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A B S T R A C T

Background/Objective: TiCu/TiCuN is a multilayer composite coating comprising TiN and Cu, which provides
excellent wear resistance and antibacterial properties. However, its applicability as a functional coating has not
been widely realised, and several aspects pertaining to its properties must still be explored.
Methods: This study uses arc ion-plating technology to apply a TiCu/TiCuN coating on the surface of carbon fibre-
reinforced (CFR) polyetheretherketone (PEEK) material.The safety and osteogenic activity of TiCu/TiCuN-coated
CFR-PEEK materials were explored through cell experiments and animal experiments, and the molecules behind
them were verified.
Results: The new material exhibits improved mechanical compatibility (mechanical strength and elastic modulus)
and superior light transmittance (elimination of metal artifacts and ray refraction during radiology and radio-
therapy). The proposed implant delivers excellent biocompatibility for mesenchymal stem cells and human
umbilical vein endothelial cells (HUVECs), and it exhibits excellent osteogenic activity both in vitro and in vivo.
Additionally, it was determined that the applied TiCu/TiCuN coating aids in upregulating the expression of
angiogenesis-related signals (i.e., cluster-of-differentiation 31, α-smooth muscle actin, vascular endothelial
growth factor receptor, and hypoxia-inducible factor-1α) to promote neovascularisation, which is significant for
characterising the mechanism of the coating in promoting bone regeneration.
Conclusion: The current results reveal that the TiCu/TiCuN-coated CFR-PEEK implants may emerge as an
advanced generation of orthopaedic implants.
Translational potential statement: The results of this study indicate that TiCu/TiCuN coating-modified CFR-PEEK
materials can promote bone repair through angiogenesis and have broad clinical translation prospects.
1. Introduction

In recent years, the number of bone defects caused by trauma [1],
bone disease [2], and bone tumour [3] has increased. Hence, the treat-
ment of bone defects has emerged as a pressing problem for clinicians.
For bone defects caused by trauma and bone diseases, an excellent
reconstruction effect can be achieved via bone–graft composite metal
prostheses [4,5]. However, reconstruction after bone–tumour resection is
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a very complex issue. In addition to considering the mechanical stability
and adaptability of the reconstructed material, such patients are required
to undergo frequent follow-ups, and certain patients are required to
undergo radiotherapy. In such cases, medical Ti alloys and CoCrMo
materials currently used in the field of bone tumour surgery exhibit the
following deficiencies. Metal prostheses often generate adverse metal
artifacts during radiological examinations, which affect the clinical
analysis of X-ray or computed tomography (CT) data and increase the
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probability of missing early small tumour recurrences. The density of the
medical Ti alloy is 4.43 g/cm3 and that of CoCrMo is 8.24 g/cm3. Thus,
prostheses comprising these materials are extremely heavy, which may
accelerate the loss of bone around the prosthesis after implantation and
even cause fractures surrounding the prosthesis [6]. Moreover, the dense
metal causes radiation scattering, and consequently, accurate estimation
of the radiation dose is challenging for doctors. These scattered rays also
damage the surrounding normal tissues [7]. The elastic modulus of
normal human cortical bone is 20 GPa, whereas those of Ti–6Al–4V and
CoCrMo alloys are approximately 155 and 210 GPa, respectively. This
excessive difference in the elastic modulus produces a stress shielding
effect, accelerates bone loss, and causes prosthesis failure [8]. Ti–6Al–4V
and CoCrMo alloys are both inert metals that can provide only me-
chanical support; they are unable to promote bone regeneration. They
exhibit inferior performance in reconstructing large, complex bone de-
fects in patients. Patients develop serious complications, such as bed-
sores, pneumonia, and deep vein thromboses, owing to a long recovery
time [8]. Therefore, the development of alternative materials is urgently
required to effectively surpass the limitations to satisfy growing clinical
needs.

Carbon fibre-reinforced (CFR) polyetheretherketone (PEEK) has been
extensively for bone tumour surgery and to prepare trauma orthopaedic
implant devices with appropriate clinical effects [9–11]. It is formed by
adding carbon fibre components of various lengths and weight fractions
to PEEK. Consequently, CFR-PEEK exhibits a higher mechanical strength
and wear resistance than traditional PEEK materials [12]. Additionally,
its mechanical parameters vary with the length and thickness, in addition
to arrangement of the carbon fibre. The currently available implant-grade
materials primarily include CFR-PEEKmaterials containing 60 or 30 wt%
carbon fibres, wherein the former contains long carbon fibres. Although
the tensile strength often exceeds 2000 MPa, the elastic deformation
ability is sacrificed, and completing intraoperative shaping is chal-
lenging. This material can be used to prepare steel plates and intra-
medullary nails. Spine rod systems can provide excellent mechanical
strength [13–15]. By contrast, the 30 wt% material is short carbon fibre
composite PEEK, wherein most short carbon fibres are less than 0.4 mm
in diameter. This type of material possesses both rigidity and toughness.
According to the parameters, the elastic modulus of CFR-PEEK materials
can be controlled within the range of 3.5–58.5 GPa, which is proximate
to the elastic modulus of human bones and poses excellent mechanical
adaptability. Moreover, the density of the CFR-PEEK material is 1.3
g/cm3. Under the premise of ensuring the mechanical strength needed to
satisfy clinical applications, the weight of the prosthesis is reduced,
which is conducive to immediate stability after the operation and reduces
the risk of residual bone wear and fracture. In addition to the mechanical
advantages, the light transmittance of CFR-PEEK is unmatched by most
metal materials, which allows radiation to pass through during radiology
inspections and treatments without affecting the results. However,
CFR-PEEK materials pose certain inherent limitations, such as the lack of
biological activity. In certain cases of large-scale bone defects, the same
problems can occur for metal prostheses. Therefore, the development of a
feasible material modification method to produce a CFR-PEEK material
that promotes bone regeneration has emerged as a problem requiring
further research consideration.

As an essential trace element in the human body, Cu can promote
bone regeneration and antibacterial activity [16–18]; thus, it is an ideal
material for prosthesis modification. However, a large release of Cu ions
can cause tissue damage [19]. Thus, to optimise the use of the osteogenic
activity of Cu ions within the scope of biological safety, our research team
developed a new type of TiCu/TiCuN coating that forms TiN and Cu el-
ements. In vivo and in vitro experimental studies have demonstrated that
the coating exhibits excellent antiwear, corrosion resistance,
anti-infection, and osteogenic properties [20,21]. In an experiment to
promote osteogenesis, we preliminarily confirmed that the TiCu/TiCuN
coating can activate the upstream signal of stromal cell derived fac-
tor-1α/C-X-C chemokine receptor type 4, which accelerates the
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recruitment of mesenchymal stem cells and promotes the repair of bone
defects. The occurrences of accelerating bone regeneration in the
downstream of the signal axis have limited exploration up to this date.

Therefore, this study raises three new questions:

1. Can the TiCu/TiCuN coating be stably combined with non-metallic
CFR-PEEK materials to satisfy the standards for use as implantable
devices?

2. Will the mechanical properties, biological behaviour, and safety of
the material change if TiCu/TiCuN is combined with CFR-PEEK?

3. How exactly can the TiCu/TiCuN coating increase the speed of bone
regeneration?

This study explores the rationality of the clinical application of CFR-
PEEK modified by TiCu/TiCuN coating based on three aspects: me-
chanical adaptability, biological safety, and osteogenic activity. First, the
stability of the modified CFR-PEEK coating and the release characteristics
of Cu2þ, biological safety, and osteogenic activity are studied from a
macroscopic perspective. Thereafter, the molecular mechanism trig-
gering osteogenic activity was studied from a microscopic perspective.
Therefore, this study aims to obtain a comprehensive, multilevel expla-
nation of the aforementioned questions and provide a theoretical basis
for the clinical transformation of TiCu/TiCuN-modified CFR-PEEK
materials.

2. Experimental section

2.1. Preparation of materials

A disc with a diameter of 10 mm and a height of 2 mmwas used in the
in vitro experiment. The samples were segregated into three groups:
CoCrMo, CFR-PEEK, and TiCu/TiCuN-modified CFR-PEEK groups
(hereinafter referred to as “TiCu/TiCuN group”). The CoCrMo materials
were obtained from Beijing Lidakang Technology Co., Ltd., and the CFR-
PEEK materials were obtained from Changzhou Junhua Special Plastic
Co., Ltd.

The TiCu/TiCuN-coated CFR-PEEK discs were prepared at the Insti-
tute of Metal Research, Chinese Academy of Sciences, and the prepara-
tion steps are stated as follows (Fig. 2A):

Domestic PVD7590 arc ion-plating equipment was used for coating
the target, which was a Ti90Cu10 target alloy (target purity ¼ 99.9%).
The CFR-PEEK sample was ultrasonically cleaned with absolute ethanol,
dried in hot air, and placed on an equipment platform. Prior to coating, a
vacuum of 5.0� 10�3 Pa was drawn, the vacuum chamber was heated to
150 �C, and Ar gas was introduced into the chamber. Additionally, arc-
enhanced glow discharge technology was used to clean the surface of
the sample for 60 min at a substrate pulse bias of �150 V � 80%. Sub-
sequently, N2 gas was introduced into the vacuum chamber, and the air
pressure was maintained at 2.0 Pa. The TiCu target arc current was 70 A,
the substrate pulse negative bias voltage was �50 V � 60%, the target
substrate distance was approximately 150 mm, the deposition tempera-
ture was 100–150 �C, and the coating period was 35 min.

Please refer to the supplementary materials for material character-
ization and biological experiments.

3. Results

The overall design of the experiment is presented in Fig. 1.

3.1. Implant characterisation

The general images of the materials revealed that the surfaces of the
three materials were regular, and the surface of the modified CFR-PEEK
material exhibited a uniform distribution of golden yellow TiCu/TiCuN
(Fig. 2B).

The Cu2þ release curve exhibited a constant slope, indicating that



Fig. 1. Experimental design and implementation plan.
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Cu2þ was released at a uniform rate, and the release amount was within a
safe range (Fig. 2C).

The material surface microstructure observed through SEM revealed
that the CoCrMo caused scratches on the discs caused by the post-
polishing treatment. As the CFR-PEEK material was directly cut from
the extruded rods, carbon fibres with uniform distribution were scattered
in various directions within the PEEK matrix and observed in the cross-
section. Moreover, the TiCu/TiCuN coating was granular and uni-
formly distributed on the surface of the entire CFR-PEEK disc (Fig. 2D).
The EDS results demonstrated that the CFR-PEEK and TiCu/TiCuN did
not mix with the extraneous elements during the preparation process
(Fig. 2E and F). The mapped (planar and cross-sectional) images of the
TiCu/TiCuN group revealed that the material surface was uniformly
covered. The designed coating thickness before spraying is 1 μm, and the
actual measured coating thickness is 2 μm (Fig. 2G and H). The mapping
of the CFR-PEEK material revealed that the material surface was uniform
and free of impurities (Fig. 2I). Furthermore, the mechanical tests
confirmed that the CFR-PEEK material exhibited excellent mechanical
compatibility, and the modulus of elasticity was like that of the normal
bone (Fig. 2J). Additionally, the density was considerably lower than that
of the CoCrMo alloy (Fig. 2K). The tensile strength and yield stress
satisfied the requirements for clinical implantation (Fig. 2L, M).

3.1.1. BMSC adhesion, proliferation, and biological safety experiment
The FE-SEM results suggested that the BMSCs adhered to the surfaces

of the three groups of materials after seven days of co-cultivation. The
number of adhesions in the CoCrMo group was fewer than that of the
other two groups (Fig. 3A).

The confocal microscopy indicated that the cell morphology adhering
to the CoCrMo surface was not as significant as that of the BMSCs in the
CFR-PEEK and TiCu/TiCuN groups (Fig. 3B). The TiCu/TiCuN group
exhibited the largest number of cell adhesions and the optimal cell
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spreading and morphology. The semi-quantitative analysis of the cell
adhesion resulted from the nuclear-to-mass ratio, demonstrating that the
TiCu/TiCuN group possessed a superior spreading state (Fig. 3C).

The results of the CCK-8 assay on the first and third days disclosed
that no significant variations were present in the cell proliferation on the
surface of the three groups. By contrast, the cell proliferation rate of the
TiCu/TiCuN group was significantly higher than that of the other two
groups from the fifth day onward (Fig. 3D). The results of live–dead
staining indicated that none of the three groups of materials exhibited
demonstrable cytotoxicity to the BMSCs (Fig. 3E). Moreover, TUNEL
staining indicated that apoptosis was not induced by the materials
(Fig. 3F).

3.2. Osteogenic differentiation test

The alkaline phosphatase (ALP) live and alizarin red (AR) staining
results indicated that the TiCu/TiCuN coating significantly promoted
bone regeneration (Fig. 4A). The ALP semi-quantitative experiment re-
sults revealed that the TiCu/TiCuN coating promoted early bone for-
mation (Fig. 4B). The AR semi-quantitative analysis results implied that
the production of Ca nodules was enhanced under the influence of the
TiCu/TiCuN coating (Fig. 4C). Western blotting revealed that the TiCu/
TiCuN promoted the expression of runt-related transcription factor
(Runx)-2, an important osteogenic protein (Fig. 4D and E). The PCR re-
sults confirmed that the expression of osteogenic genes, such as Runx2,
collagen (Col) type 1, osteocalcin (OCN), and ALP, was upregulated by
the TiCu/TiCuN coating (Fig. 4F–I).

3.3. Angiogenesis experiment

The results of the tubular formation experiments disclosed that the
TiCu/TiCuN coating promoted blood vessel formation by HUVECs



Fig. 2. Material preparation, characterization, and mechanical testing (A) Schematic of coating preparation (B) Three groups of materials used in experiment, uniform
preparation of coating on CFR-PEEK material surface (C) Cu2þ release curve (D) SEM scans of material surface microstructure (Green arrow: carbon fibre, Red arrow:
TiCu/TiCuN coating) (E,F) EDS detects material composition (G,H,I) Mapping analysis (J) Modulus of elasticity (K) Density (L) Tensile strength; and (M) Yield stress.
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Fig. 3. Cell adhesion and biological safety testing (A) SEM scans of BMSCs adhering to material surface (B) Laser confocal microscope observation of number and
morphology of adherent cells on material surface (C) Ratio of nucleus to cytoplasm indirectly reflects the spread of cells (D) CCK-8 experiment measures cell pro-
liferation (E) Live/Dead staining to determine cytotoxicity (F) TUNEL staining to determine cell apoptosis.
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(Fig. 5A). Furthermore, the semi-quantitative analysis of the tube length,
including the number of nodes, was performed using imaging software to
verify the ability of the TiCu/TiCuN coating to improve the neo-
vascularisation quality (Fig. 5B and C).

The cluster-of-differentiation (CD) 31 and α-SMA immunofluores-
cence staining results revealed that the expression of these two proteins
was upregulated for the TiCu/TiCuN coating group (Fig. 5D). Further-
more, the western blot analysis of angiogenesis-related proteins (i.e.,
VEGFR, HIF-1α, CD31, and α-SMA) revealed that the developed coating
significantly upregulated the protein expression (Fig. 5E–I).

Moreover, the Transwell experimental results signified that the TiCu/
TiCuN coatings could promote the migration of vascular endothelial
cells.
3.4. Radiology analysis

The micro-CT scan results suggested that the implant was stable
without displacement after operation, and the TiCu/TiCuN coating
111
promoted bone regeneration proximate to the bone defect (Fig. 6A and
B). The analysis results of the scan data demonstrated that the regener-
ated bone trabecula of the TiCu/TiCuN group possessed enhanced cell
population, thickness, and density (Fig. 6C–E).
3.5. Histological analysis

The VG staining results suggested that the material and bone tissue in
the TiCu/TiCuN group started to exhibit significantly strong osseointe-
gration after 4 weeks. Similarly, the material and bone tissue in the CFR-
PEEK group exhibited partial osseointegration after 8 weeks, and the
osseointegration between the material and bone tissue in the CoCrMo
group did not appear until after 12 weeks. However, a negligible amount
of bone was integrated onto the prosthesis, and the observed amount of
regenerated bone included a greater amount of regenerated bone in the
TiCu/TiCuN group after 8 weeks than that in the other two groups.
Nonetheless, no significant differences were observed in the amount of
regenerated bone between the three groups after 12 weeks (Fig. 7A). The



Fig. 4. Osteogenesis experiment (A) ALP and AR staining (B) Semi-quantitative analysis of ALP (C) AR semi-quantitative analysis (D) Western blotting analysis detects
Runx2 expression (E) Semi-quantitative analysis of Runx2 expression; and (F–I) PCR analysis of expression of osteogenic genes.
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fluorescence triple-labelling results confirmed that the TiCu/TiCuN
group displayed the fastest bone regeneration rate among the three
groups, whereas that of CFR-PEEK was slower, and that of the CoCrMo
group was the slowest (Fig. 7B). Moreover, the FE-SEM scans of the tissue
specimens confirm that the TiCu/TiCuN coating promoted the process of
osseointegration and bone regeneration, and the CFR-PEEK material
possessed considerable biocompatibility, which is more conducive to
bone tissue adhesion than metal (Fig. 7C).

The immunohistochemistry results revealed that the vascular indices,
CD31 and α-SMA, were affected by TiCu/TiCuN coating, and their
expression was significantly upregulated (Fig. 8A and B) (Themechanism
hypothesis is presented in Fig. 9).

As the HE staining of important organs revealed no evident damage to
the heart, liver, spleen, lungs, and kidneys, the three groups of materials
exhibited significant biological safety (Figure S1).

4. Discussion

Bone tumour surgery is a unique orthopaedic treatment, and its
treatment plan is more complicated than those of trauma orthopaedics,
spine surgery, or joint surgery, as it often involves radiotherapy and
frequent follow-up. Therefore, metal artifacts and ray scattering caused
bymetal prostheses adversely affect quality of treatment for patients with
bone tumours.
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Based on these clinical issues, researchers in collaboration with speci-
alised plastic manufacturers developed the 30 wt% CFR-PEEK material
used in this study. The experimental results confirmed that the material
exhibited enhanced mechanical strength and adaptability, light trans-
mittance, and biological safety and satisfied the requirements of clinical
implantation. Concurrently, we reviewed and analysed the disadvantages
of CFR-PEEKmaterials resulting from the dearth of osteogenic activity. In
particular, the CFR-PEEK material loaded with TiCu/TiCuN coating was
prepared, and the mechanical properties, biological safety, and osteo-
genic activity of this composite material were verified alongside the ra-
tionality of its clinical application.

In this study, the selection of CFR-PEEK as the substrate-supporting
TiCu/TiCuN coating was primarily based on the following
considerations:

Medical-grade PEEK and PEEK-based modified materials (e.g., carbon
fibre or glass fibre) have been increasingly recognised by researchers.
Specifically, PEEK and carbon fibre intervertebral fusion products have
yielded satisfactory results after extensive utilisation [22,23]. The
manufacture of prostheses for weight-bearing components has been
hindered, owing to the low tensile strength and yield strength of the pure
PEEKmaterial; the tensile strength of implanted PEEK tested in this study
was 106.67� 11.83 MPa, and the yield strength was 137.01� 4.72 MPa.
However, the addition of carbon fibres ameliorated the material strength.
Although the excellent mechanical strength of the CFR-PEEK (60 wt%)



Fig. 5. Angiogenesis experiment (A) Tubule formation experiment (B) Semi-quantitative analysis of tube length (C) Semi-quantitative analysis of branch points (D)
Immunofluorescence CD31 and α-SMA (E) Western blotting analysis detects expression of vascular-related proteins (F–I) Semi-quantitative analysis of angiogenesis-
related proteins (J) Transwell experiment detects migration of HUVECs (K) Semi-quantitative analysis of Transwell experiment; and (L) CCK-8 experiment indirectly
reflected early adhesion of HUVECs.
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enables successful implementation in the manufacture of fixation plates
and spinal rod products, it exhibited poor elastic deformation ability and
was unsuitable for use in joint prostheses. Thus, 30 wt% carbon fibre
content was used for the CFR-PEEK matrix to obtain a material that can
effectively replace the metal joint prosthesis.

The CFR-PEEK material satisfied the mechanical properties for clin-
ical requirements and possessed excellent light transmittance. Addi-
tionally, the tissue morphology around the prosthesis could be
prominently observed during the radiological examination, which aids in
identifying the recurrence of tiny tumours. As the rays were not refracted
during radiotherapy, the dose of radiotherapy could be conveniently
assessed. Prior research has successfully applied TiCu/TiCuN coatings on
planar metals and three-dimensional (3D) printed porous metal surfaces
with complex structures. However, there is a dearth of relevant research
on the preparation and biological performance of metal coatings on the
surface of polymer materials. Furthermore, the relevant research should
address concerns, such as the uniform preparation and release of the
coating, including variations in mechanical and biological properties of
the material after preparation.

The carbon fibre length of the CFR-PEEK material used in this study
was 50 μm with a diameter of 7.5 μm. Additionally, the rods prepared by
extrusion were cut to obtain the wafers used in the experiment, which
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consequently caused uneven structures of the disc surface, as observed
from the SEM images. Many studies have demonstrated that a rough
structure is advantageous for cell adhesion and proliferation [24–26].
The SEM scanning results demonstrated that the TiCu/TiCuN coating was
distributed in a granular form on the surface of the CFR-PEEK substrate,
uniformly covering the PEEK matrix and the carbon fibre part. The wear
test results show that the TiCu/TiCuN coating improves the wear resis-
tance of the material on both the CFR-PEEK substrate and the Ti6Al4V
substrate. The wear test results also reflect the firmness of the bonding
between TiCu/TiCuN and the two substrates.Thus, the experimental re-
sults address Question 1 posited in the Introduction: “Can the TiCu/Ti-
CuN coating be stably combined with non-metallic CFR-PEEK materials
to satisfy the standards for use as implantable devices?”

The uniform distribution of the coating is a prerequisite for uniform
release, and the release test confirmed the uniform release characteristics
of the TiCu/TiCuN coating. As discussed earlier, 30 wt% carbon fibre
content was used for the CFR-PEEK material, which displayed a greater
elastic deformation ability than that of the 60 wt% CFR-PEEK reported in
clinical practice to date. However, certain compromises occurred in
terms of mechanical strength, thereby necessitating mechanical testing.
According to the mechanical test results, the yield and tensile strengths of
the CFR-PEEK material were significantly lower than those of the



Fig. 6. Radiology analysis (A) Micro-CT scan (B) BV/TV statistics (C) Number of trabecular bones (D) Trabecular bone thickness; and (E) Trabecular bone density.
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CoCrMo material; however, the CoCrMo material displayed superior
mechanical parameters compared with those of the implanted PEEK
materials currently approved for medical use. Overall, the mechanical
parameters of the CFR-PEEK material used in this experiment satisfied
the mechanical requirements of the clinical polymer implantable devices
mandated by the Chinese Medical Device Guidelines.Therefore, the
experimental results demonstrate that the short carbon fiber CFR-PEEK
material used in this study can meet the needs of clinical use.

After demonstrating the possibility of clinical use of materials based
on mechanical adaptability, the biocompatibility and safety of materials
are important concerns to be addressed [27]. First, the adhesion of cells
on the surfaces of the CoCrMo, CFR-PEEK, and TiCu/TiCuN-modified
CFR-PEEK groups was studied using SEM and confocal microscopy to
preliminarily assess the biocompatibility of each group of materials. The
fundamental observations consider the following aspects: 1) number of
cells adhered onto the material surface, and 2) morphology of cell
adhesion on the material surface. Owing to the influence of the TiCu/-
TiCuN functional coating, a greater number of BMSCs adhered to the
coating group than the other two groups, and these cells were completely
extended with a distinct morphology. These findings are more conducive
to the differentiation and autocrine function of BMSCs [28]. However, an
interesting phenomenon was observed: the cell morphology and
spreading of the CFR-PEEKmaterial surface without coatingmodification
were improved over those of the CoCrMo group. Li et al. reported that a
material surface with a spatial structure is conducive to cell adhesion and
proliferation [29]. As the carbon fibre was mixed with the PEEKmatrix to
form rods via continuous extrusion, the experimental discs were obtained
by machining the rods. Therefore, the material performance depicted an
omnidirectional distribution of the carbon fibre. Its microstructure was
114
not as smooth as that of metal materials, and uneven structures appeared
on the surface, which may be the reason for CFR-PEEK to be more
conducive toward the adhesion and proliferation of BMSCs.

In this experiment, the CFR-PEEK group was set as the control group
to clarify whether the cell proliferation and adhesion are influenced by
the surface structure or the biological function of the coating, which adds
rationale to the experimental conclusions. Moreover, the biological
safety of implant-grade materials was affected by the preparation process
and varied after industrial processing. In addition to the material itself, if
the Cu element in the TiCu/TiCuN coating exceeded the limit of 3 mg Cu/
L, it causes gastrointestinal reactions [30]. Thus, this experiment did not
directly apply a Cu coating; instead, it used TiN crystals to bind the Cu
element. As observed from the release test results, the Cu element in the
TiCu/TiCuN coating was released at a uniform rate, and the cumulative
concentration at 28 days was within the safe range. Furthermore, Bar-
celoux's research reported that the metabolism period of the Cu element
in the body is 13–33 days [30]; hence, the experiment to observe the
cumulative concentration of Cu2þ in 28 days can be reasonably designed
for assessing safety. The experimental results indicated that the TiCu/-
TiCuN coating did not release a large amount of Cu2þ and caused toxic
reactions. In this study, the CCK-8 experiments were designed, and the
live–dead staining with TUNEL staining repeatedly demonstrated the
safety of the materials toward BMSCs. Furthermore, the results showed
that the TiCu/TiCuN coating and CFR-PEEK materials were neither
directly toxic toward BMSCs nor did they induce BMSC apoptosis. During
the initial design of the biosafety experiment, we determined the
inconsistency between the results of CCK-8, live–dead staining, and
TUNEL staining experiments for the rigor of the experiment. Therefore,
more in-depth research needs to be conducted on the mechanism of cell



Fig. 7. Histological analysis (A) VG staining (B) Observation of bone regeneration speed with three fluorescent markers (C) SEM scan of tissue section to observe bone
and material microstructure (Green arrow: osseointegration interface. Red arrow: bone. Blue arrow: carbon fibre).

Y. Guo et al. Journal of Orthopaedic Translation 33 (2022) 107–119
death (i.e., direct death, induced apoptosis). However, owing to the high
consistency of the experimental results, this segment of the experiment
was not necessary.

We endowed the CFR-PEEK material with osteogenic activity via
coating modification. However, before discussing the osteogenic activity
of CFR-PEEK materials modified by the TiCu/TiCuN coating, we must
115
understand that bone regeneration is a complex process involving a va-
riety of biological processes that alter and influence each other [31].
More importantly, the regeneration and repair of blood vessels is an
important biological process [32–34], and bone defects are often
accompanied by the destruction of nutrient vessels. Owing to the
destruction of the blood vessels, the nutrients in the blood lack an



Fig. 8. Immunohistochemical analysis of (A) CD31 and (B) α-SMA (red arrow: positive performance).
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important channel to reach the injured site [35]. Therefore, the recon-
struction of the blood supply to the bone injury site is extremely bene-
ficial for bone repair.Lin et al. combined magnesium particles with bone
cement to further enhance bone repair by promoting angiogenesis [36].
The study by Cheng and Liu also illustrates the importance of angio-
genesis for bone repair [37,38]. Xie et al. determined that Cu2þ is
transported by superoxide dismutase, and it can promote HIF-1α
expression [ [39]], which is an important upstream signalling molecule
involved in angiogenesis. Therefore, it can be speculated that the oste-
ogenic activity of TiCu/TiCuN is based on its ability to promote vascular
regeneration. Hence, rigorous osteogenesis and vascularisation experi-
ments were designed for demonstration. First, we analysed the effect of
TiCu/TiCuN on the osteogenesis process following two perspectives:
early and late osteogenesis. Early osteogenesis is primarily achieved via
the detection of early osteogenesis indicators, such as Runx2, ALP, Col-1,
and OCN; late osteogenesis pertains to the observation of the formation
of calcium nodules. The experimental design covers the entire process of
osteogenesis, and the results revealed that the TiCu/TiCuN is essential for
the entire process of osteogenesis. From the osteogenic differentiation
experiment in Fig. 4, we can see that the semi-quantitative results of ALP
and Alizarin red of CFR-PEEK material without TiCu/TiCuN coating
modification are close to those of CoCrMo group. There was no statistical
difference between the two groups. PCR results showed that the
expression of osteogenesis-related genes in the CFR-PEEK group was
higher than that in the CoCrMo group. This phenomenon may be related
to the fact that the scattered carbon fibers on the surface of CFR-PEEK
make the CFR-PEEK material have a certain spatial structure. On the
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14th day, the expression of Runx2 protein in the CFR-PEEK group was
lower than that in the CoCrMo group. After comparing this result with
the PCR results of the Runx2 gene on the 14th day, we believe that the
Runx2 gene in the CFR-PEEK group is in a relatively active state at this
stage, but the protein translation process is in a relatively lagging state
compared to the CoCrMo group. In combination with the results of cell
adhesion experiments, the results of ALP and AR staining revealed that
the surface-roughened materials were more conducive toward cell
adhesion, but they did not necessarily promote osteogenesis. This
research finding provides practical insights for clinical prosthesis treat-
ment. Presently, during the preparation of clinical implants, implant
manufacturers tend to use sandblasting and titanium spraying techniques
to roughen the surface of the prosthesis [40,41]. This treatment can
facilitate the adhesion of more BMSCs to the surface of the prosthesis.
However, an additional condition is required to induce osteogenic dif-
ferentiation of BMSCs for better promotion of bone regeneration and
osseointegration. Therefore, functional coating modifications are neces-
sary in this aspect.

A large amount of nutrients is required in the bone regeneration
process. In this context, blood vessels are the “highway” for cells and
nutrients to reach the injured site [[42]]; therefore, they are essential in
the process of bone and tissue repair and reconstruction [43]. Conse-
quently, this study further focused on the process of angiogenesis at the
bone injury site to explore the effect of TiCu/TiCuN coating on this
process. Only a few studies have explored the promotion of vascular
regeneration using only Cu. Lin and Liu et al. reported that
superphosphate-Cu and Mg–Cu materials promote vascular regeneration



Fig. 9. Hypothesized mechanisms of TiCu/TiCuN to promote bone defect repair by promoting angiogenesis.

Y. Guo et al. Journal of Orthopaedic Translation 33 (2022) 107–119
[44,45]. However, Ca phosphate and Mg exhibit appropriate biological
functions as well; hence, the element enabling angiogenesis cannot be
distinctly identified. In this study, we initially determined that the
TiCu/TiCuN coating promotes the migration of HUVECs, and we
observed that the TiCu/TiCuN coating promoted vascular regeneration
via tube-forming experiments. Subsequent studies have reported that the
TiCu/TiCuN activates HIF-1α signals and affects important angiogenic
signals, such as VEGFR, α-SMA, and CD31, which is a further improve-
ment over the study of the molecular mechanism, following which Cu2þ

promotes bone regeneration. Since TiCu/TiCuN contains both Ti and Cu
metal elements. In order to exclude the influence of Ti element on
HIF-1α. We designed further experiments to verify. We co-cultured
Ti6Al4V, medical stainless steel (317L), and copper-containing medical
stainless steel (317-Cu) with HUVECs for 3 days to detect the expression
of HIF-α gene. The results showed that there was no difference in HIF-1α
expression between Ti6Al4V and 317L groups. The expression of HIF-1α
was significantly up-regulated after adding Cu element
(Figure S2).Therefore, this segment of the experiment answers Question
3 posited in the Introduction: “3. How exactly can the TiCu/TiCuN
coating increase the speed of bone regeneration?”

5. Conclusion

In this study, a TiCu/TiCuN coating was applied to the surface of the
CFR-PEEK material via the arc ion-plating technology to achieve excel-
lent antiwear, antibacterial, and osteogenic activities and to construct a
superior orthopaedic implant to traditional metal prostheses. The carbon
fibre contained in the CFR-PEEK material used in this study is short
carbon fibre, and its content is 30 wt%. The carbon fibres were distrib-
uted in a universal direction in a PEEK matrix. Compared with the long
carbon fibre CFR-PEEKmaterial, this material possesses both rigidity and
toughness. This is the first instance, in which our team has successfully
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prepared a TiCu/TiCuN multilayer coating on the surface of a polymer
material. Related experiments have reported that the stability of the
coating was not less than that prepared on a metal surface, and Cu2þ can
achieve a stable, uniform rate with safe release. Additionally, we con-
ducted biological experiments to demonstrate that the TiCu/TiCuN-
modified CFR-PEEK exhibited appropriate biocompatibility and bone
regeneration activity. Furthermore, we used molecular biology methods
to demonstrate that the TiCu/TiCuN coating is vital to promoting bone
regeneration based on its ability to promote vascular regeneration. This
ability is related to TiCu/TiCuN activating HIF-1α, which consequently
affects the downstream VEGFR, α-SMA, CD31, and other signals. In
summary, a safe and stable TiCu/TiCuN biocoating on the surface of CFR-
PEEK was successfully prepared and the mechanism causing the osteo-
genic activity of the TiCu/TiCuN coating was clarified. This study pro-
vides a solid theoretical foundation for the clinical transformation of
TiCu/TiCuN-modified CFR-PEEK materials.
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