
Acta Biomaterialia 7 (2011) 2758–2767
Contents lists available at ScienceDirect

Acta Biomaterialia

journal homepage: www.elsevier .com/locate /ac tabiomat
Introduction of antibacterial function into biomedical TiNi shape memory alloy
by the addition of element Ag

Y.F. Zheng a,b,⇑, B.B. Zhang a, B.L. Wang a, Y.B. Wang b, L. Li a, Q.B. Yang c, L.S. Cui d

a Center for Biomedical Materials and Engineering, Harbin Engineering University, Harbin 150001, People’s Republic of China
b Department of Advanced Materials and Nanotechnology, College of Engineering, Peking University, Beijing 100871, People’s Republic of China
c Beijing Stomatological Hospital, Capital Medical University, Beijing 100050, People’s Republic of China
d Department of Materials Science and Engineering, China University of Petroleum – Beijing, 18 Fuxue Road, Changping, Beijing 102249, People’s Republic of China
a r t i c l e i n f o

Article history:
Received 20 September 2010
Received in revised form 7 January 2011
Accepted 7 February 2011
Available online 22 February 2011

Keywords:
TiNiAg
Shape memory alloy
Ion release
Biocompatibility
Antibacterial property
1742-7061/$ - see front matter � 2011 Acta Material
doi:10.1016/j.actbio.2011.02.010

⇑ Corresponding author at: Department of Advanc
nology, College of Engineering, Peking University, Beij
of China. Tel./fax: +86 10 6276 7411.

E-mail address: yfzheng@pku.edu.cn (Y.F. Zheng).
a b s t r a c t

A new kind of biomedical shape memory TiNiAg alloy with antibacterial function was successfully devel-
oped in the present study by the introduction of pure Ag precipitates into the TiNi matrix phase. The
microstructure, mechanical property, corrosion resistance, ion release behavior in simulated body fluid,
cytotoxicity and antibacterial properties were systematically investigated. The typical microstructural
feature of TiNiAg alloy at room temperature was tiny pure Ag particles (at submicrometer or micrometer
scales with irregular shape) randomly distributed in the TiNi matrix phase. The presence of Ag precipi-
tates was found to result in a slightly higher tensile strength and larger elongation of TiNiAg alloy in com-
parison with that of TiNi binary alloy. Furthermore, a maximum shape recovery strain of �6.4% was
obtained with a total prestrain of 7% in the TiNiAg alloy. In electrochemical and immersion tests, TiNiAg
alloy presented good corrosion resistance in simulated body fluid, comparable with that of CP Ti and TiNi
alloy. The cytotoxicity evaluation revealed that TiNiAg alloy extract induced slight toxicity to cells, but
the viability of experimental cells was similar to or higher than that of TiNi alloy extract. In vitro bacterial
adhesion study indicated a significantly reduced number of bacteria (S. aureus, S. epidermidis and P. gin-
givalis) on the TiNiAg alloy plate surface when compared with that on TiNi alloy plate surface, and the
corresponding antibacterial mechanism for the TiNiAg alloy is discussed.

� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

TiNi alloy has several unique features, ranging from the physical
and chemical properties to biological performance, which make it
appropriate for use in biomedical applications in general [1,2]
and can be summarized as follows.

(1) Unique superelasticity: the self-expandable TiNi alloy bio-
medical devices can pass through very small openings and then
elastically spring back into the desired shapes. The maximal recov-
erable strain as high as 8% [3] benefits the deployment of TiNi alloy
devices with three-dimensional freedom, where the constancy of
shape and stress are essential, including permanent implants,
stents, blood filters, bone staples and needles.

(2) Excellent shape memory effect: TiNi alloy is termed a ther-
mal shape memory alloy because it expands and flexes when
cooled, but resumes its shape and size when it returns to its normal
temperature. A large number of TiNi alloy devices take advantage
ia Inc. Published by Elsevier Ltd. A
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of this property, including thermal-activated arch wires and endo-
vascular devices [4,5].

(3) Low elastic modulus: the reported values of elastic modulus
of TiNi alloy vary from 20 GPa to 50 GPa for martensite and 40 GPa
to 90 GPa for austenite [6], which is much closer to that of natural
bone (�30 GPa). In the orthopedic area, the low modulus is bene-
ficial for transferring the stress needed to adjacent bone without
resulting in bone resorption [2]. Thus TiNi alloy, with an excellent
combination of high strength and low modulus [4] close to the
bone, is very suitable for implantation to avoid loosening of im-
plants and giving a longer service period to avoid revision surgery.

(4) Good corrosion resistance and biocompatibility: many
in vitro and in vivo studies [7–10] indicate that TiNi alloy has ex-
tremely good corrosion resistance and biocompatibility, mainly
due to the formation of a passive dense titanium-oxide layer
(TiO2).

(5) Non-ferromagnetic property: TiNi alloy implant provides a
clear, crisp image in magnetic resonance imaging, which is used
increasingly frequently [11] in modern medicine.

From the viewpoint of material science, there are many reports
on further alloying TiNi alloy by adding various third elements to
develop new functions, such as wide transformation temperature
ll rights reserved.
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hysteresis by Nb [12], high transformation temperature by Hf [13],
low transformation temperature by Fe [14], narrow transformation
temperature hysteresis by Cu [15], and so on. Yet to the authors’
knowledge, there are only three papers regarding the addition of
Ag into TiNi alloy. The first report in 2006 focused on the corrosion
behavior and cytotoxicity of TiNiAg alloys with Ag concentration
(from 0.12 to 0.26 wt.%) [16], with the intention of using it as a
dental alloy. In 2007, Zamponi et al. [17] used a multilayer-like
co-sputtering technique to achieve high Ag concentration (�4, 7
and 9 at.% Ag) in TiNi film, wherein the silver was incorporated into
the alloy as pure Ag nano-precipitates. Later, they fabricated TiNi-
Ag films with Ag concentration up to 11 at.% [18], which revealed
that Ag addition did not alter the shape memory transformation
characteristics.

From the viewpoint of biomedical engineering, the element sil-
ver is well known for its broad-spectrum antibacterial effect at
very low ppb concentrations [19], and it possesses many advanta-
ges, such as good antibacterial ability, excellent biocompatibiliy
and satisfactory stability [20,21]. The purpose of the present work
is to test the feasibility of introducing the antibacterial function to
TiNi alloy by the effective addition of alloying element Ag (a much
high concentration than that in Ref. [16]).
2. Materials and methods

2.1. Materials preparation

A ternary TiNiAg alloy ingot with an actual composition of
Ti49.3Ni47.3Ag1.4 (in atomic percentage as identified by energy dis-
persive spectrometry (EDS)) was prepared from 99.8% purity Ti
(Grade 0), 99.9% purity Ni and 99.9% purity Ag by means of arc
melting in vacuum with a water cooling Cu bath. The alloy button
was re-melted four times for homogeneity, and the as-cast button
with height 15 mm was hot-rolled at 800 �C into plate 1.5 mm
thick. Specimens were cut using electro-discharge machining and
were mechanically polished to remove the surface oxide layer.
Then the specimens were solid solution treated at 800 �C for 2 h,
followed by quenching in water. After the heat treatment, the spec-
imens were polished by mechanical method again to a mirror fin-
ish and then ultrasonically washed in acetone and alcohol. CP Ti
(Goodfellow, Cambridge, UK) and Ti50Ni50 alloy (at.%) samples
were used as controls, with treatment identical to that for the
experimental TiNiAg alloy.
2.2. Characterization of materials

2.2.1. Scanning electron microscopy observation
A Hitachi S4800-type microscope, equipped with an EDS-micro-

analysis unit for chemical microanalysis was used for the scanning
electron microscopy (SEM) characterization of the microstructure.
2.2.2. Transmission electron microscopy
Transmission electron microscopy (TEM) observation was car-

ried out on a JEOL-2010FX microscope operated at 200 kV using
a top-entry-type double-tilt specimen stage. Specimens for TEM
examinations were mechanically polished into slices with thick-
ness �50 lm, and then ion-milled in a Gatan 691 Precision Ion Pol-
ishing System.
2.3. Phase transformation

2.3.1. Differential scanning calorimetry measurement
The phase transformation behavior of the experimental speci-

mens was characterized by differential scanning calorimetry
(DSC), using a Perkin–Elmer Diamond calorimeter with a heating
and cooling rate of 20 K min�1.

2.3.2. X-ray diffraction
X-ray diffraction (XRD; Rigaku DMAX 2400 diffractometer)

using Cu Ka radiation was employed for the identification of the
constituent phases at ambient temperature.

2.4. Tensile test

The stress–strain curves of TiNi and TiNiAg alloys were studied
in tension. The tensile testing was performed using an Instron 3365
universal testing machine at a strain rate of 0.0004 s�1.

2.5. Shape memory effect testing

The tensile tests were used to evaluate the shape memory effect
of TiNi and TiNiAg alloys. All specimens were dipped into liquid
nitrogen before the tests. The tensile stress was applied until the
tensile strain reached �7%, and then the stress was removed. After
unloading, the specimen was heated to �230 �C, and the distance
between two bars within the gauge range was measured before
and after the above testing to calculate the shape recovery ratio.

2.6. Corrosion behavior and ion release in simulated body fluid

2.6.1. Electrochemical measurement
A three-electrode cell was used for electrochemical measure-

ments. The counter electrode was made of platinum, and the refer-
ence electrode was a saturated calomel electrode (SCE). All the
measurements were carried out on an electrochemical workstation
(CHI660C, China). The test solutions were artificial saliva solution
[22] and 1% lactic acid solution [23].

2.6.2. XPS
X-ray photoemission (XPS) analysis was performed with an Axis

Ultra spectrometer using mono Al Ka (1486.6 eV) radiation at a
vacuum pressure of 10�9 bar, 15 kV and 15 mA. The binding energy
was calibrated using a C1s hydrocarbon peak at 284.8 eV.

2.6.3. Immersion test
A 1% lactic acid solution was prepared for the immersion tests.

Specimens with size 10 � 10 � 1 mm were submerged into 7 ml
test solution at 37 �C for 168 h. Inductively coupled plasma atomic
emission spectrometry (Leeman, Profile ICP-AES) was employed to
measure the concentrations of the alloying element ions which had
dissolved from the experimental alloy plates. An average of three
measurements were taken for each group.

2.7. In vitro cytotoxicity assay

Murine fibroblast cells (L-929) and osteoblast cells (MG-63)
were selected to evaluate the cytotoxicity of the experimental
materials. They were cultured in Dulbecco’s modified Eagle’s med-
ium (DMEM), 10% fetal bovine serum, 100 lg ml�1 penicillin and
100 lg ml�1 streptomycin at 37 �C in a humidified atmosphere of
5% CO2. The cytotoxicity tests were carried out by indirect contact
experiments. Extracts were prepared using serum-free DMEM as
the extraction medium, with surface area of extraction medium ra-
tio 1 ml/3 cm2 in a humidified atmosphere with 5% CO2 at 37 �C for
72 h. The control groups involved the use of DMEM medium as a
negative control and 10% DMSO in DMEM medium as a positive
control. Cells were incubated in 96-well cell culture plates at
5 � 103 cells per 100 ll medium in each well and incubated for
24 h to allow attachment. The medium was then replaced with
100 ll of different experimental extracts. After incubation of the
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cells in a humidified atmosphere with 5% CO2 at 37 �C for 1, 2 and
4 days, 10 ll MTT was added to each well. The cells were further
incubated with MTT for 4 h at 37 �C, then 100 ll formazan solubi-
lization solution (10% SDS in 0.01 M HCl) was added to each well
overnight in the incubator in the humidified atmosphere. The spec-
trophotometrical absorbances were measured by microplate read-
er (Bio-RAD680) at 570 nm with a reference wavelength of 630 nm.

2.8. In vitro antibacterial activity

The strains of bacteria used for the present study were S. aureus
(ATCC 6538), S. epidermidis (ATCC 12228) and P. gingivalis (ATCC
33277). The experimental samples with dimensions 10 � 10 �
1 mm were placed in 15-ml sterilized tubes followed by the addi-
tion of 5 ml of the bacterial suspension. The tubes were incubated
at 37 �C with shaking at 200 rpm for 3 h. At the end of the incuba-
tion period, the samples were gently rinsed three times with PBS in
order to eliminate the non-adherent bacteria. After washing, the
samples were then put into individual new tubes containing 5 ml
of PBS each, and vigorously vortexed for 3 min to remove the
adhering micro-organisms. The viable organisms in the buffer were
quantified by plating serial dilutions on Todd–Hewitt broth sup-
plemented with 1% yeast extract (THY) agar plates. THY agar plates
were incubated at 37 �C, and the colony-forming units were
counted visually.

2.9. Statistics

One-way ANOVA design was used to determine whether
any significant difference existed in the cytotoxicity and
Fig. 1. SEM observation of TiNiAg alloy: (a) secondary electron image; (b) EDX mapping
scanning composition distribution corresponding to the framed area marked by the soli
antibacterial experiments. The statistical significance was de-
fined as p < 0.05.

3. Results

3.1. Microstructure of ternary TiNiAg alloy

Fig. 1 shows the SEM image of the TiNiAg alloy sample (Fig. 1a)
and corresponding element mapping image on the selected framed
area (Fig. 1b) and EDS analysis on another selected framed area
(Fig. 1c). Some bright spots in sizes ranging from several hundreds
of nanometers to several micrometers can be clearly observed in
Fig. 1a, with a randomly distributed feature and in a small area
percentage (�1–2%) over the whole field of view. The correspond-
ing EDX linear scanning and EDS mapping analysis indicates that
the matrix phase consists mainly of Ti and Ni atoms, whereas the
bright spots are dominantly rich in Ag. As it was reported in the lit-
erature [16] that the solubility of silver in TiNi alloy system is
�0.26 wt.%, and with reference to the XRD pattern shown in
Fig. 3b, these bright spots could be identified as pure Ag precipitate.

Fig. 2a shows the typical bright-field TEM image of TiNiAg alloy
at room temperature. The morphology of the matrix is the typical
TiNi martensite twinning plates (each martensite variant consists
of alternating platelets with relatively regular spacing), with pure
Ag spheroid particles �150 nm in diameter precipitated inside.
The inserted diffraction patterns of Fig. 2b and c correspond to
the diffraction patterns of face-centered cubic Ag precipitate and
B190 monoclinic structure TiNi martensite, respectively. A typical
<0 1 1> type II martensite twinning diffraction pattern taken from
the [1 0 1]M//[�1 1 0]T zone orientation can be clearly identified for
image corresponding to the framed area marked by dotted line in (a); (c) EDX line
d line in (a).



Fig. 2. TEM micrographs of TiNiAg alloy: (a) typical bright-field TEM image; (b) morphology showing the Ag precipitate with corresponding electron diffraction patterns
inset; (c) morphology of TiNi martensite matrix with corresponding electron diffraction pattern inset; M and T represent matrix and twin, respectively.
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the TiNi matrix (Fig. 2c). This means that the low solubility of Ag in
TiNi matrix does not influence the substructure of the TiNiAg alloy
in comparison with the TiNi binary alloy, whose substructure is
dominantly <0 1 1> type II twinning [24].

3.2. Phase transformation of ternary TiNiAg alloy

Fig. 3a shows the DSC results of the transformation behavior of
the experimental TiNiAg alloy, with TiNi alloy as control. The
experimental TiNi alloy underwent a typical single-stage A M M
transformation [25] with a hysteresis of 44 �C; the latent heats of
A ? M and the M ? A transformations are �16.8 J g�1 and
20.4 J g�1, respectively. For the TiNiAg alloy sample, multiple-stage
transformation behavior could be observed. It is widely accepted
that alloying addition of the third element or aging not only
changes the transformation temperature, but also the transforma-
tion paths and products. For example, it is reported that the addi-
tion of Fe will change the transformation into B2–R–B190 [26], and
the addition of Cu will change the transformation into B2–B19–
B190 [27]. Moreover, it is also found that aging treatment causes
complex transformation behavior in Ni-rich TiNi binary alloys [28].

The phase constitutions of TiNi and TiNiAg alloys are further
characterized by XRD, as shown in Fig. 3b, and the inset of
Fig. 3b shows a high resolution XRD pattern of TiNiAg alloy at a
low scanning speed (here metallic Ag peaks can be observed).
These results show that TiNi and TiNiAg alloys are composed
mainly of B190 monoclinic martensite and B2 structure austenite
TiNi phases at room temperature, which is coincident with the
DSC results.

3.3. Mechanical behavior of ternary TiNiAg alloy

The uniaxial tensile stress–strain curves at room temperature
for the experimental TiNi and TiNiAg alloys are shown in Fig. 3c.
Both alloys exhibited large plastic deformation before breakage.
Similar to TiNi binary alloy, the deformation process of TiNiAg al-
loy could be divided into three stages according to the stress–strain
behavior. Stage I is characterized by the initial linear portion due to
elastic deformation of the martensite phase. The stress plateau
(stage II) indicates that the martensite reorientation process oc-
curred at �1–4% strain. The deformation stage following stage II
(stage III) can be attributed to the permanent deformation of the
martensite phase. Compared with TiNi binary alloy, TiNiAg alloy
exhibited slightly higher yield strength and ultimate tensile
strength.

3.4. Shape memory effect of ternary TiNiAg alloy

The shape recovery ratio measurements were illustrated in the
inset of Fig. 3c. Both TiNi and TiNiAg alloys exhibit excellent shape



Fig. 3. Phase transformation and mechanical properties of TiNi and TiNiAg alloys: (a) DSC curves; (b) XRD results; (c) tensile stress–strain curves and tensile shape recovery
curves.
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memory effect, and the maximum shape recovery strain of�6.4% is
obtained with a total strain of 7% for the TiNiAg alloy sample. Com-
pared with the maximum recoverable strain of Ti46.3Ni44.7Nb9 alloy
(�5%) [29], whose shape memory effect might be impaired, as
attributed to the deformation of soft Nb particles, the experimental
TiNiAg alloy shows no significant change in shape memory charac-
teristic with the TiNi alloy control.

3.5. Corrosion and ion release behavior of TiNiAg ternary alloy in
simulated body fluid

Fig. 4a shows the open circuit potential (OCP) vs immersion
time curves of experimental TiNi and TiNiAg alloys in the artificial
saliva and lactic acid solution with CP Ti as control. The OCP value
increases continuously at the beginning and, as the immersion
goes, it tends to be constant. In both solutions, TiNiAg alloy exhib-
its more positive OCP values than that of the TiNi alloy sample,
possibly attributed to the addition of Ag in the TiNi alloy, since
the electrode potential of Ag is much more positive than that of
TiNi alloy.

Fig. 4b and c shows the potentiodynamic curves obtained in
artificial saliva solution and lactic acid solution for TiNi and TiNiAg
alloys, with corrosion parameters Icorr and Ecorr listed in the corre-
sponding figures as insets. In the artificial saliva solution (Fig. 4b),
TiNi, TiNiAg and CP Ti samples possess a large range of passive re-
gion, suggesting their low tendency to crevice corrosion. For TiNi
and TiNiAg alloys, localized pitting corrosion occurs at �1200 mV
(vs SCE). Similar results are obtained from the potentiodynamic
curves carried out in lactic acid solution (Fig. 4c), showing that,
independently of the solution, TiNi, TiNiAg and CP Ti reveal the
same tendency to form a passive film.

Fig. 5a shows the XPS spectrum of the surface of TiNiAg alloy
after argon ion sputtering. It is evident that the surface of the TiNi-
Ag alloy sample consisted of Ti, Ni, Ag and O. The inset is the en-
larged spectrum for Ag in the range 374.2–368.3 eV, which
indicates that element Ag is in metallic condition. Fig. 5b shows
the amounts of dissolved metal ions from CP Ti, TiNi and TiNiAg al-
loy samples in the 1% lactic acid solution. CP Ti shows the lowest
level of titanium ion dissolution, and the amount of dissolved tita-
nium is �1.6 lg cm�2. The dissolved titanium ion, nickel ion from
TiNi and TiNiAg alloys are at the same level, whereas the amount of
dissolved silver is �0.1 lg cm�2, over one magnitude lower than
that of Ti ion content, coinciding well with the actual composition
of different elements in TiNiAg alloy. Moreover, elementary silver
is inert and is ionized slowly in the organism. Owing to the oligo-
dynamic effect, the content of released silver is comparatively low
[30].

3.6. Cytotoxicity assay of TiNiAg ternary alloy

Fig. 6 shows the viability of murine fibroblast cells L-929
(Fig. 6a) and osteoblast cells MG-63 (Fig. 6b) expressed as a per-



Fig. 4. Electrochemical corrosion results obtained for TiNi and TiNiAg alloy in different solutions: (a) OCP curves; (b) potentiodynamic curves in artificial saliva solution; (c)
potentiodynamic results in artificial lactic acid solution.
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centage of the viability of cells cultured in negative control after
being cultured with CP Ti, TiNi and TiNiAg alloy extracts in med-
ium solutions for different periods (1, 2 and 4 days). The cell prolif-
eration is reduced (p < 0.05) for both TiNi and TiNiAg alloy groups,
compared with CP Ti and negative control groups, possibly attrib-
uted to the addition of Ni and Ag. The toxicology of nickel and nick-
el compounds has been widely investigated [31]. The present
TiNiAg alloy exhibits Grade 1 cytotoxicity according to ISO
10993-5:1999 [32], the same as the TiNi alloy group. Similar situ-
ation was reported for NiTiAg alloy with low Ag contents
(<0.264 wt.%) whose toxicity is found to be comparable with NiTi
alloy [16].

Heidenau et al. [33] reported that silver concentrations
>0.01 mmol L�1 are cytotoxic. Tweden et al. [34] reported that
there was no evidence of silver toxicity until the concentrations
reached 1200 ppb for the fibroblast cell line. In vivo tests indicated
that toxic side effects, such as argyrosis, leukopenia, liver and kid-
ney damage, happened at blood concentrations >300 ppb [35]. All
these previously reported toxicity-induced critical concentrations
are higher than the Ag ion concentration for the case of the present
TiNiAg alloy immersed in lactic acid solution. It is worth noting
that the cell viability for TiNiAg alloy extract group obviously in-
creases with the extension of the culture duration from day 1 to
day 2 and day 4 for both L-929 and MG-63 cells. This phenomenon
may be partly attributed to some of the silver ions losing their
cytotoxic activity after combination with proteins [36].
3.7. In vitro antibacterial behavior

Fig. 7a shows the results of viable bacteria adhering to the dif-
ferent experimental material surfaces when exposed to different
bacteria models (S. aureus, S. epidermidis and P. gingivalis), with
Fig. 7b illustrating the representative macroscopic images of viable
adherent bacteria. The highest bacterial counts can be detected on
the TiNi alloy group for all bacterial types, whereas the bacterial
adhesion is significantly reduced (p < 0.05) on the TiNiAg alloy
group surface when compared with the TiNi alloy group. The addi-
tion of Ag to TiNi alloy shows obvious inhibition of the growth of
all bacteria types. The volume of all kinds of bacteria on the pure
Ag group surface is significantly reduced in comparison with that
on TiNiAg alloy group (p < 0.05), which might be due to the surface
having an Ag content several tens of times higher than the total
surface of Ag particles on the TiNiAg alloy surface.
4. Discussion

4.1. Mechanism of the antibacterial function of TiNiAg alloy

Ag has been used in the biomedical field for a long time because
of its antibacterial property [37]. When the silver ions penetrate in-
side the bacterial cell, the DNA molecule turns into a condensed
form and loses its ability to replicate, leading to cell death [38].



Fig. 5. (a) XPS analysis of the surface film of TiNiAg alloy (inset shows enlarged
view of the sections of the spectra for Ag) and (b) ion release amount of CP Ti, TiNi
and TiNiAg alloys immersed in lactic acid solution.

Fig. 6. Cell viability expressed as a percentage of the viability of cells in the control
after 2, 4 and 7 days of culture in TiNi and TiNiAg alloys extraction media: (a) L-929;
(b) MG63.
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Moreover, it is reported that silver ions bind to tissue proteins and
bring structural changes in the bacterial cell wall and nuclear
membrane, leading to cell distortion and death [37]. The potency
of Ag as an antibacterial material is suggested to be dependent
on its biological active form, and the previously reported routes
on introducing the antibacterial function with Ag can be summa-
rized as follows.

(i) Ag coating: the silver iontophoretic catheter [39] is found to
have a broad-spectrum inhibitory activity against bacteria. More-
over, it provides a long-term electrochemical barrier against the
migration of organisms from the external contaminated environ-
ment into the sterile intravascular compartment. In vitro studies
carried out by Bosetti et al. [40] revealed that the relative growth
of cells for silver-coated pins is similar to that of stainless steel.
Furthermore, it is reported [41] that the coatings with silver doping
can also inhibit bacterial attachment onto biomaterials.

(ii) Alloys containing Ag: the antibacterial behavior of Ag-based
dental amalgams has been reported for a long time [42–44]. Shay
et al. [42] observed the antibacterial activity of Ag-based dental
amalgam in the 1950s. It is noteworthy that Ag-based dental amal-
gams exhibited potent and lasting antibacterial properties, as dem-
onstrated by antibacterial experiments carried out by Beyth et al.
[44], in which the antibacterial activity is attributed mainly to
the content of bacteriotoxic elements such as Ag and Cu.

(iii) Composites containing Ag salt: to achieve long-term anti-
bacterial activity, biomedical composites with added Ag salt were
developed, and one of the best-known composites was antibi-
otic-loaded bone cement. Dueland et al. [45] evaluated the
in vivo activity of bone cement that was loaded with silver sulfate,
and found that the rabbit group implanted with silver sulfate
loaded bone cement showed an obvious improvement in survival
compared with the other group implanted with plain bone cement.

(iv) Ag nanoparticles are generally smaller than 100 nm and
contain 20–15,000 silver atoms. The Ag nanoparticles get attached
to the cell membrane and also penetrate inside the bacteria [38];
they interact with the sulfur-containing proteins in the cell as well
as with phosphorus-containing compounds such as DNA. The Ag
nanoparticles preferably attack the respiratory chain, with cell
division finally leading to cell death. Moreover, the Ag nanoparti-
cles release Ag ions into the bacterial cells, which enhance their
bactericidal activity. Because of their effective antimicrobial prop-
erties and low toxicity toward mammalian cells, Ag nanoparticles
have become one of the most commonly used nanomaterials in
consumer products [46]. Alt et al. [47] reported that NanoSilver
bone cement completely inhibited the proliferation of S. epidermi-
dis in the absence of in vitro cytotoxicity.

NiTi–xAg ternary alloys (x = 0.121, 0.150, 0.154 and 0.263 wt.%)
without Ag particles were prepared by Oh et al. [16], and their
microhardness, corrosion resistance and cytotoxicity showed no
significant difference. However, the antibacterial activity of these
NiTiAg alloys had not been evaluated at that time.



Fig. 7. (a) Statistical results of viable adherent bacteria on pure Ag, TiNi and TiNiAg alloys surface and (b) representative macroscopic photos of viable adherent bacteria on
difference experimental material surfaces.

Fig. 8. Schematic diagram illustrating the antibacterial mechanism of experimental
TiNiAg alloy.
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Fig. 8 shows a schematic model explaining the mechanism for
the antibacterial activity of TiNiAg alloy. Obviously, it could be
attributed to the tiny Ag precipitates inside TiNiAg alloy, similar
to the above cases of Ag films and nanoparticles, existing in the
form of metallic silver. When TiNiAg alloy is immersed in body
fluid, the metallic Ag particles at the surface of the TiNiAg alloy
could react with the body fluid and release ionized Ag into the sur-
rounding fluid. A steady and prolonged release of the silver biocide
in a concentration level (0.1 ppb) is capable of rendering antibacte-
rial efficacy [48]. The antibacterial work carried out by Ewald et al.
[49] showed that silver ions with concentration 0.5 ppb exhibit sig-
nificant antimicrobial potency against Staphylococcus epidermis
and Klebsiella pneumoniae strains. When there are enough Ag ions
in the fluid, the TiNiAg alloy can exhibit antibacterial activity
against bacteria.

In practice, the biological performance of silver ions is dose
dependent. On the one hand, the low concentration (<300 ppb)
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could be mainly bactericidal [33,35], on the other hand, Heidenau
et al. [33] reported that the silver concentration should be
>5.4 ppm in order to obtain a satisfactory inhibitory rate (near
100%). The relative low inhibitory rate of the present TiNiAg alloy
could be ascribed to the low Ag concentration in the bacterial sus-
pension. (The Ag concentration in bacterial suspension is indenti-
fied to be below the detected limit, about several ppb). The low
Ag concentration released from the present TiNiAg alloy may be re-
lated to two aspects, the inert elementary Ag and the presence of
Cl� ions. The inert elementary Ag is ionized slowly in the organism.
Moreover, the Ag concentration may be further reduced by the
presence of Cl� ions in the bacterial suspension, since Ag+ ions
are able to form low soluble salt with chloride [49].
4.2. Prospect of TiNi-based shape memory alloy with antibacterial
function

In addition to silver, other inorganic antimicrobial agents such
as copper and fluorine have been introduced into biomaterials
for enhanced antibacterial activity [20]. Recently, Ti–Cu binary al-
loys with Cu content (1% and 5%) were developed as antibacterial
materials [50]. The antibacterial experiments carried by Shirai
et al. [50] revealed that Ti–Cu alloys have antibacterial activity
and substantially reduce the incidence of pin tract infection. Obvi-
ously, the antibacterial activity could be attributed to the Cu ions
released from Ti–Cu alloys.

TiNiCu ternary alloys have been widely used in the orthodontic
area because of their narrow transformation hysteresis and excel-
lent mechanical properties, such as fatigue resistance [12,51]. Fur-
thermore, it is widely accepted [51] that TiNiCu alloys might
release Cu ions into surrounding tissue by various mechanisms
including corrosion, stress corrosion and so forth. Like element
Ag, element Cu has long been known to be a potent antibacterial
agent with a very broad spectrum of activity against numerous
bacteria [50,52]. However, the actual effect of Cu ions released
on the antibacterial activity of TiNiCu alloy is still unknown. Fur-
ther study will be undertaken and reported later.
5. Conclusions

TiNiAg ternary alloy was successfully fabricated by the arc-
melting method with a water cooling Cu bath. The Ag particles pre-
cipitate within the TiNi alloy matrix, with the size ranging from
several tens of nanometers to several micrometers. The tensile
tests show that TiNiAg alloy has higher strength than that of TiNi
binary alloy. Compared with TiNi alloy, TiNiAg alloy possesses sim-
ilar corrosion resistance and cyto-biocompatibility. Moreover,
TiNiAg alloy exhibits reduced bacteria adhesion when compared
with TiNi binary alloy. The antibacterial effect is attributed to the
release of Ag ions from the tiny Ag precipitates. Therefore, TiNiAg
alloy is believed to be a functional biomaterial which combines
antibacterial activity and shape memory effect, and is likely to
broaden the range of biomedical application of the TiNi alloy
system.
Acknowledgements

This work was supported by the National Natural Science Foun-
dation of China (No. 51041004), Fundamental Research Funds for
the Central Universities (No. HEUCFZ1017 and HEUCFR1020), the
Outstanding Youth Funding of Heilongjiang Province (JC200608)
and the Program for New Century Excellent Talents in University
(NCET-07-0033).
Appendix A. Figures with essential colour discrimination
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