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Abstract

Background: Co-Cr-Mo alloy has been widely used in clinical implants because of its excellent

mechanical and anti-corrosion properties, but there is an urgent need to address its disadvantages,

such as implant-related infections and implant loosening. We synthesized Co-Cr-Mo-Cu (Co-Cu)

alloys with different Cu contents to modify implant performance to be suitable as a bone-

compatible implant material.

Methods: Microstructure, phase content and mechanical properties of the Co-Cr-Mo alloy were

characterized. Histological and immunohistochemical analyses were performed after implantation

in rabbits. The experimental alloy was implanted on the lateral side of the lower tibial condyle and

the tibial nodule.

Results: Phase content and mechanical properties revealed that the crystallographic structure and

wear resistance were changed. Experimental implantation results demonstrated that osteogenic

capability was markedly enhanced, ascribed to the excellent antibacterial and osseointegration

capacities of Cu phases, and with the release of Cu ions. In particular, Co-Cu alloy containing 2 wt%

Cu exhibited the best osteogenic performance among all samples.

Conclusions: The results indicated that osteogenic performance of the Co-Cr-Mo alloy could be

enhanced by adding Cu. In particular, the Co-2Cu alloy exhibited the best properties according to

both immunohistochemical and histological analyses. Our study not only provides deep insight

into the osteogenic effect of Cu but presents a new Co-Cu alloy for clinical implants.
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Highlights

• Co-Cr-Mo-Cu alloys with osteogenic performances and antibacterial properties for modifying bone-compatible implant
properties

• The addition of Cu improves the clinical implant performance of Co-Cr-Mo alloys
• Co-Cr-Mo alloy with added 2 wt% Cu exhibits the best osteogenic performance among all alloys
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Background

Co-Cr-Mo alloy has been widely used for clinical implants
because of its excellent mechanical properties, durability
and corrosion resistance [1–4]. However, the relatively
low osseointegration performance could result in aseptic
loosening and thus delay the postoperative recovery after
implant operation [5–6]. Furthermore, infection can also
occur after the installation of the implant, which is associated
with the low antibacterial property of the Co-Cr-Mo alloy
[7–9]. Therefore, it is important to develop a Co-Cr-Mo alloy
that possesses both excellent osteogenic and antibacterial
properties for clinical implant application.

For this reason, many studies have been reported using sur-
face modification or element alloying to develop the implant
properties of Co-Cr alloys. In particular, Cu has proved to
be an excellent option in terms of both its antibacterial and
osteogenic properties, according to recent researches [10–15].
It has been reported that Cu-bearing Ti alloy and Cu-bearing
stainless steel exhibit excellent antibacterial properties [10,
14]. Furthermore, Hu et al. revealed that substituted Cu
and Zn hydroxyapatite coating could enhance antibacterial
properties [16]. Pullisaar et al. reported that the osteogenic
effect could be modified by superficial TiO2 coating [17].
However, the surface treatment could only take effect before
abrasion and detachment occurs. Thus, an implantable alloy
that could exhibit excellent antibacterial and osseointegration
properties in its life cycle would be the ideal medical implant
material.

In the present study, we synthesized Co-Cr-Mo-Cu alloys
(Co-Cu) with different Cu contents (0, 2 and 4 wt%),
designated as Co-0Cu, Co-2Cu and Co-4Cu, respectively.
With Cu added to the 29Cr-6Mo alloy, the antibacterial
and osseointegration properties were markedly enhanced,
which was ascribed to released Cu ions acting as antibacterial
and osteogenic substances in the body, according to the
experimental results. These improved properties, compared
to the original Co-Cr-Mo alloy, could further increase the
stability and durability of implant materials. In particular, the
Co-2Cu alloy exhibited the highest osteogenic effect among
all alloys. Furthermore, the added Cu slightly modified the
mechanical properties and promoted relatively high corrosion
resistance [18]. The present study demonstrates a new Co-Cu
alloy with significant antibacterial and osteogenic properties
for clinical implants, and also provides insight into the
osteogenic effect of Cu.

Methods

Preparation of Co-Cu alloys

Co-Cu alloys with 2 and 4 wt% Cu were synthesized by the
investment casting method. The Co-Cu alloys were melted
in a vacuum-induction furnace and then poured into the
ceramic mold to prepare the Co-Cu alloy with a size of
140 × 50 × 30 mm3. This is the same method as the original
Co-Cr-Mo alloy was prepared by, based on GB17100–1997

[19]. The alloy ingots were then cut into rod-like implants,
2 mm in diameter and 6 mm in length, for implantation.

Microstructure characterization

X-ray diffraction (XRD) was performed by Smaertlab
(Rigaku, Japan) in the 2-theta range from 30◦ to 100o with
Cu Kα (λ = 0.154 nm) incident radiation using the following
test parameters: scan step of 4o/minute, voltage of 35 kV and
current of 200 mA. Scanning electron microscopy (SEM) was
carried out using a Hitachi S3400 microscope with an energy-
scattering spectrum (EDS) (Inca, Oxford, U.K.). SEM samples
with dimensions of 15 × 15 × 1 mm were prepared. All alloy
samples were first ground with SiC emery paper (1500 grit)
and diamond grinding paste (1.5 μm). The alloy samples were
then etched in a 5 wt% HCl solution for ∼15 seconds with a
voltage of 5 V to expose the metallographic structures.

Mechanical properties

Microhardness was tested on a HVS-1000 microhardness
meter (Huayin, China) with a 200-g test load and the holding
time was 10 seconds. For each alloy sample, five different
areas were randomly chosen, and the result was an aver-
age value with standard deviation (x ± y, Table 4). Tensile
samples were prepared from the original alloy ingots, with
dimensions of 30 × 6 × 2 mm, and were pre-prepared with
SiC emery paper. Microhardness was determined using a
universal testing machine with a speed of 1 mm/min. Wear
resistance was characterized by a pin-on-disk test using the
TRB tribometer (Nanovea, U.S.A.) with a 6 mm-diameter
Al2O3 ball. The disk speed was set at 350 rpm and the pin
was mounted with 5 N. The rotation radius was 4 mm and
the analysis time was 2 hours. The sample was cleaned with
distilled water and ethanol and then dried in ambient air
before the test. All tests were done three times to obtain an
average value. The abrasion loss property was determined
with a detector on the basis of the wear trace.

Ion release

Different alloy samples were ground with SiC emery paper
and then cleaned with an ultrasonic washer in ethanol for
10 minutes. The samples were then rinsed with water. To
characterize the ion release, the samples were immersed in
0.9 wt% NaCl solution with a surface area-to-volume ratio
of 1.5 cm2/ml for ∼1 day. Cu ion concentration in the solution
was determined by inductively coupled plasma mass spec-
trometry (ICP-MS) (Optima 5300DV, Perkin Elmer, U.S.A.)
with a sensitivity of 5 μg/L (5 ppb).

Implantation

Thirty New Zealand white rabbits of either gender, weighing
2.5–3 kg, were randomly grouped and fed in separate cages
according to Regulations for the Administration of Affairs
Concerning Experimental Animals. The rabbits were regu-
larly observed. Immunohistochemistry assays were divided
into four groups according to time in weeks (1, 2, 3 or 4
weeks), with 3 rabbits in each group. Histological analysis



Burns & Trauma, 2020, Vol. 8, tkaa036 3

and fluorescence labeling assays were divided into three
groups in terms of time in weeks (4, 8 or 12 weeks), with 3
rabbits in each group. First, Co-Cu alloy and pure Ti implants
were autoclaved before implantation and a longitudinal inci-
sion of ∼3–4 cm was made on the lateral side of the lower
tibial condyle and the tibial nodule in the rabbits. Those
receiving the Ti alloy implant served as the control group in
this study, because Ti alloy is the most widely used implant
material. The soft tissue was separated into the periosteum
and stripped. Afterwards, a 1.8 mm hold was drilled and the
cylindrical alloy samples were implanted. The tibial tips on
the experimental side and the bones were cut with a saw at
1 cm from the proximal and distal ends of the protruding
tips of the implants and all soft tissue attachments were
removed to prepare the bone segments. The locations of the
Co-Cu and Ti implants were recorded and the bone segments
were examined by X-ray at 4w, 8w or 12w to observe the
osseointegration of implants.

Detection indices

The tibial bone segments of experimental rabbits in the 1-,
2-, 3- and 4-week groups were decalcified with 4% methanol
in phosphate-buffered saline (PBS). Complete decalcification
was indicated by the ability to easily prick the bone tissue
with 1-ml needle tips without any resistance. The bone seg-
ments were then embedded and IGF-1 (insulin-like growth
factor) and/or BMP-2 (bone morphogenetic protein-2) were
determined using immunohistochemistry kits [20–21]. The
sections were observed under the microscope and then anal-
ysed by ImageJ (NIH, U.S.A.). Enzyme-linked immunosor-
bent assay (ELISA) was carried out to determine the content
of IGF-1 and/or BMP-2 in the local area around the alloy.

Histological analysis

Bone segments were pre-prepared by soaking in 4%
methanol, alcohol dehydration and stained with Masson
trichrome. The samples were observed under a light
microscope. Bone–implant contact (BIC) was calculated

via NIS-Elements AR software (Nikon, Japan), in which
the (length of direct contact between the bone and the
implant)÷(interface length) × 100% = BIC. In addition, the
bone segments of the experimental groups were immersed
in 5% glutaraldehyde in PBS, dehydrated with alcohol and
embedded in resin to study the distance between the two
fluorescence marker lines. The samples were observed with
a fluorescence confocal microscope and mineral apposition
rate (MAR) was calculated as follows: MAR = dF/tF × 100%,
where dF represents the average value of the distance between
the two fluorescence marker lines on the surface of trabecular
bone and tF represents the interval time of fluorescence
marking [22–23].

Statistical analysis

All experiments were carried out in triplicate, and the values
are presented as the mean ± standard deviation. For the ion
release experiments, the multiple comparisons of each group
were made using one-way analysis of variance (ANOVA). For
the quantitative data of BMP-2 and IGF-1 expression, BIC
and MAR, data between groups and different time points
were analysed using two-way ANOVA. A value of p < 0.05
was considered statistically significant.

Results

Microstructure

Co-Cu alloys were synthesized by the vacuum-melting
method, in which the elemental composition of the different
alloys were characterized by X-ray fluorescence spectrometry
and ICP-MS, as shown in Tables 1 and 2. To investigate the
phase composition of the different alloys, XRD patterns were
introduced, as shown in Figure 1. The microstructures of the
different alloys were characterized by SEM at a 20 kV. SEM
images and the corresponding element distribution images
(EDS mapping) of the three Co-Cu alloys are exhibited
in Figure 2, in which Co, Cr, Mo and Cu are indicated in
different colors. In addition, it can be seen that the different

Table 1. Chemical composition of different Co-Cu alloys (wt%)

Alloys Cr Mo Fe Ni Si C Mn Cu Co

Co-0Cu 29 6 0.8 0.5 0.6 0.2 0.6 0 Balance
Co-2Cu 29 6 0.8 0.5 0.6 0.2 0.6 1.9 Balance
Co-4Cu 29 6 0.8 0.5 0.6 0.2 0.6 3.8 Balance

Table 2. Chemical composition of different Co-Cu alloys (parts per million)

Alloys Cr Mo Fe Ni Mn Cu Co

Co-0Cu 28.5 6.1 0.7 0.2 0.7 0.2 63.6
Co-2Cu 29.2 5.7 0.8 0.4 0.8 2.2 60.9
Co-4Cu 28.7 6.5 0.8 0.3 0.7 3.9 59.1
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Figure 1. Phase characterization of three different Co-Cu alloys (by X-ray

diffraction), where it can be seen that the hexagonal closepacked structure

(HCP) and face center cubic (FCC) phases and the FCC γ -Co phase could

modify ductility and deformability of Co-Cu alloys

alloy samples exhibited different surface microstructures,
which were associated with different Cu content. The element
content of different Co-Cu alloys was confirmed by EDS
characterization, as shown in Table 3. X-ray photoelectron

spectroscopy (XPS) analysis, which shows the element con-
tent of Co-Cu alloys, is presented in Figure 3, exhibiting the
surface element constitutions of the different Co-Cu alloys.

Mechanical properties

To investigate the mechanical properties of different Co-
Cu alloys, microhardness, yield strength (YS) and ultimate
tensile strength (UTS) were characterized and are summarized
in Figure 4 and Table 4. With increasing Cu content, the
microhardness of Co-Cu alloys was reduced from 296 to
276 HV with the enhancement of YS and UTS performance.
In particular, when Cu content was increased to 4 wt%,
the alloy exhibited the greatest strengths, both YS and UTS,
and elongation among all Co-Cu alloys. The friction coef-
ficient and abrasion loss of the Co-Cu alloys are shown
in Figure 5. Co-0Cu alloy exhibited a friction coefficient
of 0.577 and an abrasion loss of 8.31 × 10−5 mm3/Nm.
Friction coefficient and abrasion loss increased to 0.624 and
1.05 × 10−4 mm3/Nm in Co-4Cu alloys, which could indicate
that the added Cu slightly reduced the wear resistance of Co-
Cr-Mo alloy [24–26].

Ion release

The ion release results for the Co-Cu alloys in 0.9% NaCl
solution after 1 day of immersion are displayed in Figure 6.
It can be noted that, with increasing Cu content in the Co-
Cu alloys, the Cu ion concentration increased to 20.7 μg/L
(p > 0.05) in the Co-2Cu alloy, but for the Co-4Cu alloy, it
increased to 485 μg/L (p < 0.05). On the contrary, Cr and
Co ion concentrations exhibited the opposite change: with
increasing Cu content, both Co and Cr content decreased
simultaneously.

Figure 2. Microstructure of Co-Cu alloys with different Cu content. The second phase structure showed a clear difference. (a–c) High resolution-scanning electron

microscope images of different Co-Cu alloys. (d–f) The corresponding energy-scattering spectrum mapping images, scale bar: 50 μm
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Table 3. Energy-scattering spectrum analysis of different alloys at different random points (at%)

Elements Point A Point B Point C

Co-0Cu Co-2Cu Co-4Cu Co-0Cu Co-C2u Co-4Cu Co-0Cu Co-2Cu Co-4Cu

Co 46.90 58.44 58.49 64.18 59.37 58.87 47.23 57.98 59.05
Cr 40.61 34.52 33.11 32.55 34.28 32.98 40.47 32.87 32.89
Mo 12.50 4.42 3.89 3.25 4.04 4.02 12.30 3.84 3.91
Cu 0.05 1.39 3.43 0.04 1.28 3.04 0.12 4.35 3.25

Table 4. Microhardness and tensile properties of different Co-Cu alloys

Alloys Microhardness, HV Tensile strength, MPa Elongation, %

0.2% YS strength UTS

Co-0Cu 296.56 ± 27.61∗ 415.72 ± 13.22∗ 503.98 ± 35.18∗ 12.5 ± 0.9∗
Co-2Cu 281.71 ± 25.15∗ 423.42 ± 15.89∗ 490.64 ± 32.11 11.3 ± 3.1
Co-4Cu 276.33 ± 26.64 438.91 ± 24.44∗ 603.25 ± 26.16∗ 14.9 ± 1.1

∗p < 0.05

Figure 3. Element characterizations (X-ray photoelectron spectroscopy) of

three different Co-Cu alloys. The C1s and O1s peaks observed were ascribed

to the surface segregation behavior of the Co-Cu alloys

Implant experiment

To investigate the osseointegration capacity of Co-Cu alloy,
an animal implant experiment was designed as shown in
Figure 7a. Rod-like Co-0Cu, Co-2Cu, Co-4Cu and Ti (control
group) alloys were implanted in rabbits. All experimental
animals were alive with well-healed surgical incisions and
no infection after implantation. The surfaces of implants
were covered with different amounts of bone callus, and the
implant was in close contact with the bone in all groups, as
shown in Figure 7b. With the implantation time increased
to 4 weeks, a small amount of new bone callus formed,
which indicated that an osseous connection had begun to
occur between the implant alloy and bone tissue. At 8 weeks,
lamellar bone, which showed increasing cortical bone
thickness and amount of cancellous bone, and cortical bone

Figure 4. Tensile stress–strain curves of the different Co-Cu alloys. The Co-Cu

alloys showed improved ductility

Figure 5. The friction coefficient and abrasion loss of the different Co-Cu

alloys. The enhancement of abrasion loss performance was ascribed to the

large carbide phases and inhomogeneous element distribution (∗p < 0.05)

could be observed around the implant alloy, confirming the
further integration of bone tissue and implant alloy. Finally, at
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Figure 6. Ion release of Co-Cu alloys in 0.9% NaCl solution after 1-day

immersion. Co, Cr and Cu were detected with all Co-Cu alloys. The ion

concentrations were much lower than reported values, which makes it less

likely that the released ions would result in cell toxicity

12 weeks, the contact surface between bone and implant alloy
was surrounded by a large amount of lamellar bone, and the
cortical bones on both sides were filled with new bone with a
density close to that of normal mature bone tissue, indicating
that an excellent osseous connection had appeared between
the implant alloy and bone tissue.

Immunohistochemistry

In the clinical implant operation, growth factors played an
important role in bone healing and tissue repair. To character-
ize the osteogenic performance of the different Co-Cu alloys,
BMP-2 and IGF-1 were studied as markers for osteoblasts, as
shown in Figure 8–9. BMP-2 has been shown to be a mul-
tifunctional growth factor, which can induce mesenchymal
cells to differentiate into cartilage cells and thereby form new
bone, with components including osteoblasts, osteoclasts and
bone marrow tissue [27–29]. IGF-1 can dynamically balance
the metabolic process of cartilage cells, directly inducing the
synthesis of DNA and RNA in osteoblasts, participating in
bone remodeling and bone metabolism for bone resorption
[30–31]. Both BMP-2 and IGF-1 showed increased expression
after the implant operation, and the differences between the

Figure 7. The osseous connection between the implant alloy and bone tissue. (a) Scheme of the corresponding animal experiment. (b) Radiologic examination

for implant alloy and bone tissue at 4, 8 and 12 weeks. It can be seen that, in many cases, the lamellar and cortical bone is filled with new bone tissue and the

density of this is close to that of mature bone
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Figure 8. Immunohistochemical analysis of Co-Cu alloy implantation (bone morphogenetic protein-2), which might reflect the mesenchymal cells differentiating

into cartilage cells and thereby forming new bone, with a composition including osteoblasts, osteoclasts and bone marrow tissue (scale bar: 20 μm) (a) Ti alloy;

(b) Co-0Cu alloy; (c) Co-2Cu alloy; (d) Co-4Cu alloy

Figure 9. Immunohistochemical analysis of Co-Cu alloy implantation (insulin-like growth factor), which could reflect the synthesis of DNA and RNA in osteoblasts,

participating in bone remodeling and bone metabolism for bone resorption (scale bar: 20 μm). (a) Ti alloy; (b) Co-0Cu alloy; (c) Co-2Cu alloy; (d) Co-4Cu alloy
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Figure 10. The average optical densities for: (a) bone morphogenetic protein-2 (BMP-2) for Ti and Co-Cu alloys in the 1-, 2-, 3- and 4-week groups; and (b) insulin-

like growth factor (IGF-1) for Ti and Co-Cu alloys in the 1-, 2-, 3- and 4-week groups. IGF-1 and BMP-2 expression measured by enzyme-linked immunosorbent

assay: (c) BMP-2 for Ti and Co-Cu alloys in 1-, 2-, 3- and 4-week groups; and (d) IGF-1 for Ti and Co-Cu alloys in 1-, 2-, 3- and 4-week groups (∗p < 0.05; ∗∗ p < 0.01)

alloys are displayed in Figure 10a, b. Accurate quantification
of IGF-1 and BMP-2 expression in the local area around the
alloy was achieved by ELISA and is shown in Figure 10c, d.

Histological analysis

Histological analysis of different bone samples was by Mas-
son trichrome staining. After staining, the bone trabeculae
showed a blue-stained structure of varying depth. The bone
cells appeared as irregular white dots and fibrous tissue
remained pink-stained, while new bone was not stained, as
shown in Figure 11. Compared with the osteogenic activity
among all implant samples, Co-2Cu alloy exhibited thicker
and denser fibrous bone tissue and thus showed an optimal
histocompatibility behavior. The BIC of each alloy is shown
in Figure 12a [32–33]. The value, which exceeded 50% at
4 weeks and reached 80% at 12 weeks, demonstrated osseoin-
tegration and early stability between bone and implant. The
Co-2Cu alloy exhibited the highest BIC values among all

implant samples, thus demonstrating that it had a modified
osteogenic performance.

MAR characterization

The histological analysis could directly determine bone differ-
entiation, position and the levels of various growth factors,
and also the bone mineralization capacity. The mineraliza-
tion trend and mineralization rate could further evaluate the
osteogenic properties of the different alloys, which could
only be determined using fluorescent staining. By fluorescent
labeling of the position of bone deposition at different time
points and different directions, the bone formation distance
in this period was measured. In addition, MAR was calcu-
lated by software analysis, as shown in Figure 13 [34–36].
Meanwhile, the MAR results also verified the compatibility
relationship of the different Co-Cu alloy with bone tissue, as
shown in Figure 12b.
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Figure 11. Histological structures with Co-Cu alloys. After Masson’s trichrome staining, bone trabeculae exhibited a blue-stained structure of varying depth. Bone

cells appear as irregular white dots, fibrous tissue is pink-stained and new bone is not stained (scale bar: 100 μm). (a) Ti alloy; (b) Co-0Cu alloy; (c) Co-2Cu alloy;

(d) Co-4Cu alloy

Figure 12. Statistical results of bone–implant contact (BIC) and mineral apposition rate (MAR) characterization for the different alloys. (a) BIC measurements for

Ti and Co-Cu alloys in the 4-, 8- and 12-week groups. (b) MAR measurements for Ti and Co-Cu alloys in the 4-, 8- and 12-week groups (∗p < 0.05; ∗∗ p < 0.01)
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Figure 13. Mineral apposition rate characterization of the different Co-Cu alloys. Using fluorescent labeling of the position of bone deposition at different time

points and different directions, the bone formation distance in this study period was measured (scale bar: 500 μm). (a) Ti alloy; (b) Co-0Cu alloy; (c) Co-2Cu alloy;

(d) Co-4Cu alloy

Discussion

According to the XRD results, both the FCC γ -Co phase and
the HCP ε-Co phase existed in all Co-Cu alloys [37–38]. In
particular, with increasing Cu content, the ratio between the
face center cubic (FCC) and hexagonal closepacked structure
(HCP) phase exhibited a synchronous change. Furthermore,
the Cu phase was not detected in the XRD pattern for all
three Co-Cu samples. Generally, Co alloy always contains
two kinds of crystal structures: the FCC γ -Co phase at high
temperature (>∼1173 K) and the HCP ε-Co phase at low
temperature. It should be noted that the FCC γ -Co phase is
always desired in Co alloys because of modified ductility and
deformability. Corresponding studies, such as the addition
of nitrogen, carbon and nickel have been proven to react to
the transformation from the HCP phase to the FCC phase
[39–41]. For this reason, XRD characterization indicates that
the γ -Co phase in Co-Cu alloys is significantly increased
by adding Cu, which means that Cu also has the ability to
stabilize the FCC Co phase.

The microstructure consisted of a Co matrix and sec-
ondary phase [42], and the corresponding secondary phase
influenced the mechanical properties of the Co-Cu alloys,
which is discussed below. As the EDS mapping image shows,
the different elements are indicated in different colors. Co, Cr
and Cu can be observed in the color map. Moreover, Cu was

also detected in the Co-0Cu alloy, which was ascribed to test
error during EDS characterization. In addition, as the EDS
result showed, Cu content exhibited an approximate value
randomly, confirming that Cu had been uniformly dissolved
in the Co-Cu alloy. For the Co-Cu alloys, it can be noted that
Cu has a maximum solid solubility of 20.9 wt% in Co at
1367◦C in the Co-Cu phase diagram, and, at room temper-
ature, Cu and Co are nearly undissolved [18]. In addition,
any intermetallic compound could be found between Co and
Cu. During the decrease in temperature, the Cu phase and
carbide phase precipitated from the melting or matrix, leading
to the concentration of the Cu phase, which could result in
the fluctuation of elemental content, as shown in Table 3. In
XPS characterization, the results showed the existence of the
carbide phase at the surface of the different Co-Cu alloys.
According to the survey spectra of three different Co-Cu
alloys, only the C1s and O1s peak could be observed and the
Co, Cr, Mo and Cu were almost undetected. For this reason,
it is hard to determine the valence of the different elements.
The corresponding results indicated that element segregation
occurred in all alloys during the preparation process, which
could had led to performance changes in the following tests,
and this might be further investigated in follow-up studies.

According to mechanical properties and microstructure,
it could be concluded that Cu promotes the transforma-
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tion from the HCP ε-Co phase to the FCC γ -Co phase,
which could enhance the mechanical performance of Co-
Cu alloys. Moreover, increased Cu content improved the
ductility of Co-Cu alloys. Also, in clinical implant applica-
tion, excellent wear resistance performance is an important
index and high wear resistance is often desired for Co-based
biomaterials. In Table 4, it can be seen that the friction
coefficient and abrasion loss increased with increasing Cu
content. In other words, this means that added Cu dete-
riorated the wear properties of Co-Cu alloys. Combined
with the HV characterizations in Table 4, it can be observed
that added Cu reduced the microhardness of Co-Cu alloys
and thus would lead to the corresponding enhancement of
abrasion loss performance. The corresponding mechanical
properties could be attributed to the as-cast condition of
Co-Cu alloy in this study, such condition with large carbide
phase and the inhomogeneous element distribution could
influence the microstructures and thus reduce the mechanical
performance. Therefore, it is necessary to find an effective
way for optimizing the wear properties of Co-Cu alloys
[31, 43].

Ion release, which included Co, Cr and Cu, was detected
for all Co-Cu alloys, as shown in Figure 6. It has been
reported that the TC50 concentrations of these three ions for
MO3.13 cells are 215.5, 2083.7 and 178.8 μM, respectively.
For human gingival fibroblasts, the TC50 concentrations of
these three ions are about 705.8, 1971 and 344 μM, respec-
tively [44]. With our alloys, the maximum concentrations
of these three ions were 12.7, 0.3 and 8.5 μM, respectively.
Therefore. the ion concentrations here were much lower
than the previously reported values, which would result in
the released ions not causing cell toxicity. In addition, the
antibacterial properties of the Co-Cu alloys were systemat-
ically studied in our previous work [18] and it was concluded
that the antibacterial properties of the Co-Cr-Mo alloys were
markedly modified by Cu, which was associated with the tiny
Cu phase at the grain boundary and inner grain and the Cu
ion release from the Co-Cu alloy.

Immunohistochemistry results showed high expression of
both BMP-2 and IFG-1 in the first 2 weeks after implantation,
which indicated the active formation of new bone in the early
stage. Following this, the proportion and amount of new bone
decreased—this is ascribed to increased mineralization of
new bone as time progressed. In particular, it can be observed
that the Co-2Cu alloy showed a significant improvement
in both BMP-2 and IGF-1 expression among all samples,
which could be associated with an appropriate Cu ion release
rate, thereby promoting bone induction, formation and
development.

Histological analysis showed that 4 weeks after implan-
tation, collagen fibers had been generated on the black
defect near the implant border. A thin osteoblast layer was
distributed discontinuously and a small osteoid was randomly
produced. The new bone extended along the surface of
implants with a relatively small contact area. At 8 weeks,
the new bone number increased significantly. Around new

trabecular bone, osteoblasts were neatly arranged in the bone
interface. These osteoblasts were distributed continuously
in the multilayer and connected with the implant material.
At 12 weeks, a large amount of new bone tissue filled the
interface of the implant material. The boundary between the
new bone tissue and the original natural bone disappeared.
The trabecular bones in the figure widened and their number
continued increasing. In addition, a part of the woven bone
at the periphery of the interface began to convert to lamellar
bone, which appeared as an unstained fibrotic bone band.
The Co-2Cu alloy exhibited the highest BIC values among
all implant materials and thus demonstrated that it had a
modified osteogenic performance.

In MAR characterization, the new bone tissue, which was
far from the implant, was fluorescently labeled as a circular
light bond at 4 weeks. The main components were stromal
cells, fibrous tissue, collagen tissue and a small amount of
osteoid and fibrotic bone. At 8 weeks, the distance between
the two fluorescent bonds and implant decreased; the special
mass of bone formed a light ring structure and bone tissue
began to form on the side of the implant surface. At 12 weeks,
different sizes of light rings and bands appeared around the
implant and a large number of new bones formed, which
almost completely fused with natural bone tissue. In addition,
the distance between the light bands disappeared. These
results showed that each Co-Cu alloy exhibited excellent
osteogenic capability compared with Ti alloy, and the Co-
2Cu alloy showed the best performance among the Co-Cu
alloys.

Conclusions

In summary, we demonstrated an effective Co-Cu alloy
for clinical implant application. The experimental material
results revealed that Cu accelerated the formation of the γ -Co
phase and had a slight influence on mechanical properties.
The experimental implant results indicated that osteogenic
performance could be effectively modified by adding Cu. In
particular, the Co-2Cu alloy exhibited the best properties on
the basis of BMP-2, IGP-2, BIC and MAR measurements.
We presented here not only a novel Co-Cu alloy for implant
application but provided deep insight into the osteogenic
performance of Cu-containing implants.
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