Materials Today Bio 29 (2024) 101256

Contents lists available at ScienceDirect =i
materialstoday

BIO

Materials Today Bio

FI. SEVIER

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

materilstoday

Osteoinductivity enhancement by tailoring the surface chemical bond
status: A strategy to mobilize host bone growth factors for in situ
bone regeneration

. . b,** b . 5 . . b s at
Ruiyan Li“, Kan Zhang > , Chuanyao Dong ~, Kaiwen Wang °, Xinlei Gu ", Yanguo Qin"
@ Department of Orthopaedics, and Joint International Research Laboratory of Ageing Active Strategy and Bionic Health in Northeast Asia of Ministry of Education, The
Second Hospital of Jilin University, Changchun, 130041, China
Y State Key Laboratory of Super Hard Materials, Key Laboratory of Mobile Materials, MOE, School of Materials Science and Engineering, Jilin University, Changchun,
130012, China

ARTICLE INFO ABSTRACT

Keywords:

Endogenous regeneration
Reactive sputtering

Bone biomaterials
Bioactivity

Surface charge

The incorporation of growth factors and biomaterials is a promising strategy for improving osseointegration.
However, current strategies to develop biomaterials with exogenous growth factors present disadvantages like
inefficiency, difficult deployment, and potential off-target activation, making their translation into clinical
practice challenging. This study reveals a bioactive N-doped tantalum carbide (TaC) solid solution film that can
be used to construct a TaCN film via bionic interface engineering to recruit host bone growth factors to the
wounded site and improve bone regeneration. X-ray photoelectron spectroscopy (XPS) and protein absorption
analysis reveal that the performance of TaCN is related to the surface chemical bonds of films. The introduction
of N to TaC causes a cascade effect wherein negative charges enrich on the TaCN surface, and the recruitment of
positively charged bone growth factors around the TaCN film is facilitated. Under these circumstances, the
endogenous bone growth factors enhance bone healing. The TaCN film shows an outstanding performance for in
vivo osteogenic differentiation along with a superior in vitro cytocompatibility. Incorporation of N atoms into TaC
provides a new clinically translatable strategy to mobilize host bone growth factors for in situ bone regeneration
without the need for incorporation of exogenous growth factors.

1. Introduction

The reconstruction of critical-sized bone defects has always been a
difficult challenge in orthopedic practice and bone tissue engineering,
and prosthesis implantation is the most common surgical therapy.
Owing to the longer life expectancy of humans and substantial efforts to
advance medical care, most patients live longer than the service life of
their prostheses. For example, the lifetime risk of revision after total
replacement of the hip or knee was increased for younger patients; up to
35 % for men in their early 50s [1]. Prostheses with weak osseointe-
gration would lead to revision surgery, which is a growing burden for
global public health and finances [2,3]. The most effective therapeutic
strategy to achieve better osseointegration is to develop tissue engi-
neering materials using relevant scaffolds, appropriate exogenous

growth factors (GFs), and/or cells [4-6]. However, exogenous growth
factor or cell delivery also leads to complications like short half-life,
immunogenic concerns, high cost, rapid degradation, and possible
toxicity [7-9]. Moreover, full clinical practice transition is challenging
because of several disadvantages, including the retention of biological
activity, the complex disinfection process before surgery, difficult
deployment in the operating room, and mass production with uniform
quality [4,10]. Consequently, it is particularly challenging and impor-
tant to develop ideal cell- and GF-free implants that can recruit host cells
and/or GFs to promote bone regeneration [11,12].

Some previous reports showed excellent strategies to overcome the
need for the addition of cells into scaffolds. For example, a cell-free 3D
scaffold with miRNA-26a delivery was used to activate endogenous stem
and progenitor cells to heal critical-size tissue defects [11]. Meanwhile,
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a nano silica-functionalized scaffold that promotes host mesenchymal
stem cell (MSC) recruitment and enhances endogenous bone regenera-
tion was reported [7]. Autologous body fluid contains many GFs, which
are interspersed all over the body at a low local concentration. There-
fore, achieving local enrichment of host GFs is a feasible strategy for
tissue regeneration. For example, use of platelet-rich plasma is one of
most common methods to enrich autologous GFs, and provides a con-
centration of platelet-derived GFs (PDGFs) and transforming growth
factor-ps (TGFps) obtained by sequestering and concentrating platelets
via gradient density centrifugation [13,14]. However, autologous
growth factor collection and storage are carried out in vitro, which in-
creases the risk of infection and disease transmission [15]. Therefore, a
safer and more effective strategy is required to recruit autologous GFs in
situ without the risk of infection.

Surface charges have been identified as key factors in regulating the
interaction between biomaterials and surrounding cells [16,17]. The
generation of negative charges on the surface of implants attracts cat-
ions, followed by proteins and cells. This process promotes the func-
tionality of osteoblast cells, aiding in matrix mineralization and
subsequently enhancing metabolic activities for bone regeneration [18].
Recently, transition metal carbides (TMeC) film have been received
great attention in the biomedical field. Their excellent properties, like
good biocompatibility and osteoinductivity, high hardness, chemical
inertness and corrosion resistance, make them very promising candi-
dates for applications in orthopedic and dental fields [19-21]. In
particular, the tantalum carbide (TaC), it has also been reported to
possess outstanding hemocompatibility for osteoblast cells, and expect
to improve implant osseointegration in clinics [22,23]. Recent reports
have demonstrated the chemical bond status, surface roughness, struc-
ture, texture and hardness of the tantalum carbide films can be tailored
by the process parameters [21,24]. Changes in chemical composition
and geometric morphology can serve as biochemical factors and bio-
physical cues for regulating the differentiation conditions of stem cells
[25]. It is known that the tantalum carbide always absorbs oxygen in the
air, leading to self-oxidation reaction upon the surface [26]. The
incorporation of nitrogen into the film would alter its self-oxidation
reaction. The TaCyNy film exposed in neutral liquid environment
could absorb O, and HyO, yielding ammonium jons (NH;) and hy-
droxide ion (OH™), and then film became negatively charged [27]. The
negatively charged surface of TaCxNy film would provide a platform for
mobilizing host GFs in situ.

In this study, we sputtered tantalum carbide (TaC) films and tailored
their surface chemical status by doping N atoms, and constructed
negatively charged surface OH- groups, and aimed to mobilize the bone
growth factors (BGFs) upon the TaCN film for good in vitro osteogenic
differentiation and in vivo osseointegration (as described in Scheme 1).
The benefits of this strategy are as follows: (1) It is an innovative
approach to enhance the bioactivity of the TaC film by doping it with
solute N atoms to adjust the surface chemical bond status; (2) The thin
film provides a suitable surface that endows the implant with excellent
biocompatibility and osteoinductivity; and (3) Excellent in situ bone
regeneration can be achieved through the mobilization of host BGFs,
without the incorporation of exogenous GFs.

2. Material and methods
2.1. Deposition of the films

TaC and TaCN films were deposited in a DC magnetron sputtering
system using the TaC composite target (atomic ratio of Ta to C: ~1,
purity: 99.95 %, Zhong Nuo Xin Cai Technology Co., Ltd, Beijing).
Before sputtering, the background pressure (<4 x 10~* Pa) was estab-
lished using a turbomolecular Three substrates (Si(100) wafer, disk-
shaped medical-grade Ti6Al4V (TC4) alloy #10 x 1.5 mm in size, and
TC4 screws ®3 x 8 mm in size) were selected for different
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Scheme 1. Scheme showing the proposed mechanism of the mobilized host
bone growth factors for in situ bone regeneration. (1) Most bone growth factors
(BGFs) become positively charged in the body fluid; (2) negative charges enrich
on the TaCN film surface, and the positively charged BGFs are recruited on the
surface of the film; (3) BGFs on the film enhance the differentiation of bone
stem cells.

measurements.TC4 disks and screws were purchased from Huitai metal
materials Inc. Before sputter deposition, the TC4 substrates underwent
consecutive polishing using silicon carbide papers down to 1200 grits,
followed by ultrasonic cleaning in acetone, alcohol, and deionized
water, and finally mounted on the substrate holder. To improve the film-
substrate adhesion, we deposited a Ta layer onto the substrate before the
deposition of TaC and TaCN films. During the deposition, the parameters
of substrate bias temperature, voltage, target current, and working
pressure were fixed at 200 °C, —80 V, 0.3 A, and 0.8 Pa, respectively.
TaC films were deposited in Ar-containing atmosphere (80 sccm); to
tailor the chemical states of TaC thin films, a mixed atmosphere of Ny
and Ar (30 sccm N»/50 scem Ar) was introduced. The deposition time
was adjusted to achieve an optimum thickness of about 1.5-1.6 pm for
all films.

2.2. Structure characterization

The structure of the films was characterized utilizing XRD with a
Bragg-Brentano diffractometer (D8_tools) in 6-26 configuration, using
Cu Ko radiation and SAED (field emission JEOL 2100F). The composi-
tion and chemical bonds of the samples were characterized via XPS
(ESCALAB-250) using Al Ka as the X-ray source at 2 keV. All samples
were etched with Ar ion beam for 5 min in advance to remove surface
oxides and determine accurate coating composition during the mea-
surement. After SBF-soaking for 72 h, the surface bonding status of TaC
and TaCN films was directly detected using XPS without etching. The
film thickness was determined using a Dektak3 surface profile
measuring system.

2.3. Cell culture

Rabbit BMSCs were obtained from the long limb bone of 28-day fetal
rabbits as previously described [28], and cells in the third to the fifth
passage were selected for in vitro experiments.
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2.4. Cell adhesion and morphology

The BMSCs were seeded onto TC4, TaC and TaCN samples with a size
of 10 x 1.5 mm (1 x 10* cells per sample). After incubating for 1 and
2 h, BMSCs were fixed in 4 % paraformaldehyde, rinsed with PBS, and
permeabilized with 0.1 % Triton X-100 for 30 min. The actin filaments
were stained with phalloidin-FITC (Sigma, USA) conjugate solution for
50 min in the dark. Then, the cell nuclei were stained with 4,6
diamidino-2-phenylindole (DAPI; Sigma) for 5 min. Samples were
imaged using an Olympus FV1000 laser scanning confocal microscope
(Olympus, USA) at 488 and 567 nm. The morphology of BMSCs was
observed using SEM. After incubation for 48 h, cell samples were fixed
with 2.5 % (v/v) glutaraldehyde for 2 h. Finally, the samples were
dehydrated and sputtered with a thin gold film, and cell adhesion and
spread were observed using the XL-30 ESEM FEG SEM (FEI Company,
the Netherlands).

2.5. Cell viability and proliferation

The viability of cells in each group was evaluated after 24-h culture.
Live/Dead Cell Imaging Kit (Life Technologies, USA) was used to stain
the live and dead cells simultaneously. The specimens were observed
using an Olympus FV1000 laser scanning confocal microscope
(Olympus). For proliferation analysis, cells were seeded on TC4, TaC and
TaCN samples at a density of 2 x 10* cells/mL and grown for 1, 4, and 7
days. On days 1, 4, and 7, the samples were transferred to new culture
plates and washed twice in PBS for (5 min each). Cell Count Kit-8 (CCK-
8; Dojindo, Japan) solution was added to the wells, and the samples
were incubated at 37 °C for 3 h. The absorbance was measured using a
Varioskan Flash Multimode reader at 450 nm (Thermo Scientific, USA).

2.6. In vitro osteogenic differentiation

BMSCs were seeded in 24-well culture plates with the DMEM and
grow till they reached 60-70 % confluency. Then, the samples were
incubated in the osteogenic medium (0.2 mM ascorbic acid, 108 M
dexamethasone, and 10 mM p-glycerol phosphate). The medium was
replaced at 3-day intervals, and cells were cultured for 4, 7, and 14 days.

2.7. Alkaline phosphatase (ALP) activity assay

ALP staining was performed on day 4 and 7 using a BCIP/NBT
Alkaline Phosphatase Color Development Kit and observed under a light
microscope. ALP activity was detected using an Alkaline Phosphatase
Assay Kit, and OD values were measured at 405 nm. Cell lysates were
used to calculate the total protein content utilizing a bicinchoninic acid
protein assay kit (BCA). ALP activity was normalized to the total protein
content and the reaction time. All the reagents used in this section were
purchased from Beyotime Inc. (Jiangsu, China).

2.8. Calcium deposition assay

Alizarin Red S (Cyagen, China) staining was used to detect calcium
deposition in BMSCs in all experimental groups after 7 and 14 days. At
the designated time, BMSCs were fixed with 4 % paraformaldehyde at
4 °C for 60 min and stained with Alizarin Red S (pH 4.2) for 40 min in the
dark. Then, the Alizarin Red S was removed to stop the reaction and the
samples were rinsed three times with PBS (5 min each). Images of
stained samples were captured using a stereoscopic microscope.

2.9. Real-time PCR analysis

RT-qPCR was performed to investigate the relative expression levels
of the osteogenesis-related genes Runx-2, BMP-2, and OPN. After oste-
ogenic medium treatment for 4 and 7 days, total RNA was extracted
from the cells using the Animal RNAout kit (Tiandz, Inc., China), and
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subsequently converted into cDNA using the PrimeScript RT reagent kit
with gDNA Fraser (TaKaRa, Japan) according to the manufacturer’s
instructions. RT-qPCR was performed using FastStart Universal SYBR
Green Master (ROX) (Roche, Basel, Germany) on an Applied Biosystems
7500 Fast Real-Time PCR System (Applied Biosystems) according to the
manufacturer’s instructions [29]. All the results were normalized to the
expression levels of GAPDH. The primers used are listed in Supple-
mentary Table S1.

2.10. Immunofluorescence

Rat BMSCs were obtained from the long limb bone of 14-days rats,
and cells in the third to the fifth passage were selected for immunoflu-
orescence assay. Cells were seeded at a density of 50,000 cells per well in
24-well plates and processed on days 5, 7, and 15. The cells were sub-
jected to an immunofluorescence staining protocol that includes fixa-
tion, permeabilization, and blocking with a blocking solution,
interspersed with PBS washes to remove residual reagents. Primary
antibodies against OPN, OCN, and RUNX2 are incubated overnight at
4 °C. Secondary antibodies conjugated with FITC are then applied at
room temperature in the dark, followed by additional PBS washes. OPN
(22952-1-AP) , OCN (23418-1-AP) , RUNX2 (20700-1-AP) primary
antibodies and goat anti-rabbit IgG (H + L) secondary antibody
(SA00003-2) was purchased from Proteintech (China).The final stain-
ing steps involve treatment with phalloidin conjugated with TRITC to
label actin filaments and DAPI to stain the nuclei. Visualization is carried
out using a confocal laser scanning microscope (OLYMPUS FV3000).
The quantitative analysis of the immunofluorescence staining were
measured by the Image J. A thresholding strategy was employed to
measure the areas of both the cell nucleus and the expressed proteins.
The ratio of the fluorescent area of the expressed proteins to the area of
the cell nucleus was calculated, achieving normalization of fluorescence
intensity.

2.11. In vivo experiments

All animal procedures were approved by the ethics committee for
Jilin University and carried out according to the guidelines followed in
China. Before surgery, a total of 24 male Japanese White Rabbits
(2.5—3.0 kg) were housed in the animal laboratory for 7 days towards
acclimatization. Then, all animals were randomly divided into three
groups. After the rabbits were anesthetized via pentobarbital sodium
and Antai injection (DMK Biological Technology Co., China), both hind
legs were shaved and disinfected with povidone-iodine solution. Sub-
sequently, the femur was exposed via skin incision, and a hole was
drilled into the distal surface of each femur. Finally, two screws with
different surface properties were randomly implanted into the two holes
(Supplementary Fig. S1) (8 screws in each group). Next, the incision was
carefully sutured and animals were injected with gentamicin for 3 days
to prevent infection. All rabbits were sacrificed using excessive anes-
thetics 12 weeks after surgery, and all femur samples with screw im-
plants were harvested and fixed with 4 % paraformaldehyde.

2.12. Micro-CT evaluation

The femur samples were scanned using Micro-CT (quantumGX;
PerkinElmer, USA) to evaluate the newly formed bone around different
samples. The parameters of scanning were 90 Kv and 88 Ua at a reso-
lution of 36 ym. After scanning, 2D images were directly exported for
observation. 3D models were reconstructed using the 3D Viewer soft-
ware provided with the equipment. The bone volume/total volume (BV/
TV) and fraction of the tissue around the screws in the region of interest
were analyzed to evaluate the osseointegration ability.
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2.13. Histomorphometric and histological observation

After fixation in 4 % paraformaldehyde, the femur samples con-
taining implants were dehydrated in a graded series of ethanol (from 75
% to 100 %), and subsequently embedded in methyl methacrylate resin.
Next, the specimens were cut into 200-300-pm-thick sections perpen-
dicular to the long axis of the femoral shaft using a Leica SP1600 saw
microtome (Leica, Germany). The sections were subsequently ground
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and polished to a final thickness of about 50 pm and stained using 1.2 %
trinitrophenol and 1 % acid fuchsin (Van Gieson staining). The histo-
logical images were obtained using an Olympus IX71 microscope
(Olympus), and the newly formed bone areas were analyzed via ImageJ
1.50i software.
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Fig. 1. (a) Schematic representation of the growth process using TaC and TaCN films on bone screw during magnetron sputtering, and the crystal structure of TaC
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2.14. Quantification of protein adsorption

Histone (H9250, Sigma Aldrich) and bovine serum albumin (Sigma
Aldrich) were selected as representatives of positively and negatively
charged proteins. A total of 2 mL of protein solution (0.25 mg/mL) was
applied on the samples (4 cm?), which were incubated at 37 °C for 60
min and washed with 5 mL PBS three times to remove unbound protein.
Finally, samples were air-dried and analyzed using BCA protein assay kit
as per the standard procedure. All experiments were performed three
times, in duplicate.

2.15. Protein array

All animal procedures were approved by the ethics committee for
Jilin University and carried out according to the guidelines followed in
China. SD rats (male, 8 weeks old, Changsheng biotechnology co., Ltd.,
Liaoning, China) were randomly divided into TaC and TaCN groups.
Specimen were implanted into the subcutaneous pockets of SD rats. The
animals were anesthetized with Antai injection (DMK Biological Tech-
nology Co.). To implant the scaffolds, 20-mm incisions were made on
each dorsal side. Each specimen was then placed into the subcutaneous
pocket. To measure protein adsorption, we first inserted the scaffolds
into cages, which were subsequently implanted into the subcutaneous
tissue. The cytokines and GFs accumulated on the TaC and TaCN sam-
ples were analyzed 48 h post-implantation. Lysates obtained from the
specimens were quantified using a protein array kit (RayBiotech, USA)
and the same amount of protein lysate was loaded on the array mem-
brane, following the manufacturer’s instructions. The results of the
protein array were visualized and quantified using ImageQuant
LAS4000 Scanner (GE Healthcare).

2.16. Statistical analysis

Student’s t-test was used to determine significant differences in the
mean values of the proliferation rate, ALP activity, gene expression, and
bone volume between groups. Results with P < 0.05 were considered
statistically significant. All results are presented as the mean + SD.
GraphPad Prism 8.02 software was used for all statistical analyses.

3. Results and discussion
3.1. Deposition and characterization of the films

The growth of films during sputtering mainly included an intermix-
ture of atoms in the plasma, diffusion, and grain growth of thermally
activated atoms on the rotating substrate surface. TaC films were
deposited on Si (100), TC4 substrates and bone screws by TaC composite
target using reactive magnetron sputtering in the presence of Ar, and
TaC films doped with N were grown in the presence of Ar and N [see
Methods for more details], as illustrated in Fig. la.

Based on the relative intensities of the Ta 4f, C 1s, and N 1s XPS peaks
as shown in Fig. 1b, we quantified the elemental composition of the
coatings. For coatings deposited in pure Ar (Fy2 = 0 sccm), the analysis
yielded a composition of TaCpgy. In contrast, whereas for depositions
with Fyz = 30 scem, the emergence of the N 1s peak led to an asymmetric
Ta 4p peak, and a marked reduction in the relative intensity of the C 1s
peak. The resulting composition for this condition was TaCg 49Ng 5. The
chemical bonding status of the as-deposited films was also investigated
using XPS, as shown in Fig. 1b. In the XPS core-level spectra of Ta4f and
C 1s for the pure TaC film, two distinct peaks at binding energies of 23.4
eV and 25.3 eV were found for Ta4f, which can be attributed to the Ta-C
bonds [30]. Furthermore, the typical XPS spectra of C 1s exhibited two
deconvoluted peaks at 282.7 eV, which are related to C bonded to Ta
[31], and another slight peak at 285.0 eV as a result of the spz—hybri—
dized bonding of C in an amorphous phase [32,33]. For the XPS
core-level spectra of Ta4f, C 1s, and N 1s of the TaCN film, the Ta4f
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spectrum exhibited two similar peaks to the TaC film. These two broader
peaks could be deconvoluted into two well-separated doublets. The
lower energy peak of doublet for Ta 4f;» was around 24.3 eV, indicating
that some Ta-N bonds were also formed in addition to the Ta-C bonds
[34]. In the XPS spectra of C 1s for the TaCN film, all peaks were the
same as that of TaC (not shown); no C-N peak at 287.2 eV was observed
[35,36], indicating that no C-N bonds formed in the films. To further
confirm this result, we measured the XPS N 1s spectra and found that the
peak at 397.2 eV corresponded to the N-Ta bond [37]; no N-C bonds
were detected, confirming that all N atoms were bonded to Ta. Based on
the XPS results, we concluded that both C and N atoms were bonded to
Ta atoms on the TaCN film, co-occupying the interstitial sites of the Ta
sublattice; no C-N bonds were formed. However, it was difficult to
clarify the phase structure of TaCN films, because they either existed in
the TaCN solid solution structure or the TaC + TaN mixed structure.
Therefore, X-ray diffraction (XRD) experiments were carried out for
each sample (Fig. 1c). For the TaC film, five diffraction peaks were
assigned to (111), (200), and (220) reflections of the centered cubic
B1-NaCl structure (JCPDF: 35-0801). For the TaCN film, all the peaks
belonged to the B1-NaCl TaC structure, no new peaks corresponding to
TaN were observed, indicating N atoms formed a solid solution structure
rather than TaN phase. In addition, all peaks were weaker and broader
than their counterparts in the TaC film, which was attributed to a lower
crystalline quality. The selected area electron diffraction (SAED) pat-
terns for TaC and TaCN (Fig. 1c) further confirmed the formation of the
NacCl solid structure instead of the TaCy + TaN, mixed structure. Ac-
cording to the above analyses of XPS, XRD, and SAED, the C sublattice
vacancies were occupied by the added N to form the TaCN solid struc-
ture. The cross-section morphology and the corresponding EDS analysis
for Ta, C, and N elements for the TaC and TaCN samples are shown in
Fig. 2. All samples exhibited smooth surfaces without noticeable growth
defects. Further magnification (Fig. 2a) revealed that the microsurface
morphologies of the two types of samples were essentially identical, and
the addition of nitrogen did not cause significant changes to the surface
of the TaCN film. The energy dispersive x-ray spectrometry (EDS)
mapping results revealed that nitrogen was incorporated successfully in
the coating and distributed homogeneously. Further characterization
cross-section morphology and corresponding elemental mapping of the
films are shown in Fig. 2b. The thicknesses of the TaC and TaCN films are
approximately 1.34 pym and 1.44 pum, respectively, while the Ta layer is
about 0.16 pm thick. The interface between the films and the titanium
alloy substrate demonstrates excellent adherence, with no signs of
delamination or compromise in structural integrity.

3.2. Cell spreading and morphology

To understand the influence of the films on initial cell spreading and
morphology, we performed F-Actin and nuclei staining on BMSCs after
1- and 2-h cultures. After 1 h (Fig. S2), the cells in all groups shrunk
slightly; however, cell adhesion improved after 2 h (Fig. 3a). Among the
TC4 groups, the cells shrunk slightly and exhibited variable sizes. In
contrast, cells in the TaC and TaCN groups showed a diffuse cytoskeleton
with clearer microfilaments and microtubules in the cytoplasm. These
results demonstrated that TaC and TaCN films enhanced initial cell
spreading. To observe long-term cell adhesion and morphology, the cells
in different groups were imaged using SEM after a 48-h culture
(Fig. 3b-d). Extensive cell spreading was observed in the TC4 group
(Fig. 3b), but cells were shrunken and isolated; moreover, it was hard to
observe pseudopodia in higher magnification images. In the TaC group
(Fig. 3c), the cells on the sample surface were fully spread, showed a
polygonal morphology, and established cell-to-cell contact. However,
few pseudopodia were observed at higher magnification. As shown in
Fig. 3d, the cells on the TaCN surface showed a similar morphology to
those grown on TaC and exhibited cell-cell interactions. Moreover, there
were more pseudopodia in cells grown on TaCN than in cells from the
other two groups. The improved cell interaction and extension of
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Fig. 2. (a) SEM images of surface morphology for TaC and TaCN samples. (b) SEM images of the cross-section morphology and corresponding EDS analysis for Ta, C

and N elements for TaC and TaCN samples.

pseudopodia in the TaCN group indicated that cell attachment and
spreading was better compared to those in the TC4 and TaC groups, and
was consistent with F-Actin and nuclei staining results. Thus, the TaC
and TaCN groups are speculated to be more favorable for cell spreading
than TC4, making them better platform for recruiting BMSCs to the site
of the bone defect. Additionally, the nuclear adhesion on the surface of
different samples (Fig. S3) confirmed that the TaC and TaCN groups
recruited more cells than the TC4 group.

3.3. Cell viability and proliferation

To measure the influence of different films on cell viability, we
seeded BMSCs on plates and allowed them to grow for 24 h. The fluo-
rescent images obtained using the live/dead cells kit showing cells on
different surfaces are illustrated in Fig. 3e. All groups had many live cells
and few dead cells, but more dead cells were observed in TC4 group
compared with those in the TaC and TaCN groups, suggesting the non-
cytotoxic nature of TaC and TaCN films. The relative rate of cell death
expressed as a percentage (Fig. S4) also indicated that TaC and TaCN
films had high cytocompatibility. Next, the proliferation of BMSCs on
different films was analyzed as shown in Fig. 3f. On the first day, the
number of cells was similar in both the TaC and TaCN groups, and was
slightly higher than that in the TC4 groups. On day 4, cell proliferation
increased in all groups, and was significantly higher in the TaC and
TaCN groups than in the TC4 groups. On day 7, the growth rates for cells
in TC4 and TaC groups slowed down gradually, finally reaching a
plateau. However, the cell growth rate was significantly higher for TaCN
groups than for the other groups (P < 0.05), which suggested that TaCN
was the best surface for cell proliferation. Moreover, TaCN film showed
the highest cell adhesion and proliferation among all experimental
groups, which would facilitate the subsequent osteogenic
differentiation.

3.4. Evaluation of osteogenic activity in vitro

An ideal bone biomaterial should have the ability to promote cell
osteogenic differentiation [38]. To investigate cell differentiation,

ALP-positive areas of each sample were stained after 4 and 7 days, as
shown in Fig. 4a. On day 4 of culture, the ALP-stained areas were
comparable in each group. On day 7, the percentage of ALP-stained
areas increased in all the groups, but the increase was highest in the
TaCN group. Fig. 4b shows the quantification of ALP activity. ALP ac-
tivity increased in all the groups from day 4-7. On day 4, no significant
differences were observed in any of the groups. On day 7, ALP activity
was significantly higher in the TaCN group than in the other groups. To
further understand the cellular mechanism behind the improved osteo-
genic differentiation on the TaCN film, we quantified the relative
expression levels of osteogenic genes such as BMP-2, Runx-2, and OPN
via quantitative real-time PCR (RT-qPCR), as shown in Fig. 4c. After 7
days of osteogenic treatment, all genes showed a significantly higher
expression in the TaCN group compared to that in the TC4 group. On the
contrary, in the TaC group, although the expression levels of BMP-2 and
Runx-2 were higher than those in the TC4 group, the expression of OPN
was similar to that of the TC4 group. The immunofluorescence staining
and quantitative analysis of OCN, OPN and Runx-2 are shown in Fig. 5a
and b. The OCN expression in TaCN group was significantly higher than
that in other groups on day 5 and 7 (p < 0.05). On day 5, the OCN
expression in the TaC group was higher than that in the TC4 group (p <
0.05). While there was no significant difference in the OCN expression
between TaC group and TC4 group on day 7 and 15. Regarding OPN
expression, the TaCN group had the highest OPN expression among the
three groups on day 5, 7, and 15(p < 0.05). On days 5 and 7, the OPN
expression level in the TaC group was similar to that in the TC4 group.
On day 15, the OPN expression in the TaC group was higher than that in
the TC4 group (p < 0.05). Regarding Runx-2 expression, on day 5, 7, and
15, the expression in the three groups, from highest to lowest, were
TaCN, TaC, and TC4. From day 5 to day 15, the Runx-2 expression in TaC
and TaCN group was significantly higher than that in TC4 group(p <
0.05). Collectively, these results suggested that TaCN film was superior
to TaC in inducing BMSCs differentiation.

3.5. Evaluation of bone healing efficacy in vivo

Micro-CT analysis was used to evaluate the new bone formation and
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Fig. 3. (a) F-Actin and nuclei fluorescence staining of BMSCs after 2 h of culture on different surfaces. The nuclei are shown in blue, F-Actin in green. Scale: 50 pm.
(b-d) Scanning electron microscopy images of BMSCs cultured on (b) TC4, (c) TaC, and (d) TaCN for 48 h. (e) Fluorescence images showing live/dead staining of
BMSCs cultured on TC4, TaC, and TaCN for 24 h. Live cells are shown in green, and dead cells are in red. Scale: 100 pm. (f) The proliferation of BMSCs on different
films evaluated via the Cell Counting Kit-8 assay after 1, 4, and 7 days of culture. *P < 0.05 vs TC4; #P < 0.05 vs TaC. (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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osseointegration around different films 12 weeks after implantation.
Representative 2D cross-sectional images and the 3D reconstructions are
shown in Fig. 6a, and the bone tissue was marked with green in the
software images. When 2D and 3D images were combined, we observed
that the newly formed bone tissues were distributed circumferentially
around the implant in all groups, and the belt of the regenerated bone
around the TaCN screw was wider than that of the other groups. In
addition, the bone volume/total volume (BV/TV) fraction was used to
evaluate the relative bone formation and osseointegration. As shown in
Fig. 6b, the BV/TV fraction for TaCN and TaC groups was significantly
higher than that for the TC4 group, and TaCN showed the highest value.
These results suggested that both TaC and TaCN films improved bone
regeneration in the animal model, and that TaCN was superior to the
other two films.

The integration status of the new bone around different implants was
observed via Van Gieson staining. Fig. 6¢ shows the bone histology
around different implants after 4 and 12 weeks. At 4 weeks after the
implantation, the new bone around all the implants was loosely struc-
tured, whereas the condition of the bone in the TaC and TaCN groups
was better than that in the TC4 group; new bone formation was estab-
lished around the implant in all groups. With bone remodeling, we ex-
pected the new bone tissues to become dense and tightly attached
around the implant by 12 weeks after implantation. Our results showed
that the TC4 group had the greatest areas of the implant covered by a
thick layer of fibrous tissue, and the bone was separated from the
implant surface. Fibrous tissues also emerged on the surface of the TaC
implant, but the thickness and amount were less than those in the TC4
group. In contrast, the new bone of the TaCN group showed excellent
osseointegration, in which most areas of the bone tissue around the
implant were in direct contact with the TaCN surface.

3.6. Analysis of the changes in chemical bonding and surface charge in
body fluid

The biological behavior of cells is highly regulated by the surface
topography properties, such as roughness, wettability, and local chem-
ical microenvironment [39,40]. In the present study, we first eliminated
the contribution of roughness and wettability on cell adhesion (Figs. S5
and S6). In bone regeneration, the suitable local environment (as indi-
cated by the micro-nano structures and morphology), nucleation of
extracellular minerals, and biomolecular signals (provided by GFs) play
important roles. Therefore, we analyzed the changes in the local envi-
ronment in the body fluid. The surface chemical status of the TaC and
TaCN films was examined using XPS after soaking them in simulated
body fluid (SBF) for 72 h, as displayed in Fig. 7. We observed that Ta4f
peaks for the TaC film (Fig. 7a) could be fitted with four 4f;/5/4fs/2
spin-orbit doublets, along with 1.9-eV intervals in binding energies (BE).
The doublets at 27.6/25.7 eV were assigned to the Ta oxidation state
[41], and the other two peaks at lower BE belonged to the Ta-C bond.
Corresponding peaks at 282.9, 284.4, 286.0, and 287.9 eV in C 1s
spectra (Fig. 7b) were ascribed to C-Ta, C-C, C-O, and C=O0, respectively
[22,42-44]. This process was elaborated using the following oxidation
reaction:

Ta-C + Oz — Ta0,Cy (€D)]

Self-oxidation was observed in the case of the TaCN film. As shown in
Fig. 7c (Ta4f spectrum), in addition to the Ta-C and Ta-N bond, the
doublets at 27.7 and 25.8 eV corresponded to the chemical state of
TaOxN,, [45]. Meanwhile, C-Ta, C-C, C-O, and C=0 bonds were also
identified in the C 1s spectrum of TaCN (not shown). In the N 1s spec-
trum (Fig. 7d), the strong peak around 399.7 eV could be attributed to
the amino groups and N-O bond [46,47]. In particular, on the partially
oxidized TiN surface, water molecules are adsorbed in a dissociative
manner because the partially oxidized TiN has a mixed-valence char-
acter. The charge transfer from titanium to the adsorbed oxygen atoms
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Fig. 5. (a) The representative immunofluorescence staining of OCN, OPN and Runx-2 for all groups 5, 7 and 15 days after osteogenic medium treatment. Scale: 100

pm (b) The quantitative analysis of the immunofluorescence staining. *P < 0.05.

leads to the depletion of electrons in the d orbitals of titanium atoms,
which localizes the negative charge on the bridging oxygens [48]; this
model also makes sense for the partially oxidized Ta-N surface. Based on
the above analysis, in addition to reaction (1), oxidation and hydration
of the partially oxidized TaCN surface might occur as follows [27]:

Ta— N+ 0, — TaO,N, 2)

Ta—N+H,0 — TaOsN, + NH; + OH~ 3)

Compared with the self-oxidation reaction on the TaC surface, the
TaCN film soaked in SBF could absorb O, and H;O, yielding TaOxN,,
ammonium (NHZ), and hydroxide ions (OH"). To clarify the occurrence
of reaction (3), we soaked TaC and TaCN films for 72 h in the SBF so-
lution and measured the pH variation (Fig. S7). The pH for the TaC film
slightly increased from 7.40 to 7.49, while that of the TaCN film
increased from 7.40 to 7.72; these observations further validated

occurrence of reaction (3). This change in pH might be due to the field
force behavior induced by N incorporation on the surface, where
different atoms possess different electron and vacant states. Doped N
changed the energy and force interactions, which resulted in the
different oxidation products between TaC and TaCN. We expected the
negative charges localized on the bridging oxygen atoms of the partially
oxidized TaCN surface to play an important role in enhancing the
bioactivity of TaCN, since the electrostatic interaction between the Ca or
P ions and the negatively charged surface are important factors to induce
Ca-P nucleation [49,50]. In addition, the electrical resistivity of TC4,
TaC, and TaCN was 1.78 x 102 [51], 42.1 [52], and 6.0 x 10° pQ cm
[53], respectively. TaCN coating exhibited the lowest conductivity,
which would prolong the survival of ions produced during the surface
reaction and assist in vitro osteogenic differentiation and in vivo
osseointegration. Lower conductivity of the partially oxidized and hy-
drated TaCN surface enables the spontaneous nucleation of calcium
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Fig. 6. (a) Representative cross-sectional Micro-CT 2D images and 3D representations of different groups after 12 weeks. The bone tissue was marked with green on
the images. (b) Quantitative analysis of the bone tissue in the region of interest using Micro-CT. *P < 0.05 vs TC4. (c) Histological images of bone around the implants
using Van Gieson staining at 4 and 12 weeks. The bone tissue is stained in red. Fibrous tissue is stained in yellow. The implant is indicated in black. The white arrows
indicate the fibrous tissue and gap. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

phosphate without requiring any previous deprotonation [48]. When
the TaCN coating was soaked in osteogenic induction medium, the local
supersaturation degree exceeded the critical level necessary for apatite
nucleation due to the presence of excess Ca®*, HPOZ ™, and OH™ ions.
Thus, calcium phosphate content can be increased by consuming Ca®*
and HPO3~ according to the following equilibrium [54]:

10Ca" 4+ 6HPO?™ +80H~ — Cayo(PO,),(OH), + 6H,0 ()

As discussed above, the hydrolysis reaction (3) on the TaCN surface
is the key factor to enhance its bioactivity relative to the TaC coating,
while consuming protons and raising the OH™ concentration contribute
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to the negatively charged surface and the increase the ionic activity to
accelerate the rate of apatite formation [54,55]. Fig. S8 showed the XRD
patterns of samples after 7 days of immersion in Simulated Body Fluid
(SBF). Apart from the substrate peaks, the XRD curves of the TaC and
TaCN samples exhibited peaks corresponding to hydroxyapatite
(PDF#74-0565). Additionally, peaks matching CaP (PDF#16-0728)
and Ca3P2 (PDF#16-0730) were also observed. This indicated that the
TaC and TaCN samples were capable of inducing mineralization in a
simulated body fluid environment. After osteogenic medium treatment
for 7 and 14 days, calcium deposition was assayed using Alizarin Red
staining for calcium nodules. Furthermore, the calcium nodule
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deposition after osteogenic induction treatment was examined using
Alizarin red staining. It can be seen that the TaCN group has more
red-stained calcium nodules, indicating that, compared to the TC4 and
TaC films, the TaCN film promotes the mineralization of extracellular
matrix (Fig. S9).

3.7. Evaluation of the recruitment of proteins and cytokines in vitro and
in vivo

To demonstrate the adsorption effect of the TaCN coating on posi-
tively charged proteins, serum albumin (negatively charged) and his-
tone (positively charged) were selected as representative proteins for the
experiment. As shown in Fig. 8a, the amount of serum albumin adsorbed
on TaCN is significantly lower than that on the TaC group (the difference
was significant, P <0.05), indicating that the surface of TaCN repels
negatively charged proteins. Furthermore, in the histone adsorption
experiment(Fig. 8b), TaCN exhibited a significantly higher adsorption
capacity compared to the other groups (the difference was significant, P
<0.05), proving its pronounced adsorption effect on positively charged
proteins. These results indicate that TaCN can adsorb positively charged
proteins, suggesting that positively charged growth factors could also be
adsorbed on the surface of TaCN. Additionally, fetal bovine serum was
used to represent mixed proteins in evaluating the adsorption effects on
proteins of different samples in a mixed-protein solution(Fig. 8c). The
results showed that the total amount of mixed protein adsorbed by the
three groups was similar, indicating that in the presence of both posi-
tively and negatively charged proteins, the protein adsorption capacity
of the TaC and TaCN groups was not superior to that of the TC4 group.
This also suggests that the morphological changes of the coatings are not
the reason for the differences in protein adsorption amounts.

Commonly used BGFs in bone tissue engineering include bone
morphogenetic proteins (BMPs), insulin-like factors (IGFs), TGEps,
fibroblast GFs (FGF) and vascular endothelial GFs (VEGFs). In addition,
the isoelectric point of most BGFs is higher than pH 8.0, and they are
positively charged in the body fluid (pH 7.35-7.45) [56-58]. Based on
the results of the in vitro protein adhesion experiments, it can be inferred
that the TaCN coating may recruit the positively charged BGFs. There-
fore, subcutaneous implantation experiments in rats were used to
further evaluate the adsorption effects on proteins and cytokines in
bodily fluid environment, and the adsorption amounts of various pro-
teins was analyzed using protein array experiments(Fig. 8d and e). The
results showed that most positively charged proteins and cytokines were
more easily adsorbed by TaCN, with higher adsorption amounts than the
TaC group; however, except for the proteins Activin A(members of a
family of TGFps) and VEGF-A, the differences in the other proteins were
not statistically significant. This may be attributed to the variety of
positively charged proteins and cytokines in the bodily fluid, which
compete with each other during adsorption by TaCN, thereby dimin-
ishing the differences in the adsorption amounts of individual proteins
or cytokines. Nonetheless, the results indicate that TaCN tends to adsorb
positively charged growth factors such as Activin A, VEGF-A, bFGF,
which are crucial in osteogenic differentiation and angiogenesis. Both in
vitro and in vivo results suggested that positive BGFs would be recruited
on the surface of implants, and contribute to in vivo osseointegration.

4. Conclusion

In this study, we report a novel strategy to regulate the chemical
bond status of different films to construct an osteoinductive surface that
would facilitate bone regeneration via recruitment of host BGFs. TaC
and TaCN films were prepared via magnetron sputtering, and the
biocompatibility and osteogenesis for both coatings were examined. For
comparison, the TC4 alloy was used for the same measurements.
Biocompatibility analysis suggests that both TaC and TaCN enhanced
cell adhesion and proliferation. Moreover, osteogenesis experiments
confirmed that the TaCN film enhances osteogenic differentiation in vitro
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and improves bone healing in vivo. Through further characterization of
the surface chemical bond status and protein array analysis, we provide
evidence that TaCN exhibits a negatively charged surface with abundant
functional groups (OH), and the positively charged host BGFs are
enriched on the surface of implants to improve bone healing. Under the
forementioned cascade effect, TaCN shows superior performance of
osseointegration in vivo, in which the amount of newly formed bone
around the TaCN implant is nearly 2-folds higher than that around the
Ti6Al4V implant, and the bone tissues around the implant are in direct
contact with the TaCN surface. The excellent osseointegration of TaCN
film demonstrates that it can be a potential method to enhance
osseointegration for artificial bone tissue engineering. More impor-
tantly, this work provides an innovative and clinically transformable
strategy to improve bone healing via mobilizing host BGFs to the site of
repair.
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