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Objective. A novel copper-bearing titanium alloy (Ti–Cu) was fabricated for dental application

that is expected to efficiently restrain the growth of bacteria and discourage biofilm forma-

tion. The aim of this study was to investigate both the antibacterial activity and biofilm

inhibition of Ti–Cu alloy in vitro, and the antibacterial effect of Ti–Cu implant in early stage

of  peri-implantitis in vivo.

Methods. Staphylococcus aureus and Escherichia coli were selected to evaluate the antibacterial

activity of Ti–Cu alloy and Ti served as control. The antibacterial rate, attached bacteria and

developed biofilms were studied from quantitative antibacterial test, biofilm observation

and bacterial morphological examination. Electrochemical tests were used to investigate the

corrosion property of Ti–Cu alloy. Furthermore, both Ti and Ti–Cu dental implants were man-

ufactured and then implanted in the mandibular premolar sites of beagle dogs for 3 months

with ligature-infected treatment. Implant-tissue samples were prepared for radiographic
Biofilm

Peri-implantitis

analysis, Micro-CT evaluation and histological examination.

Results. Ti–Cu alloy was found to efficiently kill the attached bacteria by ways of damag-

ing  cell membranes and cell walls and strongly inhibit the biofilm formation. However,

Ti–Cu  alloy had excellent corrosion resistance similar with Ti. Further, Ti–Cu dental implants
showed superior capacities of inhibiting the bone resorption caused by bacterial infection

and enhancing bone formation.
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Significance. Ti–Cu alloy strongly inhibited biofilm formation in vitro and prevented bacterial

infection associated with dental implant in vivo, making it great potential for application

in  dental implants with excellent antibacterial viability and positive effect against bone

resorption induced by peri-implantitis.

© 2018 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.
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.  Introduction

itanium (Ti) and its alloys are extensively applied in clinic
s preferred metallic medical materials due to their excellent
ombination of mechanical properties, corrosion resistance
nd biocompatibility [1]. However, titanium and its alloys are
nert materials in biological environment, i.e.,  they have less
ioactive functions, such as antimicrobial activity, promotion
f osteogenesis, etc. [2]. It has been known that the adherence
nd colonization of bacteria on the surface of implants can
ead to formation of biofilm, a firm layer composed of bacteria
ith the secreted glycoproteins and polysaccharides, which

an cause infection and inflammation like peri-implantitis
robably resulting in the failure of implantation [3]. Peri-

mplantitis inflammatory reactions have been detected in
bout 10% to 45% of dental implants within 10 years after
mplantation [4]. Therefore, peri-implantitis remains a per-
istent clinical problem without an easy treatment. It is an
nstinctive reaction for the bacteria to adhere on the surface
nd then form a biofilm for self-protection, which is a cycling
ynamic process [5]. An important characteristic of bacterial
iofilms is their innate resistances to both immune system
nd antibiotics [6,7]. Resistance to antibiotics of the bacte-
ia in a biofilm may improve 10–1000 times compared with
hat of planktonic bacteria [8]. It has been estimated that over
0% of bacterial infections currently treated in hospitals are
aused by the bacterial biofilm [5]. Therefore, by inhibiting the
ormation of biofilm on the surface of implant, it should be
n effective way to control the implant-associated infection
ncluding peri-implantitis.

Copper (Cu) has long been known as a necessary trace
lement in the human body, and shows excellent biologi-
al properties, such as anti-inflammatory, anti-microbial and
nti-proliferative properties [9]. Previous researches have con-
rmed the favorable antibacterial ability of copper-containing
oatings. Li et al. prepared a Cu-containing bioactive glass
ano-coating with uniform nanostructure on natural eggshell
embrane (Cu-BG/ESM) that improved osteogenesis, angio-

enesis and antibacterial activities of the material [10].
 Ti–Cu coated layer on 316L stainless steel (316L-SS)
as fabricated to improve the antibacterial activity, corro-

ion and tribological properties [11]. Longevity and safety,
owever, are the main concerns for clinical adoption [7].
acterial contamination may occur not only peri-operatively
ut also hematogenously later during the life time of the

mplant [12,13]. This problem cannot be circumvented by
oating with a releasing strategy because the antibacte-
ial agent or antibacterial ions in the coating would run

ut eventually [14]. Therefore, it is of vital importance to
evelop the integral antibacterial materials by immobiliz-

ng antibacterial agent into materials for long-term effective
antibacterial activity. A proper incorporation of Cu into stain-
less steel through the material melting has been reported
to be an effective way to develop the integral antibac-
terial stainless steels with excellent antibacterial activity
[15,16].

Meanwhile, there have some studies in terms of antibac-
terial Ti–Cu sintered alloys with the microstructure of
�-transform phase [17,18]. However, the plasticity of the
above Ti–Cu alloys would be not enough to machine dental
implant and then difficult to gain application in clinic. Con-
sidering this, equiaxed � phase Ti–Cu alloys with optimized
microstructure and mechanical property were obtained after
optimizing heat treatment. Based upon this work, our pre-
vious in vitro study [19] proved that Ti–Cu had antibacterial
and anti-bioflm ability against oral bacterial strains of Por-
phyromonas gingivalis (P. gingivalis) and Streptococcus mutans (S.
mutans). Consequently, the aim of the present work was to fur-
ther and systematically evaluate the antimicrobial activity of
Ti–Cu alloy from both in vitro and in vivo tests. Various prop-
erties were assessed in vitro by using Staphylococcus aureus and
Escherichia coli, including bacteria adhesion, cell morphologi-
cal change, structure and viability of the biofilm on Ti–Cu alloy
as well as the antibacterial activity. In addition to this, Ti–Cu
implants were fabricated and a modified peri-implantitis dog
model was established in order to evaluate the antibacterial
activity of Ti–Cu alloy dental implant in vivo by means of X-ray,
Micro-CT and histological assessment.

2.  Material  and  methods

2.1.  Material  preparation

A Ti–Cu alloy with 5 wt.% Cu content was prepared in a vac-
uum consumable furnace from high purity Ti and Cu. The
ingot was initially re-melted three times and hot forged to bar
with 40 mm in diameter and then heat treated at 850 ◦C for 2 h
followed by cooling in furnace.

For Cu ion release test and in vivo bacterial-related tests,
including quantitative antibacterial test, SEM observation,
biofilm staining assay and TEM observation, Ti–Cu alloy and
commercially pure Ti were machined to small samples with
diameter of 10 mm and thickness of 2 mm.  Samples were fur-
ther ground with SiC paper up to 2000 grit, washed by acetone,
ethanol and sterile deionized water, dried by warm air, and
finally disinfected by ultraviolet light prior to experiments.

Samples for electrochemical tests were cut with diameter
of 10 mm and thickness of 5 mm and linked up with a copper
wire at the back. Every sample was put into a polymer sam-

ple holder with only one side of 20 mm in diameter exposed
and then mounted in epoxy resin that covered the entire back.
Before test, samples need to be polished with SiC paper up to
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2000 grit, and ultrasonically cleaned with acetone, ethanol and
sterile deionized water successively.

2.2.  In  vitro  tests

2.2.1.  Bacterial  culture
Considering the wide clinic applications of Ti–Cu such as
orthopedics, the two classic strains of implant associated
infections, Staphylococcus aureus (S. aureus,  ATCC 25923) and
Escherichia coli (E. coli, ATCC 25922), provided by Guangzhou
Institute of Microbiology, China, are chosen in this article to
evaluate the antibacterial ability of Ti–Cu. The strains were
cultured in LB medium (5 g/l beef extract, 10 g/l peptone and
5 g/l NaCl, pH 7.2–7.4) and LB agar plates (20 g/l LB medium
and 20 g/l agar powder). A series of bacterial suspensions with
concentrations of 103–108 CFU/ml using sterile PBS buffer or
LB medium were prepared for experiments.

2.2.2.  Quantitative  antibacterial  test
According to ISO 10993-5: 2009 standard, the contacting test
was conducted to evaluate the antibacterial and anti-biofilm
abilities of the Ti–Cu alloy [20]. A drop (50 �l) of bacterial sus-
pension with a concentration of 106 CFU/ml was put onto the
surface of the samples including Ti as the control group and
the experimental Ti–Cu alloy group. After culturing at 37 ◦C
and 90% relative humidity for 2, 6, 12 and 24 h, the samples
with the suspension were vortexed with 2 ml  sterile PBS buffer
sufficiently. After that, 50 �l of the washed liquid was spread
onto the counting agar plates and then incubated at 37 ◦C
for 24 h at least. Then these plates were photographed and
bacterial colony number was counted. Finally, the bacterial
concentration on the samples after co-culture (N, CFU/ml) was
calculated by Eq. (1) while the antibacterial rate (R) by Eq. (2)
[21], R ≥ 99% meaning strong antibacterial activity and R ≥ 90%
antibacterial activity.

N = C × d × 1000/l (1)

R = (Ncontrol − Nmaterial)/Ncontrol × 100% (2)

In Eq. (1), C means average colony count in the plates, d
means dilution factor and here d = 41, while l is the volume of
the bacterial suspension on the samples and here l = 50. In Eq.
(2), Ncontrol and Nmaterial are the average colony counts for the
control (Ti) and Ti–Cu samples, respectively. Three samples
were used in this experiment (n = 3).

2.2.3.  SEM  observation
Ti–Cu alloy and Ti as control were incubated with 800 �l bac-
terial suspension (106 CFU/ml). After incubation for various
time points, the samples with biofilm formation were lightly
rinsed three times in PBS, fixed with glutaraldehyde (2.5% v/v)
at 4 ◦C overnight, washed with PBS, and then dehydrated in
a series of ethanol solutions (50%, 60%, 70%, 80%, 90%, 95%
and 100%) for 10 min  each. Finally the samples were dried

at room temperature for 24 h at least and sputtering-coated
with gold. The biofilms were observed on a scanning elec-
tron microscope (SEM, Phillips XL30FEG, Netherlands). Three
samples were used in this experiment (n = 3).
 ( 2 0 1 8 ) 1112–1126

2.2.4.  Bacteria  dead/live  assay
To further analyze the viability of the adhered bacteria and the
formation of biofilm on the surfaces, the LIVE/DEAD Bacterial
Viability Kit (Invitrogen Inc., USA) was used, which included
two stains, SYTO-9 labeling live cells green whereas PI (pro-
pidium iodide) labeling dead cells red. Prior to staining, Ti–Cu
alloy and Ti as control were incubated with 800 �l bacterial
suspension (107–108 CFU/ml) for 24 h. According to the speci-
fication, the biofilm formed on samples was washed thrice by
PBS and then stained with 50 �l of the mixed staining solution
(SYTO-9:PI:PBS = 3:3:1000) for 15 min  in darkness. Afterwards,
the samples were observed under a confocal laser scanning
microscopy (CLSM, Olympus FV10-ASW, Japan) and the images
were obtained with a ×20 objective. The images were then
quantitatively analyzed using the software ImageJ and three-
dimension imaging was reconstructed by using the NIS Viewer
software. Three samples were used in this experiment (n = 3).

2.2.5.  Fluorescence  microscopy
The fluorescence microscopy technique was implemented to
investigate surface coverage by bacteria and EPS (both proteins
and polysaccharides). After biofilm developed on the surfaces
of Ti and Ti–Cu for 24 h, surfaces were stained with DAPI (4′,6-
diamidino-2-phenylindole), SYPRO tangerine, and Alexa 633
conjugated concanavalin A (ConA-Alexa 633), respectively. To
remove planktonic cells and loosely-attached biofilms, the
samples need to be rinsed with PBS initially. Then, they were
stained with DAPI (50 �l of 1 mg/ml  stock solution) for 15 min
in dark. Next ConA (50 �l of 0.05 mg/ml  solution) was used
to stain polysaccharides for another 15 min  in dark. Subse-
quently, samples were stained with SYPRO tangerine (50 �l of
50 �l/ml solution) to label the protein portion of the EPS. The
samples were gently rinsed in PBS after each step. After stain-
ing, fluorescence micrographs were taken to obtain images.
Surface coverage data was extracted from the images and
quantitatively analyzed using ImageJ software. Three samples
were used in this experiment (n = 3).

2.2.6.  TEM  observation
Transmission electron microscope (TEM) was used to exam-
ine the intracellular changes in the two bacterial strains. After
24 h of co-culture, the biofilm formed on samples were washed
twice with PBS and then centrifuged at 3000 rpm for 5 min.
The pellets were separately fixed with 2.5% v/v glutaralde-
hyde at 4 ◦C for at least 2 h. The samples were then washed
with dimethyl sodium arsenate buffer three times and the
pellets were fixed in 1% (wt/vol) osmium tetroxide (OsO4) at
4 ◦C for 1.5 h. Cells were then dehydrated with an ascend-
ing concentrations of ethyl alcohol (50%, 70%) and acetone
(80%, 90% and twice of 100%) for 15 min  each. Dehydrated
samples were then embedded in paraffin wax and thin sec-
tions (approximately 60 nm)  were cut using an ultramicrotome
(PowerTome-PC; RMC, USA). These obtained sections were
sequentially placed on the copper net and stained with 4%

uranyl acetate and Reynolds’ lead citrate. Finally the samples
were viewed on a TEM (TECNAI G2, Electron Optics, USA) at
80 kV in high-vacuum mode. This experiment was carried out
in triplicate (n = 3).

https://doi.org/10.1016/j.dental.2018.04.007
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.3.  Electrochemical  test

he potentiodynamic polarization curve was measured at
7 ± 0.5 ◦C on an Autolabpotentiostat-galvanostat (Reference
00, Gamry Instruments Inc., USA). The samples were put
s the working electrode and a platinum plate electrode
10 mm × 10 mm × 1 mm)  was used as the counter electrode,
nd the saturated calomel electrode (SCE) was used as the
eference electrode. Working electrode and electrolyte (0.9%
m/v) NaCl solution with pH 7.2, used to simulate the human
ody fluid) were renewed before start of tests and all the
amples were tested after the EOCP was stabilized. Potentio-
ynamic measurements were performed at a scanning rate
f 0.5 mV/s starting from −0.5 V to 2.0 V (SCE). Each test was
onducted for three times (n = 3).

.4.  Cu  ion  release

ccording to the ISO 10993-12 standard [22], the Cu2+ released
rom Ti–Cu alloy for various periods of time was monitored in

◦
.9% NaCl solution at 37 C with a ratio of solution/sample sur-
ace area of 1.25 cm2/ml. The concentrations of released Cu2+

f each harvested sample at 2, 6, 12 and 24 h were determined
y inductively coupled plasma mass spectrometry (ICP-MS,

ig. 1 – Experimental design for in vivo animal tests: (a) implant 

ength of 10 mm;  (b) clinical photograph illustrating the implants
1–R2 are the left- and right-mandible implant sites; (d) clinical s
reatment, two implants were  installed on each side of the mand
 0 1 8 ) 1112–1126 1115

Thermo, USA). Three samples were used for every time point
in this experiment (n = 3).

2.5.  In  vivo  tests

2.5.1.  Implant  preparation
Ti–Cu dental implants with 3.5 mm in diameter and 10 mm in
length were successfully machined according to the design as
shown in Fig. 1a, which is the first Ti–Cu alloy dental implant in
the world as shown in Fig. 1b. Meanwhile, Ti implants as con-
trol were also machined as per the Ti–Cu implant. Then, all the
implants were orderly cleaned with acetone, deionized water
and ethyl alcohol under ultrasonic condition. Each implant
was individually packaged, sterilized with ethylene oxide and
stored at room temperature. Eight implants were used in this
experiment (n = 8).

2.5.2.  Surgical  procedures
The experimental protocol was approved by the Animal
Care Committee, General Hospital of Shenyang Military Area.
The subjects were 4 male beagles (1-year-old, 13–16.5 kg).

Each underwent bilateral extraction of mandibular premo-
lars and first molars. Three months later, each dog had 2
implants placed on each side of the mandible in the healed
extraction sites. After sedation with acepromazine (0.17 mg/kg

device: screw-shaped Ti implant, diameter of 3.5 mm,
 used in the study; (c) dog mandible diagram: L1–L2 and
ituation after the implantation and ligature-induced
ible.

https://doi.org/10.1016/j.dental.2018.04.007
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body weight), the dogs were anesthetized with 21.5 mg/kg
thiopental-sodium. For all the surgical procedures, inhala-
tion anesthesia was administered using oxygen and nitrous
oxide and isoflurane. A full-thickness flap was elevated, and
four external hexed and screw-type custom-made implants,
3.5 × 10 mm with a 1.8 mm high collar segment, were inserted
into the edentulous area on each side (Ti in left, Ti–Cu in right,
marked as Fig. 1c). Implants were placed by using a standard
method and each was implanted to a similar depth with the
coronal margin at the level of the alveolar bone crest (Fig. 1b).
Each implant was connected with a 3-mm custom-made abut-
ment and flaps were sutured through the abutments. Then, on
each side of the mandible, cotton floss ligatures were placed
around the abutments (Fig. 1d) to promote plaque accumula-
tion and induce plaque-associated peri-implant inflammation
according to a method described previously [23,24]. Ligatures
were secured apically to the prominence of the abutment,
maintaining contact with the peri-implant mucosal margins
for 3 months. Meanwhile, a high-sugar soft diet (500 g/per
dog/day) was made after surgery. Dogs were sacrificed 3
months after ligature placement by an intravenous lethal over-
dose of sodium pentobarbital injection. Mandible tissue blocks
were separated and immersed in 10% formalin.

2.5.3.  Radiographic  analysis
In the beginning and 3 months after the surgery, sets of
radiographs were obtained respectively. The radiographs were
analyzed using an Olympus SZH10 stereo macroscope (Olym-
pus, Tokyo, Japan) and digital images were obtained with a
Leica DFC280 camera (Leica, Wetzlar, Germany). The vertical
distance from the implant shoulder to the marginal bone level
was assessed at the mesial and distal aspects of each implant
using the QWin software (Leica Qwin Standard V3.2.0, Leica
Imaging Systems Ltd., Cambridge, UK). Three months after
implantation, the experimental peri-implantitis was initiated.

2.5.4.  Micro-CT
After the mandibles were removed and stored in the fixa-
tive, the implants were scanned by local micro-computed
tomography (Inveon, Siemens, Germany) at a scanning res-
olution of 14.97 �m to evaluate the changes in peri-implant
tissue including trabecular thickness (Tb.Th), trabecular num-
ber (Tb.N), trabecular separation (Tb.Sp), bone surface/bone
volume (BS/BV), and bone volume/total volume (BV/TV). The
regions of interest, including the trabecular compartment
around implant, were selected. The trabecular compartment
region was defined as a ring with a radius of 0.5 mm from the
implant surface.

2.5.5.  Histomorphometric  and  histological  analysis
After Micro-CT imaging, the specimens were immersed in
10% buffered formalin solution at room temperature (25 ◦C).
Then the tissue blocks containing the implant and the sur-
rounding soft and hard tissues in a mesial-distal direction
were dissected using a diamond saw (Exakts, Kulzer, Germany)
and processed for ground sectioning according to the meth-

ods described by Donath and Breuner [25]. Subsequently each
implant in the blocks was sectioned in the bucco-lingual plane
and two sections of each implant were prepared. All the sec-
tions were reduced to a thickness of 20–30 �m by grinding
 ( 2 0 1 8 ) 1112–1126

and polishing using a micro-grinding unit (Exacts Cutting, Sys-
tem, Apparatebau Gmbh, Germany) and stained by a Masson’s
trichrome staining kit. The histological examinations were
performed using a camera with 1× magnification and a Leica
DM-RBE microscope (Leica, Heidelberg, Germany) with 100×
magnification. The bone-implant contact (BIC, %) ratio and
bone resorption values were identified and used for the lin-
ear measurement [26]. BIC was calculated as the ratio of the
length of the implant profile in direct contact with the bone
surface to the total length of the implant profile. Bone resorp-
tion ratio was calculated as the ratio of the length of the bone
resorption to the total length of the implant profile.

2.6.  Statistical  analysis

All the experiments were carried out in triplicate and three
parallel samples were performed in every experiment (n = 3)
except for the in vivo tests (n = 8). For each set, the relevant
data was summarized as the mean standard deviation. Statis-
tical significance was determined using SPSS 13.0 (SPSS Inc.,
Chicago, IL). The results were considered statistically signifi-
cant at *p ≤ 0.05, **p ≤ 0.01 and ***p  ≤ 0.001.

3.  Results

3.1.  Antibacterial  activity

Fig. 2a shows the bacterial colony growth on the surfaces of
the Ti–Cu alloy and the control Ti after culturing with bac-
teria for 2, 6, 12 and 24 h. Fig. 2b and c represents the exact
concentration (CFU/ml) of the bacteria on different samples at
corresponding culturing time points as shown in Fig. 2a. Fig. 2b
shows the concentration of S. aureus at different culturing time
points. The concentration of alive S. aureus on the surface of
Ti maintained around 7 × 105 CFU/ml before 6 h and decreased
slightly to 6 × 105 CFU/ml from 6 h to 24 h. While the concen-
tration of S. aureus on the surface of Ti–Cu alloy decreased
sharply within 24 h as shown in Fig. 2b from 7 × 105 CFU/ml
to 3.5 × 103 CFU/ml. The same situation occurred for E. coli as
shown in Fig. 2c. The results of Fig. 2b and c indicated that
after 24 h co-culture, the CFU counts for Ti were at least 2 logs
more than Ti–Cu towards either S. aureus or E. coli. Meanwhile,
the antibacterial rate of Ti–Cu alloy at various co-culturing
time points are plotted in Fig. 2d. The Ti–Cu alloy has already
presented certain antibacterial effect at 6 h with antibacterial
rates of 72% and 69% against S. aureus and E. coli, respec-
tively. Moreover, at 12 h, the antibacterial rates achieved to 80%
and 96% respectively against two species. Finally at 24 h, the
antibacterial rates against both S. aureus and E. coli all reached
up to 99%. The above results indicated that Ti–Cu alloy pos-
sessed satisfied antimicrobial activity against both S. aureus
and E. coli.

3.2.  Biofilm  formation
Photos of adhered bacteria on the surfaces of Ti and Ti–Cu alloy
at certain culturing time points are shown in Fig. 3. Numer-
ous bacteria adhered on the surface of Ti and the amount was
increasing from 2 h to 24 h, then the biofilm was formed finally.

https://doi.org/10.1016/j.dental.2018.04.007
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Fig. 2 – Antibacterial effects of materials co-cultured with S. aureus and E. coli for 2, 6, 12 and 24 h, respectively: (a) typical
bacteria colonies on Ti and Ti–Cu for 2, 6, 12 and 24 h; (b) dependence of S. aureus concentration on the reaction time with Ti
and Ti–Cu respectively; (c) dependence of E. coli concentration on the reaction time with Ti and Ti–Cu respectively; (d)
a  resp
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ntibacterial rates of Ti–Cu alloy against S. aureus and E. coli

owever, only scattered bacteria on the surface of Ti–Cu could
e observed during the whole culture time of 24 h. Mean-
hile, there was no trend of biofilm formation on the surface
f Ti–Cu. Consequently, Ti–Cu could reduce the adhesion of
acteria on its surface, no matter S. aureus or E. coli.

Fig. 4 shows the cell morphology observed by SEM with
igher magnification. The S. aureus and E. coli cells on the sur-

ace of Ti had normal and complete morphologies (Fig. 4a and
, white arrows indicating normal cells and black arrow indi-
ating intercellular substance), while some cells on the surface
f Ti–Cu were abnormal. For instance, some bacteria were
hriveled as arrowed in Fig. 4b and some were disappearing
s arrowed in Fig. 4d.

.3.  Bacterial  viability

ig. 5 shows dead/live bacteria staining on the surfaces of Ti

nd Ti–Cu alloy. In order to further examine the biofilm for-
ation, bacteria suspension with a high concentration were

sed to promote the adherence on the surface of the sam-
les. In Fig. 5a, there was a large amount of viable bacteria
ectively.

stained as green on Ti surface but a minor quantity of green
staining was observed on Ti–Cu alloy compared with Ti. Sig-
nificant increase of dead bacterial count (red) was visualized
on the surface of Ti–Cu as compared to Ti for both S. aureus
and E. coli. The numbers of sessile live and dead cells were
quantified from the average of 10 sets of CLSM images using
the ImageJ software as shown in Fig. 5b and c, and the results
are in agreement with the above conclusion.

A NIS-Elements viewer software was used to perform
the three-dimensional reconstruction, and the reconstruction
graphs are shown in Fig. 5a, which further supports the results
from the above CLSM observations. In Fig. 5d, S. aureus biofilm
formed on Ti exhibited a thickness of 18 �m,  whereas 16 �m on
the Ti–Cu surface. More obvious result was that E. coli biofilm
formed on Ti exhibited a thickness of 24 �m,  however 10 �m
on Ti–Cu surface.
3.4.  EPS  (both  proteins  and  polysaccharides)  in  biofilm

To investigate surface coverage by bacterial cells and EPS (both
proteins and polysaccharides) in the biofilm, samples with

https://doi.org/10.1016/j.dental.2018.04.007
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s of 
Fig. 3 – SEM morphologies of S. aureus and E. coli on surface

biofilm were examined by a fluorescence microscope. And the
results are listed in Fig. 6. It revealed that the formation of
biofilm is heterogenous and the level of surface coverage by
biofilms is different between Ti and Ti–Cu. It is obvious that
the biofilms formed on Ti are more  populous of the cells and
the associated EPS is more  massive. While, the polysaccha-
ride and protein contents of the biofilm on Ti–Cu surface is
lower than that of Ti. Furthermore, S. aureus biofilms covered
the Ti surface to a higher extent (16% surface coverage for bac-
teria, 8% surface coverage for polysaccharides and 9% surface
coverage for proteins) compared to Ti–Cu (4% surface coverage
for bacteria, 1% surface coverage for polysaccharides and 0.4%
surface coverage for proteins). And E. coli biofilms covered the
Ti surface to a higher extent (31% surface coverage for bacteria,
20% surface coverage for polysaccharides and 14% surface cov-
erage for proteins) compared to Ti–Cu (4% surface coverage for
bacteria, 1.6% surface coverage for polysaccharides and 0.5%
surface coverage for proteins).

3.5.  Morphological  change
In order to further confirm the antimicrobial ability and ana-
lyze the antibacterial mechanism, individual bacteria cultured
for 24 h on the surface of samples were observed by means of
TEM. There were no cell membrane change and any notable
Ti and Ti–Cu alloy after co-cultured for 2, 6, 12 and 24 h.

rupture for S. aureus after co-cultured with Ti as shown in
Fig. 7a (indicated by white arrow), and meanwhile the cells
clearly showed unanimous electron density, suggesting that
the cells were in a healthy and normal condition. In contrast,
S. aureus morphology changed remarkably after incubated on
the surface of Ti–Cu alloy, as shown in Fig. 7b–d. Fig. 6b demon-
strates that the bacterial cellular contents released into the
surroundings and hence led to lower electron density as indi-
cated by red arrow. Meanwhile, messy distributed electrons
around the broken cells were also obviously observed as indi-
cated by arrows. In other cells, the cell walls were seriously
damaged with irregular cell shape and fuzzy boundary as
arrowed in Fig. 7c. As described in Fig. 7d, S. aureus on the sur-
face of Ti–Cu was shrinking, and cytoplasm membranes have
been separated from the cell wall as arrowed in Fig. 7d.

Similar morphological changes of E. coli also appeared.
Cells with the normal cytoplasm membrane of E. coli co-
cultured with Ti are shown in Fig. 7e, and cells with Ti–Cu
alloy are shown in Fig. 7f–h. Some tightly condensed sub-
stances are clearly visible in the center of the electron-light
region (Fig. 7f) after co-cultured with Ti–Cu alloy. They were

twisted together in the center of the electron-light region,
like a twisted string. Meanwhile, cell cytoplasm membrane
appeared to be detached from the cell wall as arrowed in Fig. 7f.
In Fig. 7g, the cell walls were dissolved and damaged together

https://doi.org/10.1016/j.dental.2018.04.007
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Fig. 4 – SEM morphologies of S. aureus (a and b) and E.coli (c and d) on surfaces of Ti and Ti–Cu after co-cultured for 24 h
u

w
b
h
d

3

F
a
t
p
t
d
T
l
c
f
o
t
T

3

T
a
a

nder a high magnification.

ith cell shrinkage and fuzzy boundary. While in Fig. 7h, it can
e seen that some cells have been out of shape and some cells
ollow resulted from the outflow of cytoplasm, all indicating
eath of the bacterial cells.

.6.  Corrosion  behavior

ig. 8a shows the potentiodynamic polarization curve of Ti–Cu
lloy in 0.9% (m/v) NaCl solution. The corrosion current densi-
ies (Icorr) were obtained from the polarization curves by Tafel
lots using both cathodic and anodic branches of the polariza-
ion curves. In Fig. 8a, it can be found that corrosion current
ensity Icorr of Ti–Cu alloy was higher than Ti, meaning that
i–Cu alloy is easier to develop uniform corrosion. However, a

ong passivation stage was observed in the potentiodynamic
urve of Ti, indicating that a good passivation protection was
ormed on the surface of Ti. A long passivation stage was also
bserved in potentiodynamic curve of Ti–Cu, indicating that
he addition of Cu did not destroy the passivation ability of
i–Cu alloy.

.7.  Cu  ion  release
he amount of Cu ion released from the surface of Ti–Cu
lloy was measured by ICP-MS. The concentrations of released
mount of Cu ion at different time points are presented in
Fig. 8b. The result shows that the released amount of Cu ion
within 24 h was 3 �g/l.

3.8.  Radiographic  analysis

In the beginning after implantation, as shown in Fig. 9a, the
Ti and Ti–Cu dental implant shoulders and the marginal bone
were at the same level as pointed by white arrows. While at
3 months, the distance between the implant shoulder and
the marginal bone site, representing level of bone resorption,
was increased, as shown in Fig. 9b, white arrow indicating
the bone level and red arrow indicating the bone resorption.
This indicates that the bacterial infection model around all
the implants was successfully established and therefore bone
resorption caused by bacterial infection was developed. Mean-
while, it can be found that the bone defect extended to the root
of Ti implant, but only to the first thread of Ti–Cu implant, as
shown in Fig. 9b.

The mean bone resorption values measured by X-ray
photography also indicated significant difference between
Ti and Ti–Cu implants. The bone resorption of Ti implant

was up to 6.91 ± 0.60 mm,  whereas that of Ti–Cu implant
was only 1.96 ± 0.84 mm,  meaning that the Ti–Cu implant
could effectively reduce the bone resorption compared to Ti
implant.

https://doi.org/10.1016/j.dental.2018.04.007
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Fig. 5 – Fluorescent images and quantitative results of S. aureus and E. coli on surfaces of Ti and Ti–Cu after incubation at
37 ◦C for 24 h: (a) images of live bacteria (green) and dead bacteria (red) on surfaces of Ti and Ti–Cu; (b) quantity of live
bacteria on the surfaces; (c) quantity of dead bacteria on the surfaces; (d) thickness of S. aureus and E.coli biofilm on the
surfaces. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

3.9.  Micro-CT  analysis

Micro-CT images showed the implantation sites and clearly
depicted the osseointegration of Ti–Cu dental implants. The
profiles in Fig. 9c indicate clearly that after the ligature-
induced infection for 3 months, both Ti and Ti–Cu implants

appeared angular resorption at implant shoulders caused by
bacterial infection. But the resorption depth of Ti–Cu implant
was far below that of Ti implant, as pointed by red arrows
and red lines. Meanwhile, it was obviously observed that there
was close contact between Ti–Cu dental implant and bone tis-
sue meaning satisfied osseointegration. However, there was
significant gap between Ti implant and bone tissue demon-
strating a poor osseointegration. The white dotted line in
Fig. 9c indicates the position of the planforms in Fig. 9d which

also obviously shows that the peri-implant bone was closely
connected to the Ti–Cu implant but it was far away from Ti
implant.

https://doi.org/10.1016/j.dental.2018.04.007
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Fig. 6 – Representative fluorescence microscopy images and quantitative results: (a) images showing cells (blue), proteins
(red) and polysaccharides (green) content of biofilms on the surface of Ti and Ti–Cu alloy; (b–d) surface coverage by alive
bacteria, polysaccharides and protein. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 1 – Parameters of trabecular regions selected around the implants of two groups after 3 months implantation.
BV/TV: bone volume/total volume; BS/BV: bone surface/bone volume; Tb.Th: trabecular thickness; Tb.N: trabecular
number; Tb.Sp: trabecular separation.

Sample BV/TV (%) BS/BV Tb.Th (mm)  Tb.N (1/mm)  Tb.Sp (mm)

0.1
0.2

w
w
i
(
c
r
b

Ti 34.00 ± 3.41 15.58 ± 4.83 

Ti–Cu 56.95 ± 3.37 8.86 ± 2.11 

In Table 1, BV/TV of the Ti–Cu implant was 56.95% which
as much higher than that of Ti implant (34.00%). Mean-
hile, the thickness of the newly  formed bone surrounding the

mplants (Tb.Th) was obviously higher for the Ti–Cu implant
0.226 mm)  than that of Ti (0.128 mm).  The results of Micro-CT

ould prove that the Ti–Cu implant not only reduced bacte-
ial infection and bone resorption but also stimulated the new
one formation.
28 ± 0.03 2.65 ± 0.04 0.249 ± 0.02
26 ± 0.04 2.52 ± 0.05 0.171 ± 0.03

3.10.  Histological  examination

Fig. 10a and b shows full pictures of Ti and Ti–Cu implant-
bone histological sections, which is well consistent with the
result of Micro-CT. The bone resorption around Ti implant,

represented by the distance between the implant shoulder
and the marginal bone site, is much more  serious than that
of Ti–Cu, and meanwhile there was almost no bone bonding

https://doi.org/10.1016/j.dental.2018.04.007
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Fig. 7 – TEM micrographs of inner structures of S. aureus and E. coli, (a) S. aureus treated with Ti; (b–d) S. aureus treated with
Ti–Cu alloy; (e) E. coli treated with Ti; (f–h) E. coli treated with Ti–Cu alloy. White arrows indicate normal cells, and red arrows
indicate damaged cells with lysis, irregular shape, perforated hollow structure, and scratched cell membrane. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8 – (a) Potentiodynamic polarization curves of Ti and Ti–Cu alloy immersed in 37 ◦C 0.9% (m/v) NaCl solution; (b)
in 37
cumulative Cu ions concentration released from Ti–Cu alloy 

between bone and Ti implant as compared to Ti–Cu implant,
meaning that the implantation of Ti failed within 3 months.
However, the Ti–Cu implant showed wonderful bone bonding
and only slight bone resorption. In order to investigate the
degree of bone integration in an accurate quantitative man-
ner, the bone-implant contact (BIC) rate of the Ti and Ti–Cu
implants were measured respectively. The result showed that
Ti–Cu implant had higher BIC rate (39.1 ± 2.2%) than Ti implant

(7.3 ± 3.6%). This also proved that Ti–Cu implant had stronger
osseointegration ability than Ti. Meanwhile, Ti–Cu implant
appeared a lower bone resorption ratio (22.7 ± 10%) than Ti
◦C 0.9% (m/v) NaCl solution.

implant (61.3 ± 16.5%), which is consistent with the results of
X-ray and Micro-CT.

In order to further examine the interface between bone and
implant, the rectangle areas in Fig. 10a and b were magnified,
as shown in Fig. 10a-1 and b-1. A large area of blue stain-
ing, which indicates newly formed trabecular bone tissue, was
observed in the histological sections of both implants threads
(the black area in Fig. 10a-1 and b-1). Red arrows in the pic-

tures show the borderline between the old (original bone: OB)
and the newly formed bone (NB) on the dental implant sur-
faces. However, for the Ti implant, Fig. 10a-1 shows that the

https://doi.org/10.1016/j.dental.2018.04.007
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Fig. 9 – (a) Radiographs illustrating the bone level at the implants at 0 month (at the time of ligature placement) and (b) 3
months (at the time of mandible movement), white arrows indicate the marginal bone levels; (c) Micro-CT profiles of Ti and
Ti–Cu implants, red arrows and red lines indicate the sections of bone resorption; the white dotted lines indicate the
position of the planforms; (d) Micro-CT planforms of Ti and Ti–Cu implants. (For interpretation of the references to color in
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rabecular bone was organized with less new bone formation
nd the new formed bone had never direct contact with the
mplant, and meanwhile connective tissue (CT) was located
etween the bone and implant. In Fig. 10b-1, around the Ti–Cu

mplant, it was demonstrated that the trabecular bone was
ompactly organized with more  new bone formation and the
ewly formed bone closely contacted with the Ti–Cu surface.

.  Discussion

u is famous for its antimicrobial ability, thus is often immo-
ilized into biomaterials to play antibacterial role [10,27,28].
ecently, proper addition of Cu into currently used medical
etals, instead of surface modification, including Cu-bearing

itanium with antimicrobial activity due to the release of Cu
ons from its surface, are springing up vigorously [19,29,30].
owever, lower Cu content could not offer the material excel-

ent antibacterial property [31], whereas a higher Cu content
ay affect the mechanical properties and deteriorate the

iocompatibility of the material, although an excellent antimi-
robial activity could be obtained. Optimization of Cu amount
n Ti–Cu have done in our previous studies in order to maintain

he original excellent mechanical properties and biocompat-
bility of Ti meanwhile with satisfied antimicrobial ability,

hich turned out that 5 wt.% of copper is the best. Based
pon this, a Ti-5Cu alloy was fabricated and the results from
s article.)

gene expression, biofilm growth observation, bacterial viabil-
ity measurement and morphological examination of bacteria
revealed antimicrobial and anti-biofilm activities of Ti–Cu
alloy against the oral specific bacterial species, S. mutans and P.
gingivalis [19]. Consequently, the aim of this work is to further
evaluate the anti-biofilm and anti-infective function effects of
this novel Ti–Cu alloy from both in vitro and in vivo studies.

The results of quantitative antibacterial test indicated that
Ti–Cu alloy reached antibacterial rates of 96.8% against E. coli
and 80% against S. aureus after 12 h cultured and at 24 h, the
antibacterial rates against both S. aureus and E. coli all reached
up to 99%. Meanwhile, the SEM images and dead/live stain-
ing results further indicated that Ti–Cu alloy could inhibit
the bacteria adhesion and then greatly reduce the formation
of biofilm. Furthermore, as is well-known, the extracellular
polymeric substance (EPS) forms on bacterial surfaces and
provides binding sites for microorganisms, and subsequently
the exopolysaccharide in the biofilm increases biofilm stability
and structural integrity. The most driven force toward biofilm
thickness and architecture is the extracellular matrix. Results
in this paper showed that EPS including proteins and polysac-
charides in the biofilms was significantly different between Ti
and Ti–Cu alloy. And the polysaccharide and protein contents

of the biofilm on Ti–Cu surface is greatly lower than that of Ti,
meaning that Ti–Cu alloy could have effects on the EPS prod-
uct in the biofilm and then greatly reduce the formation of
biofilm. However, the release amount of Cu ions from Ti–Cu

https://doi.org/10.1016/j.dental.2018.04.007
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Fig. 10 – Histological observations of Ti implants (a) and Ti–Cu implants (b) at 3 month implantations, black sections stand
for the implants, and blue violet sections stand for bone; (a-1) and (b-1) histological appearance within the implant grooves,
red short arrows show the borderline between the old original bone and the newly formed bone, black sections stand for

ve ti
is art
the implants, and blue sections stand for bone. CT: connecti
figure legend, the reader is referred to the web version of th

alloys in the biological environment indicated a trace level
of 0.003 �g/ml within 1 day. Electrochemical tests further con-
firmed that the release amount of Cu ions from Ti–Cu alloy
should not be large due to its excellent corrosion resistance.
However, it is acceptable that the minimum inhibitory con-
centration (MIC) of Cu was 448 �g/ml against S. aureus and
256 �g/ml against E. coli [32], which are far greater than the
release of Cu ions from Ti–Cu in the present work. Therefore,
the dissolved Cu ions should not be the only mechanism for
the antibacterial activity of Ti–Cu alloy. Thus it is speculated
that the contacting sterilization may be the effective mech-
anism for the antibacterial activity of Ti–Cu alloy, i.e., Ti–Cu
alloy tends to damage the attached bacteria. Cao et al. pre-
sented that the titanium embedded with silver nanoparticles
(Ag NPs) raised antibacterial activity on the attached bacteria

by the way of contacting sterilization [33].

To further understand the contacting sterilization mecha-
nism of Ti–Cu alloy, the microstructure of Ti–Cu alloy should
be analyzed at first. According to the phase diagram of Ti–Cu,
ssue. (For interpretation of the references to color in this
icle.)

the microstructure of Ti-5Cu alloy consists of �-Ti (HCP)
matrix and Ti2Cu precipitate. Considering that Cu is not an
�-stabilized element and the maximum solid solubility of Cu
is about 2.1 wt. % in �-Ti at 790 ◦C, there could be many  Ti2Cu
precipitations in � matrix during the cooling process. Zhang
et al. proved that Ti2Cu phase is the main factor for the strong
antibacterial activity of Ti–Cu alloy, although the Ti–Cu alloy
was fabricated by a different technique from the present study.
Thus, the bacteria contacted with Ti2Cu phase on surface of
Ti–Cu alloy could be effectively killed. The image  of “broken
down” individual bacterium could be seen by TEM. S. aureus
and E. coli cells co-cultured with Ti–Cu alloy for 24 h appeared
to undergo lysis, irregular shape, perforated hollow struc-
ture and scratched cell membrane, resulting in the release of
their cellular contents into the surrounding environment and

finally becoming disrupted. For this reason, it was not easy for
bacteria to adhere and keep survival on the surface of Ti–Cu
alloy. Therefore, minimal adhered bacteria were difficult to
form biofilm. Meanwhile, it was reported that Cu ions released

https://doi.org/10.1016/j.dental.2018.04.007
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rom Mg-Cu alloy adversely affected the expression of genes
elated to formation of MRSA biofilm, thereby down-regulated
he production of the polysaccharide intercellular adhesion
PIA) and clumping factor A (CLFA), which were related to
he bacterial adherence, then compromised the adhesion of
RSA [9]. That is to say that Cu is capable of inhibiting the

xpression of biofilm-associated genes of bacteria to prevent
he formation of biofilm. In summary, the anti-biofilm effect of
i–Cu alloy could be achieved by means of killing the attached
acteria and reducing the biofilm formation.

Based upon the promising results in vitro, animal tests were
roceed in order to further evaluate the anti-infection role of
i–Cu alloy under such a complex conditions. In clinic, peri-

mplantitis is an infectious disease resulted from bacterial
nfection and characterized by crestal bone loss and bleeding
n probing with or without deepening of peri-implant pock-
ts [4,25]. A classical model for study of peri-implantitis is
he ligature-induced peri-implantitis in dog. Therefore, in this
tudy, the experimental dog model of spontaneous progres-
ion of experimentally ligature-induced peri-implantitis was
hosen to examine the in vivo effectiveness of the antibacterial
ctivity of the Ti–Cu implant [4,34].

Radiographic images showed significant difference of bone
esorption between Ti–Cu implant and Ti implant. Similarly,
he Micro-CT profiles and planforms showed controllable
one resorption at the Ti–Cu implant shoulders and serious
esorption to the roots of Ti implant, which was in agree-

ent with the results of histological examination. In general,
one resorption around dental implant may be resulted
rom several reasons, include bacterial infection, different
urface treatment of implants, different implantation sites
nd implantation operation, and so on [4]. However, in the
resent work, those factors mentioned above except bacte-
ial infection could be eliminated because all the implants
ere in the same state, implantation sites and implant pro-

ess. The only difference was that Ti–Cu showed antimicrobial
ctivity, whereas Ti did not. Thus, excellent antibacterial
nd anti-biofilm abilities of Ti–Cu alloy could lead to the
ignificant difference of bone resorption as compared with
i.

The measured BIC results and trabecula formation of his-
omorphometric parameters in the present work indicated
hat Ti–Cu alloy could promote its surrounding bone bond-
ng and stimulate the osteogenesis. Some studies have proved
hat Cu ions could significantly stimulate hypoxia-inducible
actor (HIF)-1a and vascular endothelial growth factor (VEGF)
xpression in human bone marrow stromal cells (hBMSCs),
nd meanwhile promote the osteogenic differentiation of
BMSCs by improving their bone-related gene expression

ncluding alkaline phosphatase (ALP), osteopontin (OPN) and
steocalcin (OCN) so that Cu ions could significantly enhance
ypoxia-like tissue reaction leading to the coupling of angio-
enesis and osteogenesis [35]. Furthermore, there was a
tudy proved that Cu ions released from a 317L-Cu stain-
ess steel could accelerate the inflammation and apoptosis
f surrounding tissues in the early stage of implantation,

hich is beneficial to osteogenesis and bone healing [36].
onsequently, together with bio-safety, and better corrosion
esistance, Ti–Cu implant showed promotion of early osseoin-
egration with excellent biocompatibility and antibacterial
 0 1 8 ) 1112–1126 1125

activity that can be taken as a novel multi-functional titanium
alloy for dental implant application.

From above results and discussion, it can be deduced that
Ti–Cu alloy has advantages to be a novel dental implant mate-
rial with good antibacterial and anti-infection abilities. And
meanwhile, Ti–Cu alloy also has excellent anti-corrosion via-
bility in simulated body fluid which means the ions release
can be controlled and stable. Of cause, the longest period of
biofilm formation in vitro tests in this study was 24 h, so it
is not very enough to account for the long-term antibacte-
rial ability of Ti–Cu alloy. It is very necessary in the next step
to design experiments to detect the long-term antibacterial
ability. Meanwhile, the Ti–Cu dental implant needs a proper
surface treatment and overall review of whether the treated
Ti–Cu implant meets the clinical conditions.
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