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Abstract Ti—10Cu sintered alloy has shown very strong
in vitro and in vivo antibacterial property and in vitro cell
compatibility. In this paper, Ti—-10Cu implant (Ti—Cu
group) and commercial pure Ti implant (cp-Ti group) were
implanted in rabbit femurs to investigate in vivo bone
response to the Ti—10Cu alloy. X-ray photo, fluorescent
microscopy, routine pathological examination and
immunohistochemistry have been used to analyze bone
growth, mineral apposition rate (MAR), bone implant
contact (BIC), BMP-2 expression and TGF-B1 expression.
In both Ti—Cu and cp-Ti groups, new bone tissue was
found at bone/implant interfaces 4 weeks postimplantation
and completely filled the interfaces gap bone 12 weeks
postimplantation. A significant MOD value in BMP-2
expression was observed at week 1 and week 4 in the Ti—
Cu group with lower values of week 2 and 3 in both groups,
which indicated strong positive activity. MOD value in
TGF-B1 expression decreased with the extension of
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implantation. However, no difference can be found in
MAR, BIC and TGF-B1 expression between the two groups
at all intervals. It was deduced that Ti—Cu alloy exhibited
as good bone response as cp-Ti. The good bone compati-
bility suggests that Ti—10Cu alloy might have potential
application in orthopedic surgery and dental implant.

1 Introduction

Devices are the main cause for the clinical infection and
inflammation in orthopedic surgeries and dental implants.
To reduce such infection and inflammation, systematic
antibiotic has been widely used in clinics, which might
bring about side effects to patients. Bacteria colonize sur-
gical implant surfaces easily, which may result in infec-
tions that cause implantation failure. Serum proteins like to
accumulate on the implant surface, promoting bacteria
adhesion and colonization [1]. These can form a biofilm
which can help bacteria to escape from the immune
surveillance or resist antibiotics [2]. Such a film is critical
to clinical infection problems [3].

On the other hand, antibacterial materials have been
testified to exhibit strong antibacterial property not only on
the surface but also in whole materials, such as antibacte-
rial stainless steel [4] and titanium alloys [5—-8]. Antibac-
terial stainless steels have exhibited very good antibacterial
property in vitro and in vivo [9, 10]. Experiments
with bacterial adhesion on titanium (Ti), titanium nitride
(TiN), fluorine modified hydroxyapatite (FHA) and zinc
modified FHA (Zn-FHA) thin films have testified that Ti
film with native surface oxide layer and Zn-FHA film
showed good antibacterial property and their surface
roughness had the least influence on Porphyromonas gin-
givalis adhesion [11]. Other researchers have testified that
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silver ion could decrease bacterial adhesions, such as
Escherichia coli, Pseudomonas aeruginosa, Staphylococ-
cus epidermidis, and Staphylococcus aureus, and less
biofilm than titanium and stainless steel bare substrates
[12]. Zero valent iron nanoparticles (Fe,..,-NPs) and iron
oxide nanoparticles (Fe,x-NPs), synthesized at the subsur-
face and surface of titanium oxide coatings (TOCs) by
plasma immersion ion implantation, showed selective
antibacterial ability which could kill S. aureus under dark
conditions but had no obvious effect against E. coli [13]. A
study that investigated the antibacterial activity and cell
adhesion of commercially pure titanium (Ti) surfaces
modified by zinc plasma immersion ion implantation (Zn-
PIII) treatments showed that Zn-Plll-treated Ti surfaces
could significantly reduce P. gingivalis and that the num-
bers of bacteria gradually decreased with increasing Zn
concentration [14].

Shirai et al. have reported that Ti—Cu alloys had
antimicrobial activity and substantially reduced the inci-
dence of pin tract infection in vitro and in vivo [5]. In our
previous study, antibacterial titanium alloys (named Ti—Cu
alloys) were produced by sintering titanium powder and
copper powder at a high temperature [6] and exhibited high
antibacterial rate (up to 99.9 %) against S. aureus
andE. coli [7] and moderate antibacterial rate against
P.gingivalis in vitro (data isn’t shown). The antibacterial
property of the Ti—Cu sintered alloys depended on the Cu
content, which has to be at least 5 wt% [8]. It has been
widely accepted that Cu?" ion release from antibacterial
coatings or materials plays a very important role in
antibacterial behavior [15].

Studies covered effect of Cu®" ion implantation on the
antibacterial activity of metals including 317L of stainless
steels, pure titanium and Ti—AI-Nb alloy, implanted with
copper ions using a MEVVA source ion implanter with ion
doses ranging from 0.5 x 10'7 to 4 x 10'7 jons/cm®. The
results indicated that Cu®" ion implantation improved the
antibacterial effect for all three materials. At low ion doses
(0.5-2 x 10" ions/cm2), antibacterial effect was relatively
low (smaller than 99 %), and the three materials showed
strong antibacterial activity after copper ion implantation at
4 x 10" jons/cm? [11]. Libin Zhu has evaluated the
antibacterial activity of copper surfaces on copper resistant
and sensitive strains of Salmonella enterica. The results
showed that under dry incubation conditions, S. enter-
ica only survived 10-15 min on high-copper-content
alloys but showed 3—4 log reductions on low copper con-
tent alloys. Under moist incubation conditions, no sur-
vivors were detected after 30 min—2 h on high-copper-
content alloys, while the cell counts decreased 2—4 logs on
low copper content alloys. The antibacterial effect
improves with the increase of ion dose in all cases and high
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Cu" ion concentration normally leads to a high antibac-
terial rate [16].

Research has proven that Ti—Cu sintered alloys have
good cell biocompatibility and antibacterial property
in vitro, but could we apply them clinically? To answer
this, we should do more experiments. In this paper, Ti—Cu
sintered alloys and cp-Ti were implanted into rabbit femurs
to investigate their bone-bonding ability. Understanding
the osseointegration of Ti—Cu sintered alloys will be
helpful for the practical use of the alloys.

2 Materials and methods
2.1 Samples preparation

High-purity titanium powder (99.99 wt%, 45-60 pm) and
10 wt% high purity copper powder (99.99 wt%, 20-60 pm)
were ball milled for 3 h, then hot-pressure sintered into
ingots (Ti—10Cu) 25 mm in diameter under vacuum with
25 MPa pressure at 1050 °C for 120 min and cooled in
furnace down to room temperature [6, 8]. Samples with a
diameter of 2.0 mm and a length of 10 mm were cut from
the Ti—Cu ingot for further experiments. Samples were also
cut from a commercial pure titanium wrought rod (named
cp-Ti) with the same dimensions. All samples were ground
with SiC paper up to 1200 grits, ultrasonically cleaned in
alcohol for 5 min, and dried in warm air. Before implan-
tation, samples were sterilized by autoclaving at 121 °C for
30 min.

2.2 Experimental animals and surgical implantation

The Experimental Animals Centre of China Medical
University supplied all animals. Healthy rabbits were used
in this study after 2 weeks of observation. 24 female and 24
male adult New Zealand white rabbits (authorization
number: SYXK LIAO 2003- 0013), which were 6 months
old and weighed 2.0-2.5 kg, were used for the animal
experiments. Animal experiments were conducted accord-
ing to ISO 10993-2:1992 animal welfare requirements.
The study was performed in the femoral shaft of the 48
rabbits for 1, 2, 3, 4, 8 and 12 weeks, as listed in Table 1.

Table 1 Number of rabbits for different examinations

Experiments Postimplantation (weeks)

1 2 3 4 8 12
Immunohistochemistry 8 8 8
Fluorescent observation 3 4 4
Pathological examination 2 4 4
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Each animal received 4 implants: one Ti—10Cu implant and
one cp-Ti implant in each femoral shaft (Fig. 1). To control
selective bias, we kept gender and weight distribution
consistent in each group through the stratified randomiza-
tion grouping law, and ensured the two types of implants
were properly placed at the same position in each rabbit.

The animals were anaesthetized with intramuscular
(i.m.) injections of pentobarbital (30 mg/kg, 3 %
TIANWUD®, Tianjin, China), supplemented by 2—4 mg/
kg every 30 min. Both lower limbs were shaven and dis-
infected with a tincture of iodine after fixing the animal.
Operations were under sterile conditions. A 3—4 cm cuta-
neous incision was made parallel to the femur and 5 mm
away from its edge. The bone was exposed through skin
incisions and blunt dissection of the underlying tissue,
including the periosteum. Ti—10Cu and Ti implants were
implanted into the middle body of the femur after pre-
drilling with a 2.0 mm hand-operated drill, interval of
10 mm, as shown in Fig. 1. The operation site was rinsed
with saline, and the tissues were sutured in separate layers
and finally sterilized. Pentobarbital (30 mg/kg, i.m. b.i.d.
for 48 h) was administered for immediate postimplantation
installation pain control. The animal was repositioned and
given penicillin (80 u/d, TIANWUDR@, Tianjin, China)
through i.m. injections for 3 days postoperatively to pre-
vent infection. The animal’s temperature was monitored
and recorded for 10 days.

2.3 Animal sacrifice
Twenty-four rabbits were sacrificed through an auricular
venous air embolism after each pre-defined study period

of 1, 2 and 3 weeks. Another 24 rabbits were sacrificed
through an auricular venous air embolism at 4, 8§ and

:

Fig. 1 Implantation of Ti—10Cu implant and cp-Ti implant for bone
response

12 weeks. To investigate the new bone formation pro-
cess, animals were given calcein (30 mg/100 mL + 2 g
Na,HPO4) (Sinopharm chemical reagent Tianjin Co.,
Ltd, Tianjin, China) with a dose of 1 mL/kg via mus-
cular injection at 1 and 2 weeks before each sacrifice
time.

2.4 Fluorescent microscopy

A macroscopic examination of the implanted femur was
performed. The implants and the surrounding bone were
then removed en bloc. The specimens at each time point
were immersed in a 4 % phosphate buffered
paraformaldehyde solution for 2 weeks in a refrigerator at
a temperature of 4 °C. An X-ray photo observed the bone
tissues contacted to the implant.

After flushing with running water for 24 h, the speci-
mens were dehydrated in a series of ethanol rinses (from 70
to 100 %). After dehydration and transparency, the speci-
mens were embedded in a combination of methyl
methacrylate and dibutyl phthalate. The tissue blocks were
then sectioned using a diamond-saw microtome (EXAKT,

s Ti-10Cu

s cp-Ti

Ti-10Cu

cp-Ti

Fig. 2 X-ray photo of the bone sample with cp-Ti implant and Ti—
10Cu sample at different periods postimplantation: a 4 weeks, b
8 weeks, ¢ 12 weeks
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Fig. 3 Fluoroscopic images of the cross-section of bone specimen
with cp-Ti implant and Ti—10Cu implant at different implantation
duration (x40). a, ¢ and e bone specimen with cp-Ti implant; b, d and

E310, Norderstedt, Germany) to obtain 70-80 um thick
sections. The resulting sections were attached to a slide
using a resin adhesive. A load of 500 N was applied per-
pendicular to the sections for 24 h. After theresin adhesive
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f bone specimen with Ti—10Cu implant. a, b 4 weeks postimplanta-
tion, ¢, d 8 weeks postimplantation, e, f 12 weeks postimplantation.
(The dark areas in the center are the implants 2 mm in diameter)

was completely dried, the samples were subsequently
ground to a thickness of 30—40um thick by SiC papers up
to #2000 and finally polished with emery paste and a cloth
wheel (EXAKT, E400CS/AW, Norderstedt, Germany).
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Six Ti-10Cu implants and six cp-Ti implants for
4 week, eight Ti—-10Cu implants and eight cp-Ti implants
for 8 and 12 weeks have been slid into hard-tissue section
slices. The hard-tissue section slice, which have the same
sequence number, were viewed on a light microscope
(Nikon eclipse 80i, Tokyo, Japan) with a heat-barrier, fil-
tered, fluorescent light source (Model C-SHGI1, Nikon
corp, Tokyo, Japan). Fluorescence microscopic images
were taken at 450-480 nm wave lengths. These fluo-
rochromes’ colors were clearly distinguishable, and thus
could be used sequentially, to highlight the bone neo-de-
position, respectively, to each marking period. The
dynamic histomorphometric parameter considered was the
mineral addition rate (MAR, pm/day), calculated as the
distance between the corresponding edges of two consec-
utive labels divided by the time of the labelling periods,
which were measured on the screen by an image analysis
software (Image-Pro Plus 6.0, USA).Parameter calibrations
for magnification (x40) and image acquisition were fixed
on the basis of standardized conditions imposed before the
analysis. For each sample, six sections (from the surface to
inside the bone) and four images per section were
analyzed.

2.5 Immunohistochemistry

For immunohistochemistry examination, the rabbits were
sacrificed at 1, 2, 3, and 4 weeks postimplantation,
respectively. Bone specimen with Ti—10Cu implant and Ti
implant were taken and fixed in 4.0 % formaldehyde
solution for 1 week. The bone specimens were decalcified
in 15 % EDTA solution until the bone tissue can be easily
punctured by pin. There were 8 Ti—10Cu implants and 8
cp-Ti implants for 1, 2 and 3 weeks, 6 Ti—-10Cu implants
and 6 cp-Ti implants for 4 weeks. Then, implants were
taken out from the decalcified bone specimens carefully to
damage to the surrounding tissue as little as possible. The
bone specimens were embedded in paraffin and cut into 15
thin slices of about 10 pm in thickness by paraffin slicing
machine (CUT5062, SLE, Mainz, Germany). Tissue slices,
in accordance with the sequence number from the surface
to inside the bone, were deparaffinized. Deparaffinized
sections were pretreated with 0.3 % H,0, for 30 min.
After three washings with distilled water, the sections were
blocked with a 10 % normal goat serum solution for
40 min at room temperature. BMP-2  antibody
(BA2820-1,1:200, Bosterbiological engineering Co., Ltd,
Wuhan, China) and TGF-B1 antibody (BA0294, 1:200,
Bosterbiological engineering Co., Ltd, Wuhan, China)
were applied onto the sections, and maintained at 4 °C for
48 h in a humid chamber. After three PBS washings the
sections were reacted with biotin-goat anti-rabbit IgG
(BA1003, 1:200, Bosterbiological engineering Co., Ltd,

Wuhan, China) for 20 min at 37 °C. After three rinses with
PBS, strept avidin-biotin complex (SABC) (SA1022,
Bosterbiological engineering Co., Ltd, Wuhan, China) was
applied onto the sections, and maintained 30 min at 37 °C.
After three rinses with PBS, visualization of the antibody
was accomplished by incubating sections in 0.03 % 3,3'-
diaminobenzidine (DAB) (AR1000, Bosterbiological
engineering Co., Ltd, Wuhan, China) for 5 min, and the
sections were counterstained in hematoxylin. Primary
antibody replacement with PBS from the same animal
samples was used as the controls. Positive signals were
stained brown. Sections were observed on a light micro-
scope (Nikon eclipse 80i, Tokyo, Japan) and assessed
quantitatively by calculating the mean optical density
(MOD) value at the bone/implant interface using image-
analysis software (Image-Pro Plus 6.0, USA). For each
specimen and factor, four fields of each section were ran-
domly selected for quantitative assessment. Parameter
calibrations for magnification and image acquisition were
fixed on the basis of standardized conditions imposed
before the analysis.

2.6 Masson staining

For Masson staining, the rabbits were sacrificed at 4, 8 and
12 weeks postimplantation, respectively. Samples were
deparaffinized and rehydrated through 70, 95 and 100 %
alcohol and washed in distilled water, then rinsed by run-
ning tap water for 5-10 min to remove the yellow color.
After this, the samples were stained in Weigert’s iron
hematoxylin working solution for 10 min, rinsed in run-
ning warm tap water for 10 min and washed in distilled
water, and then stained in Biebrich scarlet-acid fuchsin
solution for 10—15 min, washed in distilled water and dif-
ferentiated in phosphomolybdic—phosphotungstic acid

6.0
I cp-Ti
[ Ti-10Cu

o
o
1

p=0.066

MAR (um/d)
N
o

w
o
1

2.0 -
4 8 12

Time (Week)

Fig. 4 Mineral apposition rate (MAR) at different implantation
durations. MAR decreased with the increase of the implantation
duration, but no difference can be found between the cp-Ti group and
the Ti—Cu group at all intervals (P > 0.05) (Color figure online)
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solution for 10—15 min. Then, the samples were transferred
to aniline blue solution and stained for 5-10 min, rinsed
briefly in distilled water and differentiated in 1 % acetic
acid solution for 2-5 min and washed in distilled water,
dehydrated very quickly through ethyl alcohol and clear in
xylene. Finally, the samples, No 10-15, were mounted with

Fig. 5 Pathological photographs of the bone/implant interfaces after
4 weeks, 8 weeks and 12 weeks postimplantation with Masson
staining (x200). Masson staining provides good distinction of
osteoid, which was stained blue—green, from mature bone matrix,

@ Springer

resinous mounting medium. The slice samples were
observed with light microscope (Nikon eclipse 80i, Tokyo,
Japan). Bone implant contact (BIC %) was calculated by
superimposing the profile of the implant threads on the
bone image from the actual implant site and counting the
linear amount of bone that would be in contact with the

week 4

week 8

week 12

Ti-10Cu

which was stained red. a, ¢, and e cp-Ti implant, b, d, and f Ti-10Cu
implant. a, b 4 weeks, ¢, d 8 weeks and e, f 12 weeks. (I implant;
F fibroblast band) (Color figure online)
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implant surface, which were measured on the screen by an
image analysis software (Image-Pro Plus 6.0, USA).
Parameter calibrations for magnification and image
acquisition were fixed on the basis of standardized condi-
tions imposed before the analysis.

2.7 Statistical analysis

Data were all expressed as mean & SD. Difference within
group was analyzed by two-way ANOVA. Statistical sig-
nificance was defined as P < 0.05.

3 Results
3.1 X-ray photo

Figure 2 shows the X-ray photos of the bone samples with
cp-Ti implant and Ti—10Cu implant at 4, 8 and 12 weeks
postimplantation. From the X-ray photos, no low density
bone around implants was found. No difference in bone
density was found between cp-Ti group and Ti—10Cu group
at each time point.

3.2 Fluorescent microscopy

The fluoroscopic images of the cross-section of the bone
samples with cp-Ti implant and Ti—10Cu implant after 4, 8,
and 12 weeks implantation are shown in Fig. 3. Newly
formed bone tissue was observed around the implant, as
indicated by the green light circles. At week 4, there were
obvious green light circles around implant in two groups
and the gaps existed between the two green light circles, as
shown in Fig. 3a and b. At week 8, as shown in Fig. 3c and
d, the intensity of green light was weaker than that at week
4, indicating that the new bone formation was reduced.
After 12 weeks implantation, as shown in Fig. 3e and f,
little green light could be found around the implants, dis-
playing that the new bone formation were nearly com-
pleted. No difference in the fluorescent microscopy was
observed between cp-Ti group and Ti—10Cu group.

The new bone formation is expressed by MAR. Figure 4
shows the calculated MAR values at different implantation
durations. For both cp-Ti group and Ti—10Cu group, MAR
decreased significantly with the increasing of the implan-
tation duration (P < 0.05), indicating that the bone tissue
grew fast at the beginning stage of the healing process.
However, no difference in MAR value between cp-Ti
group and Ti—10Cu group could be found at all investi-
gated intervals (P > 0.05), although MAR value of cp-Ti
group was slightly higher than that of Ti—10Cu group.

3.3 Masson staining

To confirm the bone compatibility of the cp-Ti and the Ti—
Cu implants, the quality of new-formed bone was further
evaluated by Masson staining, as shown in Fig. 5. At week
4, fibrous connective tissue could be found at the bone/
implant interface in the both groups. After 8 weeks, with
diminishing fibrous tissue, more and more woven bone
could be found around both cp-Ti and Ti—-10Cu implant.
Also new vascular formation and irregular osteocytes were
found. At week 12, both cp-Ti and Ti—10Cu implants have
been completely encapsulated by mature woven bone,
which has more regular osteocytes and Harversian system.

Figure 6 shows BIC values of cp-Ti group and Ti—10Cu
group at the bone/implant interface after different
implantation durations. With the extension of the implan-
tation, BIC increased significantly in both cp-Ti group and
Ti—10Cu group (P < 0.05). After 4 weeks postimplanta-
tion, nearly 50-55 % the implant surface was contacted
with bone tissue. After 12 weeks postimplantation, up to
90 % the surface was contacted with new-formed miner-
alized bone. However, no difference could be found in BIC
between cp-Ti group and Ti—10Cu group at all intervals
although BIC values of cp-Ti group were slightly higher
than that of Ti—10Cu group.

3.4 Immunohistochemistry
3.4.1 BMP-2 expression

Immunohistochemistry staining was performed to evaluate
the expressions of BMP-2 and TGF-B1, two established
protein markers for osteogenesis, at the bone/implant
interface. The amount of the two protein markers were
represented by the intensity of the brown color.

100

I cp-Ti p=0.170

Ti-1
90| MEETI-10C
p=0.06

80

70

BIC (%)

p=0.156
60 -

50

404

Time Weeks

Fig. 6 Bone implant contact (BIC) at the bone/implant interfaces at
different time points (Color figure online)
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Fig. 7 Photomicrographs of BMP-2 expression at the interfaces
between the implants and the bone tissue after 1, 2, 3 and 4 weeks
postimplantation (x200). a, ¢, e and g samples with cp-Ti implant; b,

Figure 7 shows BMP-2 staining photomicrograph at the
bone/implant interface after different periods of implanta-
tion. Figure 8 shows MOD in BMP-2 expression at the

@ Springer

d, f and h samples with Ti-10Cu implants; a, b 1 week, ¢, d 2 weeks,
e, f 3 weeks, g, h 4 weeks

bone/implant interface after different periods of implanta-
tion. At week 1, strong positive activities were observed at
the interfaces in both cp-Ti group and Ti—10Cu group, and
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0.01
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BMP-2 . cp-Ti

I Ti-10Cu

p=0.00<0.05

MOD

p=0.996>0.05

£=0.219>0.05

1 2 3 4
Time (Week)

Fig. 8 MOD values of BMP-2 expression at the interface between
the implant and the bone tissue after different periods of implantation
(Color figure online)

the MOD value in Ti—10Cu group was significantly higher
than that in cp-Ti group (P < 0.05). At week 2, the positive
activities in both groups decreased significantly, but no
difference was observed between the groups. At week 3,
the positive activities decreased slight again, and no dif-
ference was observed between the groups. At week 4, the
positive activities increased again significantly in com-
parison with the values at week 2 and 3, but significant
difference was found between the groups (P < 0.05).

3.4.2 TGF-f1 expression

Figure 9 shows TGF-B1 staining photomicrograph at the
bone/implant interfaces after different periods of implan-
tation. Figure 10 shows MOD in TGF-B1 expression at the
bone/implant interface after different periods of implanta-
tion. A high TGF-B1 expression was observed at week 1 in
both cp-Ti group and Ti—10Cu group. Then, MOD value
decreased significantly at week 2, then increased at week 3
and week 4. However, no difference could be found in
TGF-B1 expression between cp-Ti group and Ti-10Cu
group at all implantation durations (P > 0.05).

4 Discussion

Titanium alloys have been widely used as orthopedic
implant materials and dental implants due to their good
biocompatibility, good corrosion resistance and good
mechanical properties. However, as stated in the intro-
duction section, bacterial infection after implant placement
is still a significant rising complication.

Previous studies on the antibacterial materials have
demonstrated that the high antibacterial property is closely
related to the Cu®" ion release concentration from alloys

[17]. Copper is an essential trace element that is vital to the
health of all living things (humans, plants, animals and
microorganisms). However, like all essential elements and
nutrients, too much or too little nutritional ingestion of
copper can result in a corresponding condition of copper
excess or deficiency in the body, each of which can lead to
tissue injury and disease. World Health Organization
(WHO) recommends the minimum acceptable intake of
copper approximately 1.3 mg/day. Study has shown that
the Cu®" ion concentration released from Ti—10Cu was
about 0.050 mg/L after 3 days immersion in 0.9 % NaCl
solution in vitro [6], which is much lower than the rec-
ommended value. In vivo research has indicated that Cu®"
ion concentration in blood was about 52-53 pg/dl
(0.52-0.52 mg/L) during 14 days postimplantation and no
difference was found before and after the implantation of
Cu-containing steel [9].

On the other hand, the high Cu®" jon concentration at
the implantation site may bring about influence to the
surrounding cells and tissues. In Li’s research, Cu(Il) ion
was used to prepare Cu substituted hydroxyapatite [18].
The release of Cu®" ion led to high antibacterial properties
but also cytotoxicity to cell line HFOB 1.19 although the
exact Cu ion concentration was not reported. Cortizo et al.
[19] tested Cu toxicity to URMI106 rat osteosarcoma and
MC3T3E1 osteoblast cell lines. They observed 40-50 %
decrease in surviving URMI106 or MC3T3El cells at
104 pg/mL Cu®" ion and all cells were dead by 48 h at
225 pg/mL.

Studies on dental alloys showed a trend that copper and
silver were the metal elements which induced cytotoxic
effects of the alloys [20]. Strong tissue reactions were
evoked after subcutaneous implantation of a Pd/Cu-alloy in
guinea pigs [21]. In dogs, copper-based crowns released
copper ion into the adjacent gingiva, which inflamed it
[21]. But in this research, we have not found a reliable way
to detect the Cu®" ion concentration around the implants.
Cp-Ti and Ti—10Cu were implanted into the body of rabbit
femur to evaluate the influence of Ti—Cu alloy to the
osseointegration. Other researchers used mechanical push
out test to evaluate the osseointegration of the implants,
which would yield more accurate data, and we would use
this method in later experiments.Our previous study has
confirmed that Cu®" ion released from Ti—10Cu alloy did
not cause cytotoxicity to MG63 and promoted ALP activity
of MG63 [7]. Recently, Ren’s results [4] indicated that
some gene expressions of osteoblasts (MG3T3-E1), such as
ALP, Col 1, OPN and Runx2, were all obviously increased
for the Cu-containing 317L steel in comparison with 317L
steel, indicating that Cu®" ion released from Cu-containing
317L could promote the process of osteogenesis. All these
results display that the bio-function of Cu®" ion is strongly
dependent on Cu?" jon concentration. The balance

@ Springer



265 Page 10 of 12

J Mater Sci: Mater Med (2015) 26:265

Fig. 9 Photomicrographs of TGF-P1 expression at the interfaces
between the implants and the bone tissue after 1, 2, 3 and 4 weeks
postimplantation (x200). a, ¢, e and g samples with cp-Ti implant; b,

between the antibacterial property and biocompatibility
will be very important for the development of Cu con-
taining antibacterial material.
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100 um

d, f and h samples with Ti—-10Cu implants; a, b 1 week, ¢, d 2 weeks,
e, f 3 weeks, g, h 4 weeks

In this paper, X-ray photo, fluorescent observation and
routine pathological examination clearly demonstrated that
good bone tissue response to cp-Ti implant and Ti-10 Cu
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Fig. 10 MOD values of TGF-B1 expression at the interface between
the implant and the bone after different periods of implantation (Color
figure online)

implant during up to 12 weeks implantation duration.
However, although cp-Ti groups showed slightly higher
MAR value and BIC value than Ti—-10Cu group at the
investigated intervals, no statistically significant difference
can be found between these two groups: the Cu®" ion
release neither promoted nor resisted bone response. This
result was different from Ren’s in vivo study [4], which
confirmed the enhancement of early osteogenesis on the
317L-Cu steel in both higher amount of new bones and
higher bonding force between the bone tissue and the steel
implant.

Numerous growth factors have been implicated in the
repair of fracture healing, so expressions of bone growth
factors can be used to evaluate osteogenesis at the bone/
implant interface. Among those growth factors, BMP-2
plays a crucial role in normal skeletal development as well
as bone healing, and is able to activate transcription of
genes involved in cellular migration, proliferation and
differentiation [22]. It was reported that endogenous BMP-
2 is an indispensable osteogenic stimulus for initiation of
fracture healing in mice. In addition, it is believed that
TGF-B1 stimulates osteogenesis, angiogenesis, fibroblast
migration, and deposition of matrix and has osteoinductive
properties [23, 24].

In the present studies, Ti—-10Cu group showed a signif-
icantly higher BMP-2 expression at week 1 and week 4
than cp-Ti group. But no difference could be found in
BMP-2 expression at week 2 and week 3 and in TGF-B1
expression at all intervals. No direct relationship between
copper ion and the bone repair has been established [25],
but copper has a close association and role in angiogenic
process and is known to initiate endothelial cells toward
angiogeneis [26-31]. BMP-2, a member of the morpho-
genetic proteins group and important mediator of osteo-
blast differentiation, is produced by the endothelium and
smooth muscles of the vessels [32]. And it could induce

neovascularization by activating endothelial cells, or
enhancing the synthesis of VEGF indirectly [33]. Dietrich
[34] has proven that angiogenesis similarly went before
osteosynthesis, regulated this process with the production
of BMP-2 and served as a scaffold for osteoblasts during
postnatal osteosynthesis in the mandible. These maybe the
causes of the significantly higher BMP-2 expression and
unchanged TGF-B1 expression in Ti—10Cu group, but we
couldn’t explain the decrease in BMP-2 expression at
weeks 2 and 3 in both groups, which would been illustrated
in the following experiment to clarify the relationship of
VEGF and BMP-2. The values of MAR, which decreased
with the increase of the implantation duration, indicated
that bone tissue grew fast at the beginning of the healing
process and slowed down by week 12, and this result was
aligned with the expression of BIC %, which increased
significantly in both groups with time. The mineral addition
rate decreased but the amount of new-formed mineralized
bone increased in both groups.

From the above results and discussion, the Cu®* ion
released from Ti—10Cu implant did not delay bone healing.
The stimulation of copper ion might benefit bone formation
in vivo. Ti—10Cu alloy has good bone biocompatibility as
cp-Ti, which brings no toxicity to the surrounding cell and
tissue and no delay to bone healing. The good bone
response of this alloy suggests that Ti—10Cu might be used
in the dental and orthopedic implants. However, there is
much research work to be done to assess the application
possibility.

5 Conclusion

There was significantly increased BMP-2 expression in Ti—
10Cu group at 1 and 4 weeks, and no difference in MAR,
BIC and TGF-B1 expression has been detected between cp-
Ti group and Ti—-10Cu group. Ti—-10Cu sintered alloy
exhibited as good bone biocompatibility as cp-Ti in vivo.
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