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Abstract: We introduce metallic glass thin films (TiCuNi) as
biocompatible materials for biomedical applications. TiCuNi
metallic glass thin films were deposited on the Si substrate
and their structural, surface, and mechanical properties were
investigated. The fabricated films showed good biocompati-
bility upon exposure to muscle cells. Also, they exhibited an
average roughness of <0.2 nm, high wear resistance, and
high mechanical properties (hardness ~6.9 GPa and reduced
modulus ~130 GPa). Top surface of the TiCuNi films was
shown to be free from Ni and mainly composed of a thin tita-
nium oxide layer, which resulted in the high surface biocom-

patibility. In particular, there was no cytotoxicity effect of
metallic glass films on the C2C12 myoblasts and the cells
were able to proliferate well on these substrates. Low cost,
viscoelastic behavior, patternability, high electrical conductiv-
ity, and the capability to coat various materials (e.g., nonbio-
compatible materials) make TiCuNi as an attractive material
for biomedical applications. © 2014 Wiley Periodicals, Inc. J
Biomed Mater Res Part B: Appl Biomater, 102B: 1544-1552, 2014.
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INTRODUCTION

Materials required for biomedical applications are selected
by different criteria, such as mechanical properties, biocom-
patibility, and their ability to be shaped into desired shapes.
Available traditional materials for biomedical applications
are limited. As a result, a significant interest has been
drawn to develop novel, functional, and biocompatible mate-
rials,"™* which can promise asymptomatic and long-term
use in the body. A variety of medical devices, such as hip
and knee joints, coronary stents, heart valves, and intraocu-
lar lenses, have been successfully implanted in the human
body. The materials of the implants are supposed to interact
with the body’s tissues and organs and to have potential
anti-corrosive property due to the body’s environment.
Coating the implants with protective films, can reduce the
corrosion and wear problems, which may extend the life-

time of implants for the benefit of patients. Thin films can
be deposited on the implantable devices in order to facili-
tate and improve the integration of these devices with the
body. For example bioinert/biocompatible hermetic encap-
sulation coatings are needed to protect Si microchips from
chemical interactions with body fluids to avoid device fail-
ure and undesirable biological effects. So by encapsulation
or protective coatings, implantation of Si microchips in
human body parts is feasible.

Among the materials, metallic glasses have been emerg-
ing as a new class of biomaterials.” The most attractive
properties of metallic glasses include high strength, elastic-
ity, corrosion resistance, and unique processing capabilities.6
These unique properties of metallic glasses result from their
amorphous structure. Because of this amorphous structure
they are free from grains and grain boundaries. Therefore,
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high-resolution surface textures or patterns on metallic
glasses can be attained. Moreover, precise fabrication of
complex three-dimensional geometries can be achieved
because of the thermoplastic properties of these materials
at super cooled liquid temperatures where metallic glasses
undergo drastic softening (super-plasticity).5™® Metallic glass
thin films can be a new material for biomedical micro devi-
ces formed by thermoforming. Recently there are several
reports of application based on thermoformed microdevices
using polymers.” The polymer in some application can be
replaced by metallic glass thin films for more robust appli-
cations. Moreover biomimemitic micro- or nanoscale surface
topographies can be obtained by imprinting of metallic glass
films for the microdevices. In the past 20 years, a wide
range of glassy alloys has been developed based on Zr-, Fe-,
Cu-, Ni-, Mg-, Pd-, Au-, Pt-, and Ti-based'*~*%; however, few
studies have recently been reported regarding the biocom-
patibility of these metallic glasses.?>™?”. Metallic glassy
alloys have shown better corrosion properties in the physio-
logical conditions compared to commonly used metallic bio-
materials. In vitro studies have also found that metallic
glasses supported similar or better cell adhesion and prolif-
eration of NIH 3T3 embryonic mouse fibroblasts compared
to commercial biomedical alloys.>?>?¢ Metallic glasses were
also reported to elicit better bioactivity than their crystal-
line counterparts.” Their enhanced bioactivity, high corro-
sion resistance, polymer-like formability, and excellent
mechanical properties suggest them as promising biomateri-
als. However, major hurdles still remain such as challenges
in their production and lack of plastic deformation. Note
that biocompatible metallic glasses can be made up to thick-
ness or diameter of nearly tens of millimeters.

In this work, we try to explore the biocompatibility of
metallic glass thin films as protective coatings for implants
and also study the fabrication and imprinting of these
metallic glass thin films. Ti-based metallic glassy alloy sys-
tem (TisoCuy,Nig) is considered in this study as Ti is recog-
nized as a biocompatible element. The Ti-based glassy
alloys are reported to have relatively low cost, low density,
high specific strength and reasonable Young's modulus,
good corrosion resistance, and large super cooled liquid
region.”®73% The latter characteristic allows a large tempera-
ture window for three-dimensional shaping of the material.
Because of their high flexibility, they can provide suitable
substrates to assess effects of different topographies on cel-
lular behaviors, such as cell adhesion, growth, and differen-
tiation.>32 In addition, inherent electrical conductivity of
the metallic glass thin films could make them an attractive
substrate to engineer the tissues for electro-active cells,
such as muscle®*7¢ and cardiac cells.*”*® For TiCuNi metal-
lic glassy alloy problem might arise as it contains some
amount of nickel in it. Nickel is known to have toxic effects
both in vitro and in vivo but less than Co or Vanadium,
which are frequently used in implant alloys.>® Nickel is the
major cause of allergic contact dermatitis.*® However, the
amount of its release highly depends on material surface
treatment. For instance, Nitinol contains 50% of nickel in
the alloy and many reports claimed that with some special
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surface treatments, the biocompatibility of Nitinol is at least
equivalent to Co-Cr and stainless steel alloys and compara-
ble to the titanium.*’™*® These later metals are routinely
used in implants. Presence of Cu in the present alloy might
be a problem, but Cu is an essential trace mineral that is
vitally important for both physical and mental health.
Chronic (long- term) effect of Cu exposure can damage the
liver and kidneys as free Cu causes toxicity that generates
reactive oxygen species that can damage proteins, and DNA.
It was observed that with some surface treatment in the
presence of Cu on the top surface of the material can be
avoided that do not pose any threat for toxicity. The
imprinting experiment in the present study drastically
reduced the presence of Cu on the film surface.

Here, we report the deposition of TiCuNi glassy thin
films on the Si substrates and measure their properties,
such as mechanical, surface chemistry, biocompatibility, and
the ability for micro-formability.

MATERIALS AND METHODS

Materials and their characterizations

A metallic alloy target (50 mm in diameter and 3 mm in
thickness) with a composition of TisoCusyNig was made
using an arc melting technique. The alloy target was melted
several times to make the homogenous distribution of the
elements in the target. TiCuNi metallic glass thin films
(thickness ~1 pum) were deposited on the Si (100) substrate
at the room temperature using a RF-magnetron sputtering.
The substrate was water cooled during the deposition. The
sputtering chamber was evacuated to a base pressure of
~107° Pa. The films were deposited at a sputtering pres-
sure and power of ~ 0.4 Pa and 100 W, respectively. High
purity (grade 1) argon was used as the sputtering gas. The
phase identification and thermal characteristics of the films
were examined by the X-ray diffractometer (Rigaku: RINT—
Ultima III, Japan) and differential scanning calorimetry
(DSC), respectively. For DSC measurements, films were
deposited on the NaCl substrate. Free standing film was
obtained by dissolving the NaCl substrate in water. The
compositional analysis of the as-deposited film was done
using the electron probe micro analyzer (EPMA). Surface
chemistry of as-deposited and imprinted film samples were
analyzed using the X-ray photoelectron spectroscopy (XPS).
Nanomechanical testing system (UBI, Hysitron, USA) with a
Berkovich diamond indentor was used to study the mechan-
ical properties of the films.

Si mold fabrication and imprinting of TiCuNi films

Si molds with periodic patterns of 3.2-20 pm in width and
~10um in depth were prepared by the standard photolithog-
raphy and dry etching. Imprinting tests were carried out
using a desktop imprinting equipment with the maximum
load of 1.8kN and the maximum temperature of 700°C.The
sample size was ~10 X 10 mm? The imprinting tempera-
ture was ~400°C, which was determined from the result of
the DSC measurement. Force applied during impriniting was
~1.8 kN. The film was heated to the required imprinting
temperature in vacuum (<10~ % Pa), and then the mold was
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pressed against the film. Following the specified imprinting
time, the film was cooled to the temperature of its 7, —30°C
in about 2 min, and removed from the mold.

The surface morphologies and microstructure of the
imprinted Ti-based metallic glass thin films were examined
using a field-emission scanning electron microscope (FE-
SEM) and atomic force microscope (AFM), respectively.

Cell culture

C2C12 myoblasts as purchased from the American Type Cul-
ture Collection (ATCC) were cultured in the high-glucose
contained DMEM (Invitrogen, USA) supplemented with 10%
fetal bovine serum (Bioserum, Japan) and 1% penicillin/
streptomycin (Sigma-Aldrich, USA). The C2C12 myoblasts
were trypsinized using the 0.25% trypsin/0.1% EDTA (Invi-
trogen, USA) when they reached 70-80% confluency. The
cells were kept at a standard cell culture incubator (Sanyo,
Japan) at 37°C with a 5% CO, atmosphere.

Cell seeding and growth on the metallic glass thin films
Prior to the cell seeding, the metallic glass thin films were
cleaned as to sonicate with ethanol for 10 min followed by
drying with the nitrogen gas. They were then sterilized
using the UV lamp of cell culture hood for 1 h. For cell cul-
ture on the films, the C2C12 myoblasts were trypsinized
from the cell culture flask, counted, and resuspended in the
culture medium at a density of 1 X 10° cells mL~". Then,
100 pL of this suspension was pipetted on 1 cm? of the
films and incubated for 20 min at 37°C to allow for the cell
adhesion to the films. Cells loaded on the metallic glass thin
films were then cultured after adding sufficient culture
medium. The culture medium was replenished every 24 h
for the samples. Following the protocol described in our
previous works,‘”'45 after 1 day of culture, the muscle cells
were fixed by immersing in 4% paraformaldehyde for 30
min and then frozen by liquid nitrogen. They were then
dehydrated for further SEM measurements using the SEM
machine (JEOL JIB-4600F, Japan).

Immunostaining of C2C12 myoblasts on the metallic
glass films

After 1 day of culture, the C2C12 skeletal muscle cells were
fixed with 4% paraformaldehyde for 12 min, followed by
washing with Dulbecco’s phosphate-buffered saline (DPBS).
The cells were treated with 0.3% Triton X-100 for 5 min at
room temperature to open the cells membrane. After that,
they were exposed to 5% bovine serum albumin dissolved
in DPBS for 30 min. The samples were immunostained with
4,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories,
USA) and phalloidin (AlexaFluor® 594, Invitrogen, USA) as
recommended by the manufacturers in order to reveal cell
nuclei and filamentous F-actin, respectively. The stained
cells pictures were taken using a fluorescence microscope
(Carl Zeiss Observer Z.1, Germany).

Assessment of cell viability

Calcein AM/ethidium homodimer live/dead assay (Invitro-
gen, USA) was used to quantify the percentage of viable

1546 KAUSHIK ET AL.

cells according to the manufacturer’s instructions. Calcein
AM is a cell-permanent dye that is changed to the green flu-
orescent calcein in the live cells through the action of intra-
cellular esterases. Ethidium homodimer is a DNA-binding
dye that can enter the damaged membranes of dead cells
and stain them as red. Calcein AM and ethidium homodimer
fluorescence pictures were observed and recorded using the
fluorescence microscope. At least five 10X magnification
images of two independent experiments were used to calcu-
late the cell viability.

RESULTS AND DISCUSSION

Structural and thermal properties

A significant difference in the composition of thin films was
observed for the films likely due to different sputtering rate
of each element in the alloy. The average elemental compo-
sition of the as-deposited TiCuNi films measured by EPMA
was found to be Tis3CuszgNij;, which is slightly different
from the nominal target composition (TisoCuy4,Nig).*®

Figure 1(a) shows the X-ray diffraction patterns of a ~1-
pm thick TiCuNi/Si film deposited at the room temperature.
The XRD pattern shows a broad diffraction peak at around
20 = 40° confirming an amorphous structure. Surface rough-
ness of the metallic glass thin film in the as-deposited state
is also an important factor for fabricating nano- to micro
patterns. Therefore, the surface of the Ti-based metallic
glass film was analyzed by the atomic force microscopy.
Inset of Figure 1(b) shows an AFM image of the thin films
indicating smooth surface without grains and grain bounda-
ries. The average surface roughness of the film was <0.2
nm. Considering the average roughness for Si substate (i.e.,
1.61 nm), it is concluded that there was no degradation in
the surface of the Ti-based metallic glass films as deposited
on the Si substrate.

To demonstrate the capability of metallic glass thin films
for the thermal imprinting, their thermal properties were
evaluated. DSC curve of a TiCuNi thin film is shown in Fig-
ure 1(b). The glass transition temperature (7g), the onset of
crystallization temperature (Ty), and the super cooled liquid
region (ATy) of the films were 384, 430, and 46°C, respec-
tively. The presence of a large super cooled liquid region
required for the thermal imprinting confirms the possibility
of fabrication of micro or nano structured surface patterns
by this metallic glass thin film.

Patterning of TiCuNi thin films by the thermal
imprinting technique

To confirm the imprintability or thermo-formability of the
Ti-based glassy alloy thin films, the thermal imprinting was
carried out using the Si molds. Figure 2(a-c) show the SEM
images of the Si molds with feature sizes ranging from 3.2
to 20 pm. Two types of Si molds, one with square dot
arrays and another with line and space (L&S) patterns were
used. The glassy alloy thin film with a thickness of ~2 um
was pressed at temperatures ranging from T, to T, + 26°C.
The time for imprinting was fixed at 180 s. An anti-sticking
layer was not coated on the mold surface because the
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FIGURE 1. (a) X-ray diffraction pattern of a ~1-um thick TiCuNi /Si
film deposited at room temperature, and (b) DSC curve showing well
defined supercooled liquid region. Inset of (b) shows the topographic
image of TiCuNi film. Grain free surface morphology in the image is
typical for glassy thin films. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

conventionally-used anti-sticking layers cannot withstand
the imprinting temperatures of the glassy alloy.

Figure 3(a,b) are typical FE-SEM images of dot and L&S
patterns on the Ti-based glassy alloy thin films imprinted at
two different imprinting temperatures, that is, 400 and
410°C. The patterns on the master mold were precisely
replicated on the films.

Further analysis of the imprinted patterns was carried
out by the AFM. The left inset of Figure 3(c) shows the 3D
topographic image of the L&S patterns. The complete filling
of the grooves with TiCuNi during the imprinting was not
achieved. Note that it may be feasible to simply increase the
micro-pattern depth by increasing imprinting load and time.
However, increasing the imprinting temperature above T,
may crystallize the glassy alloy films.

As shown in the left inset of Figure 3(c), the central parts
of the imprinted lines exhibited a slight dip. A similar behavior
has also been observed during the imprinting of polymeric
materials.*”*® It seems that the contact angle between the
thin film and the Si mold and the friction force at the interface
with the mold are possible reasons for this result.*’ It was
observed that the sidewalls of the mold significantly affected
the top surface of the resulted patterns. The dual peak surface
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morphology changes to a single peak when decreasing the
pattern size. The contact angle might depend on the internal
pressure and surface tension related to the wetting ability
between the imprinted material and the mold. The friction
force between the substrates might be also affected by the
reaction between two surfaces. Note that sidewalls and the
surface of the imprinted patterns are smooth and free from
the granular structure [see the right inset of Figure 3(c)].

The XRD curves of the imprinted TiCuNi thin films also
exhibited a broad hallow peak. The XRD and AFM results of
the imprinted films and as-deposited films were almost sim-
ilar, suggesting that the glassy structure of TiCuNi did not
change after the imprinting process. However, a careful
examination of the XRD patterns of the as-deposited and
imprinted samples revealed a slight shift in the broad hal-
low peak. This may be due to the stress relaxation of the
films after the heating process.”®

Surface analysis using X-ray photoelectron spectroscopy
Surface structure and chemical composition of the
implanted materials have crucial roles in their function and

X1,400 10pm

SEI 15.0kV WD 39.4mm

FIGURE 2. SEM images of two different types of Si mold; (a) square
pillar, and (b) grating type.
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FIGURE 3. SEM images of imprinted TiCuNi metallic glass thin films (a)
imprinted at 400°C, and (b) at 410°C. XRD patterns of imprinted films
(c) suggest that the films are in glassy state. Inset of (c) shows the 3D
topographic image (left side), and a small area 2D scan (right side)
obtained from AFM. Very smooth and grain free surface of imprinted
film is similar to as deposited film. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

performance in biological conditions. Therefore, surface
chemistry of fabricated metallic glass thin films was investi-
gated. Furthermore, as-deposited and imprinted TiCuNi
metallic glass thin films were studied using the X-ray photo-
electron spectrometer (XPS). Measurements were performed
by employing an Al Ka (1486.6 eV) monochromated X-ray
source. The survey spectra for as-deposited and imprinted
TiCuNi metallic glass thin films on the Si substrate exhibited
both Auger peaks (O KLL, Ti LMM, and Cu LMM), and XPS
peaks (Ti, O, Ni, C, and Cu) (Figure 4). The peaks of Cu 3s
and Cu 3p detected from the as-deposited TiCuNi film were
weak and these peaks were disappeared in the case of
imprinted TiCuNi film sample. The exact reasons for the
absence of Cu and Ni peaks in imprinted TiCuNi thin film
need further investigations. However, because of the strong
affinity of Ti for oxygen and its higher concentration in the
film compared to Cu and Ni, a rapid formation of titanium
oxide to the film surface is expected. Enrichment of titanium
oxide on the surface is also reported in the case of NiTi
shape memory alloy.51 Narrow scan was performed for each
element to get detailed information. Figure 4(a-c) demon-
strate the spectra of Ti2p, Cu2p, and Ni2p for both as-
deposited and imprinted TiCuNi metallic glass thin films. In
Figure 4(a), Ti peak positions correspond to Ti** and Ti*"
oxidation states. One minor metallic peak (around 454 eV)
was also observed in the case of as-deposited TiCuNi film;
however, it was disappeared for the imprinted sample.
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Similarly, metallic Ni peaks were observed [as shown in Fig-
ure 4(c)] for the as-deposited TiCuNi metallic glass thin
films; however, the imprinted sample did not contain any
metallic Ni. Figure 4(b) indicates the presence of metallic
Cu peaks for both as-deposited and imprinted samples.
However, the latter peak was weak for the imprinted
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FIGURE 4. Detailed XPS of (a) Ti, (b) Cu, and (c) Ni in TiCuNi thin films
in as deposited and imprinted state (imprinting temperature was 400°C).
It shows that the upper surface of TiCuNi is mainly made up of titanium
oxide (analysis depth of XPS is ~10 nm). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 5. AES relative compositional depth profiles for (a) as depos-
ited, and (b) imprinted (at 400°C) TiCuNi thin films. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

samples. Taken together, the surface of as-deposited films
was mainly consisted of thin passivation layer of Ti oxide.

Auger electron spectroscopy (JAMP-7100E, JEOL, Japan)
in combination with Ar-ion beam sputtering were used to
analyze the presence of different elements on the surface
and beneath of as-deposited and imprinted TiCuNi metallic
glass thin films. Figure 5(ab) show the compositional
depth profiles of as-deposited and imprinted TiCuNi films.
Variation of Ti, Cu, Ni, and oxygen contents with the Ar-ion
etching time was also assessed. The top surface of as-
deposited film contains mainly Ti and oxygen and some
small traces of Cu and Ni. As the etching time was
increased, the oxygen content was sharply decreased for
the as-deposited thin film. After one minute of etching, the
oxygen level in the film was dropped close to the back-
ground level. However, the relative amounts of all other
elements were remained almost similar with regard to fur-
ther etching [Figure 5(a)]. For the imprinted TiCuNi sam-
ple, the top surface was also composed of Ti and oxygen. It
should be noticed that with the imprinting, the Cu content
was suppressed to a noticeable level and the oxygen signal
reached to the background level after the etching time of
~3 min. Under these etching conditions, the etching rate
for Si0; was ~17 nm min~ ' The etching rate generally
depends on the elements and their phases and metals usu-
ally have a higher etching rate than the oxides.
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Mechanical properties

Excessive wear of Ti-based alloys is an important character-
istic of these materials. Wear resistance is different for dif-
ferent materials and depends on mechanical hardness and
surface properties. For traditional materials both theory and
experiments showed that the wear resistance increases with
hardness,”*>3 but some exceptional reports also exist.”? For
metallic glasses, wear resistance is usually shown to
increase with increase in hardness.>* Figure 6(a) shows the
loading and un-loading curves for the TiCuNi film of thick-
ness ~3.5 pm obtained from the nano-mechanical testing.
Inset picture shows the typical shape of the indentation at a
load of 5 mN. Well-defined pop-ins and pile-up of material
outside the indent were noticeable in accordance with other
metallic glasses.>® The average mechanical hardness (H) and
reduced Young's modulus (E.) obtained from independent
experiments were ~6.9 and 130 GPa, respectively.

Wear resistance on the TiCuNi thin films were per-
formed by measuring the depth of a worn square pattern
[inset of Figure 6(b)] of size ~1 X 1 pm? at different loads.
Scanning was done at each load with a Berkowich diamond
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FIGURE 6. (a) Typical load-displacement curve on a TiCuNi thin film
showing well defined pop-ins. Inset shows the scanning probe micro-
scope (SPM) image of an indent. Pileup of material around the indent
is typical for glassy materials. (b) Shows the dependence of wear
depth on applied load. SPM image in inset is the typical shape of the
worn out pattern. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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FIGURE 7. Fluorescence microscope images of muscle cells cultured on
(a) the conventional cell culture dish and (b) metallic glass thin film. Cell
nuclei and F-actin were stained as blue and red, respectively. (c) SEM image
of the cells cultured on a metallic glass thin film. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

nano-indenter. A nonuniform wear of the film was noticed
from the image as shown in the inset of Figure 6(b) and the
line profile (not shown here). This wear behavior is similar
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to the amorphous carbon films. However, the wear depths
in the case of TiCuNi thin films were significantly lower
than the amorphous carbon. A wear depth of ~2.5 nm was
noticed at the load of ~17 uN in the case of amorphous car-
bon, but the glassy TiCuNi films did not show any signs of
wear at this load. We did not observe wear-up of the film
up to the load of ~30 puN. Above this amount of load, the
wear depth was increased slowly till the thickness of ~15
nm, and after that it was increased rapidly with the adding
loads. A nonlinear dependence of the wear depth with the
applied load was recorded as demonstrated in Figure 6(b).
A significantly high wear resistance up to the thickness of
~15 nm was likely due to the presence of titanium oxide as
confirmed with the XPS analysis. It is well known that the
surface oxidation of Ti-based alloys is effective in increasing
the hardness and thereby the wear resistance.>®

It is worth mentioning that we have deposited metallic
glass thin films of different alloy systems on a variety of
substrates such as conventional silica glass, silicon, metals
and polymers. On the basis of the simple scratch and adhe-
sive tape tests in our laboratory, we can say that metallic
glass thin films have very good adhesion on metals,
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FIGURE 8. (a) Fluorescence microscopic images of muscle cells on the
metallic glass thin film and the conventional cell culture dish after 1
and 2 days of cell culture. Scale bar corresponds to 100 um. Live and
dead cells were stained as green and red, respectively. (b) Prolifera-
tion rate of muscle cells on metallic glass thin film and cell culture
dish. Cells almost duplicated their populations after 2 days of culture
(*p < 0.05). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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semiconductors and oxide substrates. Reasonably good
adhesion was also obtained on polymer substrates.””>®

Biocompatibility of metallic glass thin films

To investigate the biocompatibility of metallic glass thin
films, the muscle cells grown on these films were stained
with DAPI and phalloidin after 1 day of culture to reveal
cell nuclei and F-actin, respectively. For control experiments,
the same procedure was done for the cells grown on the
conventional cell culture dishes. The results are demon-
strated in Figure 7. As can be seen, there is no cytotoxicity
effect of metallic glass thin films on the C2C12 myoblasts.
The muscle cells on both substrates, that is, metallic glass
thin films and cell culture dishes started to elongate and
communicate with other cells. SEM pictures of cells on the
metallic glass thin films also confirmed the biocompatibility
of these substrates [Figure 7(c)]. We also observed that the
cells on the metallic glass films were able to proliferate
well. The latter phenomenon was quantified as to count the
number of live cells on both metallic glass thin films and
cell culture dishes after 1 and 2 days of culture. Here, the
proliferation rate was defined as the ratio of number of live
cells to the total number of cells at day 1 of culture. As can
be seen from Figure 8, almost all cells on both metallic glass
substrates and cell culture dishes remained alive after 1 day
of culture and they almost duplicated their populations after
2 days of culture. Taken together, the metallic glass sub-
strates showed good biocompatibility as exposed to muscle
cells in vitro indicating the great promise of these materials
for biomedical applications.

CONCLUSIONS

The films of TiCuNi were deposited by the sputtering tech-
nique on the Si substrate. Films were structurally amor-
phous and had high mechanical and wear resistant
properties. In vitro biocompatibility analysis confirmed that
these films are nontoxic to the mammalian cells and are
suitable for the cell growth and tissue formation. Polymer-
like imprintability of TiCuNi metallic glass thin films con-
firmed that they could satisfy required precision and repeat-
ability to shape intricate geometries used in biomedical
applications. Also, they can coat any non-biocompatible
material or device for biomedical applications.
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