast,OCN and OPN expression levels did not differ between the
groups at day 7 but were significantly higher in the Nb group at day 14
(Fig. 3f and g). These results suggest that Nb exhibits superior osteogenic
differentiation of MC3T3-E1 cells.
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3.6. Radiographic evaluation

Post-operative X-rays showed that all intermedullary nails were
inserted in the femur medulla and no displacement of intermedullary
nails was observed 4, 8, and 12 weeks after surgery. X-ray and micro-CT
analyses were used to monitor post-operative new bone formation. X-ray
results showed that fracture lines were visible in both groups at week 4,
with more high-density bone formation around the fracture line in the Nb
group than in the Ti6Al4V group (Fig. 4a). At week 8, there was signif-
icant callus formation around the fracture end in both groups and there
were outstandingly more bridging calluses around the fracture at weeks 4
and 8 in the Nb group than in the Ti6Al4V group. The formation of the
continuous callus was nearly complete at 8 weeks post-fracture in the Nb
group, whereas it was delayed to 12 weeks in the Ti6Al4V groups. At
week 12, the callus around the end of the fractured femur in the Nb group
was remarkably calcified into the woven bone, indicating a further in-
crease in local bone density at the end of the segment. In addition, the
fracture line in the Nb group almost disappeared and callus remodelling
was notably better than that in the Ti6Al4V group. In addition, to closely
observe the fracture healing process, micro-CT was utilized to examine
the samples. The 3D reconstructed micro-CT and cross-sectional images
(Fig. 4b) showed that the callus in the Nb group was larger at 4 weeks
after surgery compared with that in the Ti6Al4V group. At weeks 8 and
12, the cross-sectional images showed that the callus in the steel and Nb
groups had gradually started to shrink and calcify into lamellar bone after
remodelling, whereas the Ti6Al4V group still showed larger callus tissue.
Compared with Ti6Al4V group, the BV/TV values of the Nb group at each
time point were higher. The Nb group also had the higher Tb.N and Tb.Th
and the lower Tb. Sp of the two groups at week 12 (Fig. 4d,e,f). Overall, it
could be inferred that Nb not only promoted osteogenesis in the callus
but also upregulated the efficiency of callus remodelling.

3.7. Histological evaluation

HE staining showed the general evolution of the bone callus tissue
(Fig. 5a). At week 4, the callus in the Ti6Al4V group consisted mainly of
fibrous components, whereas the Nb group appeared to have more
calcified tissue. At week 8, the fibrous healing tissue around the fracture
end of the femur was completely calcified into woven bone in the Nb
group, and remodelling and consolidation of the calcified callus
occurred. Remodelling of the callus tissue was better in the Nb group by
week 12. Van Gieson-stained images of both groups at each time point
(weeks 4, 8, 12) are shown in Fig. 5b, with a larger area of new bone in
the Nb group at week 8 compared with that in the Ti6Al4V group and
lower than that in the Ti6Al4V group at week 12. Movat staining (Fig. 5c)
showed that the Nb group had more cartilage calcification at the fracture
site at week 4, which had completely calcified into woven bone at week
8, whereas the Ti6Al4V group showedmore cartilage calcification only at
week 8. These results suggested that Nb can accelerate the formation of
new bone. During fracture healing, new bone formation and bone
reconstruction can be assessed via continuous fluorescent labelling using



Figure 2. (a) Scanning electron microscopy (SEM) micrographs showing MC3T3-E1 cells adhering to niobium (Nb) and Ti6Al4V discs. (b) Fluorescent labelling of
MC3T3-E1 cells adhering to the discs with DAPI and phalloidin. (c) Cell growth on niobium (Nb) and Ti6Al4V discs, with higher optical density (OD) values indicating
more cell growth in the Nb group. (d) Live-dead staining of MC3T3-E1 cells adhering to the discs.
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Figure 3. (a) Alkaline phosphatase (ALP) activity on day 7 and (c) semi-quantitative analysis of calcium nodules on day 21 of incubation on the discs, with high OD
values indicating increased calcium nodule formation on the niobium (Nb) stent. (b) Alizarin red staining of the discs. Expression of osteogenesis-related genes: ALP
(d), Col-1 (e), OCN (f), OPN (g), Runx2 (h) (n ¼ 3/group. *P < 0.05, versus Ti6Al4V group).
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calcein. The distance between calcein markers was used to represent the
temporal change in new bone formation or bone remodelling. During the
callus formation phase, a greater distance between calcein markers in-
dicates faster bone formation. In this study, at weeks 4 and 8, the greater
distance between calcein markers in the Nb group compared with that in
the Ti6Al4V group indicated that Nb induced new bone formation
(Fig. S1). At week 12, the distance between calcein markers decreased in
both groups, suggesting the occurrence of bone remodelling.
3.8. Transcriptomic analysis

To determine the effect of Nb on fracture healing, a transcriptomic
analysis was conducted. 1676 differentially expressed genes (a threshold
with absolute log2 fold-change >1 and p < 0.05) were identified. GO
analysis revealed that these differentially expressed genes were associ-
ated with biological processes involved in fracture healing, such as the
regulation of osteogenesis, angiogenesis, and other processes (Fig. 6a).
An analysis of the bone development process indicated that related genes
were induced (Fig. 6b). In addition, KEGG enrichment analysis showed
that the PI3K-Akt signalling pathway was upregulated by Nb (Fig. 6c).
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3.9. Immunohistochemical evaluation

Compared with the control group, the results of immunofluorescence
staining at 4w and 8w showed that the expression in the callus of the Nb
group was higher than that of the Ti6Al4V group (Fig. 7). This result
suggests that Nb may activate the PI3K-Akt signalling pathway in the
early stage of fracture healing.

3.10. Western blot analysis

The proteins expression of Akt, PI3K, Col-1, OCN, ALP and OPN was
detected by protein blotting (Fig. 8a). The grayscale values of the protein
bands were determined. Statistics were then used from the grayscale
values/internal parameters. The results have confirmed the role of Nb in
promoting the expression of osteogenic-related proteins (Fig. 8b,c,d,e)
and upregulating the PI3K-Akt signalling pathway (Fig. 8f,g,h,i).

3.11. Biosafety evaluation

No significant differences were observed between the body weights of
animals in the Nb and Ti6Al4V groups (Fig. S2a). The visceral organs,



Figure 4. (a) X-ray follow-up image (front and side view). (b) Micro-CT images of the femoral specimen. (c) Bone volume fraction (BV/TV), (d)Trabecular number
(Tb.N), (e) trabecular spacing (Tb.Sp), and (f) trabecular thickness (Tb.Th) of the niobium (Nb) and Ti6Al4V groups at 4, 8, and 12 weeks after implantation (n ¼ 3/
group. *P < 0.05, versus Ti6Al4V group).
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including the liver, spleen, and kidney, were collected at the end of the
experiment for histological analysis. The histological microstructure of
the viscera was observed by organ HE staining using light microscopy,
and no microscopic differences in the microstructure of the heart, liver,
spleen, lungs, or kidneys were found between the Nb and Ti6Al4V groups
(Fig. S2b).

4. Discussion

Human bone is a complex organ with multiple functions, including
haematopoiesis, regulation and storage of critical minerals, protection of
vital organs, and facilitation of movement. The present study first eval-
uated the biocompatibility and osteogenic differentiation activity of Nb
metal via in vitro experiments, of which the experimental results suggested
that Nb demonstrates superior biocompatibility and osteogenic effects
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than Ti6Al4V, indicating that Nb has the enhanced biocompatibility
required for clinical applications. Next, we utilized Nb metal as an
intramedullary nail in a rat femur fracture model to investigate the effect
of Nb on fracture healing, with the most commonly used material
Ti6Al4V as a control group. Our in vivo experimental results have
confirmed that Nb metal intramedullary nails can reduce the fracture
healing time by promoting early fracture callus formation. Thus, Nb-
based plates can be an effective means for fracture treatments in clin-
ical practice and have good clinical translation prospects.

Currently, internal fixation devices widely used in clinical practice
are mainly made of stainless steel and Ti alloys. However, these rigid
bone implant materials have many insurmountable disadvantages, such
as stress shielding, inactivity [17], and implant infection [18]. Driven by
such clinical needs, the development of implant materials for hard tissues
is focused on optimising and improving its mechanical and



Figure 5. (a) Staining of the fracture using HE staining. (b) Assessment of fracture repair using van Gieson staining. (c) Calcification of bone and cartilage at the callus
site was assessed using Movat staining.
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biocompatibility properties. Currently, bionic coatings are used to
modify implant surfaces to enhance the bioactivity of implants and resist
infection, thereby extending the life of implants and reducing the risk of
secondary surgical revisions. Hydroxyapatite (HAp), which has excellent
osteoconductivity, bioactivity, and the ability to form strong
120
bone-calcium phosphate interfaces, is an ideal alternative [19].
Compared with uncoated devices, HAp-coated implants exhibit a longer
post-implantation life and proved to be particularly beneficial for
younger patients [20]. However, the main problem remains the weak
adhesion between the HAp coating and the underlying substrate, which



Figure 6. Transcriptomic analysis of callus tissues at week 8. (a) Gene Ontology (GO) enrichment analysis of differentially expressed genes in callus tissue. (b)
Differentially expressed genes in the GO terms of the bone development process. (c) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of the
PI3K-Akt signalling pathway.
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can lead to delamination [21], and particles from the delamination of the
coating can cause an inflammatory response [22].

In addition to increasing the coatings of implants, methods for opti-
mising include the development of new implant materials as well, such as
Ta metal and its alloys. Ta exhibits excellent chemical stability and good
biocompatibility as Ti. However, owing to its high elasticity modulus and
weight, the clinical application of Ta is greatly limited. Therefore, many
studies have attempted to find various ways to prepare Ta metallic ma-
terials with suitable mechanical properties. For example, porous struc-
tures are formed to reduce the weight and elastic modulus of Ta for
dental and orthopaedic applications, as materials for bone defect repair
[23]. Furthermore, porous Ta has been developed for intraosseous
growth applications, such as hip and knee replacements and spinal sur-
gery, etc [24]. As a new implant, porous Ta has the features of good
biocompatibility, excellent bioactivity, good corrosion resistance, and
suitable biomechanical properties. So far, a number of basic and clinical
studies have reported on Ta. As is reported, Ta-related products have
been used in clinical practice [25], though there are still some limitations
of Ta to be overcome. Due to the inconsistency of parameters in the
various types of Ta-containing implants, there is no uniform optimisation
of parameters. Although many studies have been conducted on Ti–Ta
alloys, the optimal ratio of Ti–Ta content has not yet been determined,
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and new material modification methods need to be developed. And
owing to the high atomic weight and high X-ray absorption of Ta, it is
difficult to obtain perfect imaging results to demonstrate the osteogenic
activity and inward growth of Ta implants via standard imaging evalu-
ation techniques [26].

Nb proved to have very similar physical and chemical properties to Ta
and are widely sought after for their excellent biocompatibility, me-
chanical properties, corrosion resistance, and osteoconductivity. A large
quantities of studies have been conducted on Nb-based coatings; for
example, previous research has indicated that Nb2O5 is commonly used
as a protective and osteogenic coating for Ti alloys and stainless steels to
improve the biocompatibility and corrosion resistance of implants [27].
NbC films can promote cell attachment, mineralisation, and osteogenic
differentiation, showing optimal protection efficiency and osteogenic
potential [11]. In addition, PEEK/Nb2O5 composites exhibit a
sub-microstructure surface induced by Nb2O5, and its surface roughness,
hydrophilicity, surface energy, and protein adsorption of rise signifi-
cantly as the Nb increases, promoting BMSC adhesion and proliferation,
as well as osteogenic differentiation [16]. The use of Nb alloys are now
attracting attention for use in stents, and studies have shown that porous
Ti–25Nb alloys show good biocompatibility, and the experiments of cell
adhesion and proliferation have indicated good cell growth results on the



Figure 7. Immunohistochemical staining for PI3K (a) and Akt (b).
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alloy surface and within the pores without causing significant inflam-
matory responses [28]. In the present study, Nb proved to promote
MC3T3-E1 cell attachment and osteogenic differentiation compared to
those with Ti6Al4V with better osteogenic potential, which is consistent
with previous studies [9]. Subsequently, we performed in vivo studies to
determine the effect of Nb on osteogenesis. In imaging and histological
experiments, the Nb group was confirmed to exhibit earlier callus for-
mation at week 4 than the Ti6Al4V group through observation, and the
Nb group showed better remodelling of the callus tissue than the Ti6Al4V
group at week 8. Moreover, at week 12, callus remodelling was also
completed faster in the Nb group than in the control group, indicating
that Nb can accelerate fracture healing.

There are many important signalling pathways involved in fracture
healing and repair, such as Wnt/β-catenin, Notch, bone morphogenetic
protein (BMP)/TGF-β, and platelet-derived growth factor (PDGF). Wnt
signalling, which regulates a wide range of cell processes associated with
osteogenesis, is thought to be involved in the overall healing process. And
it is significantly induced in fracture healing via canonical β-catenin Wnt
signalling, indicating its osteoconductive role [29]. Activation of the
Wnt/β-catenin signalling pathway results in accelerated osteoblast pro-
liferation and differentiation, leading to a significant increase in bone
mass in the Axin2-knockout mouse model [30]. The Notch signalling
pathway, a highly evolutionarily conserved ligand-receptor signalling
pathway, plays an essential role in cell survival, proliferation, differen-
tiation, developmental processes, and homeostasis in vivo [31]. Various
studies based on mouse models have shown that inhibition of the Notch
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signalling pathway in bone progenitor cells leads to a reduction in bone
marrow-derived mesenchymal stem cells [32]. BMPs, as multifunctional
paracrine growth factors, belong to the transforming growth factor β
(TGFβ) superfamily and play an important role in osteogenesis. And they
are vital in osteogenesis. Both in vivo and in vitro experiments have
demonstrated that the BMP/TGF-β signalling pathway is essential at the
onset of skeletogenesis [33]. Furthermore, BMP signalling is critical for
osteogenesis progression and maturation, which might depend on the
transcription factor Osterix acting downstream of Runx2 [34]. PDGF, an
extracellular factor, are important in regulating numerous cellular
functions in the skeleton by increasing the number of MSCs through its
mitogenic, angiogenic, and proliferative activities [35]. The increase in
bone regeneration is achieved through two major PDGF-mediated
mechanisms. First, it increases the number of bone marrow MSCs,
which then differentiate into osteoblasts. Second, a more important
mechanism is the chemotaxis and activation of macrophages [36]. Thus,
to search for mechanisms related to the acceleration of fracture healing
mediated by Nb, we extracted RNA from callus tissue at week 8 for
genome sequencing. Transcriptomic analysis has revealed that the
PI3K-Akt signalling pathway was upregulated in the Nb group.

The PI3K-Akt signalling pathway, which lies the foundation in a va-
riety of cellular processes including cell growth, survival, proliferation,
and motility, is one of the key pathways regulating cellular behaviours,
including apoptosis, proliferation, and differentiation. And it is
frequently activated in a variety of human cancers [37]. PI3K phos-
phorylates PIP2 to form PIP3, which acts as a second messenger to



Figure 8. Western blot results suggest that the promotion of fracture healing by niobium (Nb) might be related to the expression of PI3K-Akt signalling pathway
components (n ¼ 3/group. *P < 0.05, versus blank group，#P < 0.05, versus Ti6Al4V group).
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activate the serine/threonine kinase AKT (also known as protein kinase
B) [38]. Activated AKT phosphorylates many downstream substrates that
are involved in the regulation of cell survival, apoptosis, proliferation,
protein synthesis, and other processes. These substrates are involved in
regulating cell survival, apoptosis, proliferation, protein synthesis, and
other processes. Many have reported on the key regulatory functions of
PI3K signalling and its downstream targets in bone formation and
remodelling. Liu et al. [39] demonstrated that MiR-21 promotes fracture
healing in rats through the activation of PI3K-Akt signalling pathway.
Dong et al. [40] found that the β-catenin transcriptional activity inhibitor
ICG001 attenuates PI3K-Akt-induced osteoblast proliferation, differen-
tiation, and mineralisation, revealing the existence of Wnt/PI3-
K/AKT/β-catenin signalling relationships in osteoblasts and suggesting
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that PI3K-Akt and Wnt/β-catenin pathways are closely related to fracture
healing. According to Xing et al. [41], Dexamethasone (Dex) was found
to simultaneously inhibit the phosphorylation of protein kinase B (Akt)
and the expression level of Sema3A in BMSCs, which inhibits osteoblast
differentiation by inhibiting the expression of Sema3A through the
PI3K/Akt pathway. Zhang et al. [42] have proved that exosomes could
enhance the osteogenic inductive ability of β-TCP by activating the
PI3K/Akt signaling pathway of hBMSCs. In addition, some signalling
pathways exert their osteogenic effects by targeting the PI3K-Akt sig-
nalling pathway. For example, bFGF can promote the expression of OPG,
Runx2, p-Akt, and BMP-2 proteins through the activated PI3K-Akt sig-
nalling pathway, as well as the proliferation, differentiation, and osteo-
genesis of osteoblasts on the Ti surface [43]. We observed higher
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expression of PI3K and Akt in the Nb group at weeks 4 and 8, via his-
tological staining, and significantly at the callus, suggesting a role in
endochondral ossification of the callus. Endochondral ossification is an
important process in fracture healing [29], which is induced by BMPs,
TGF-β2, and TGF-β3 signalling in healing cartilage tissue [44]. At the end
of this phase, the synthesised cartilage calcifies are replaced by woven
bone. Studies have shown that BMP-4 induces Akt phosphorylation [45].
We thus speculate that the mechanism by which Nb promotes fracture
healing is likely through the induction of Akt phosphorylation by BMP
and upregulation of the PI3K-Akt signalling pathway. Thus, we suggest
that Nb might promote osteoblast function and thus accelerate fracture
healing by upregulating PI3K-Akt signalling. However, we still need to
understand how these signalling pathways are interrelated to gain a
clearer understanding of the mechanisms underlying the effects of Nb on
fracture healing.

PI3K-Akt signalling also works in osteoclast activation. It was found in
Ma et al.’s study [46] that Trpv6 inhibits osteoclastogenesis by reducing
the phosphoprotein or total protein ratio in the IGF-PI3K-AKT signaling
pathway. The active stage of osteoclasts is mainly in the early hematoma
stage and the late callus remodeling stage [47], but the transcriptomic
analysis was done in the stage of endochondral ossification. Therefore,
we did not pay much attention to the effect of PI3K-Akt signaling
pathway on osteoclasts. Through ex vivo experiments, we have found
that Nb can regulate PI3K-Akt signalling, yet our study still has some
limitations: (1) we did not test the mechanical properties of the samples,
although we believe that the efficacy of the Nb group in promoting
fracture healing has been confirmed by X-ray, Micro-CT and histo-
chemistry results; (2) there is a lack of in-depth studies on the PI3K-Akt
signaling pathway upstream and downstreammechanisms, which will be
the next focus to consider in the future.

5. Conclusions

In the present study, the biocompatibility, osseointegration and
osteogenic properties of Nb metal were evaluated. In vitro studies have
indicated that Nb can promote cell proliferation, adhesion, and osteo-
genic differentiation compared to those with Ti6Al4V. In addition, X-ray
and micro-CT results of Nb group have demonstrated its excellency in
fracture healing compared with that in the control group at the same time
points. Histological analysis showed that the Nb group had better callus
remodelling than the Ti6Al4V group. We also found that Nb might pro-
mote fracture healing by affecting the PI3K-Akt pathway in fracture
healing and thus promoting fracture healing. Furthermore, it is found
that Nb metal implants did not cause any local or systemic toxicity to
major organs. Although it remains to be further investigated whether the
action of Nb in human is consistent with that in mice as presented in the
present study, our results have confirmed that Nb metal implants have
potential for future orthopaedic applications.
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