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ABSTRACT: Nitinol is widely fabricated as stents for the
palliation treatment of many kinds of cancers. It is of great
importance to develop nitinol stents with selective tumor cell
inhibition effects. In this work, a series of pH sensitive films
composed of Ni(OH)2 and Ni−Ti layered double hydroxide
(Ni−Ti LDH) with different Ni/Ti ratios were prepared on the
surface of nitinol via hydrothermal treatment. The films with
specific Ni/Ti ratios would release a large amount of nickel ions
under acidic environments but were relatively stable in neutral
or weak alkaline medium. Cell viability tests showed that the
films can effectively inhibit the growth of cancer cells but have
little adverse effects to normal cells. Besides, extraordinarily
high intracellular nickel content and reactive oxygen species
(ROS) level were found in cancer cells, indicating the death of cancer cells may be induced by the excessive intake of nickel ions.
Such selective cancer cell inhibition effect of the films is supposed to relate with the reversed pH gradients of tumor cells.
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■ INTRODUCTION

Nitinol is a family of nearly equiatomic NiTi alloys with good
biocompatibility and unique shape memory effects.1,2 It has
been widely fabricated as stents to help in the palliation of the
malignant obstruction of bile duct, esophagus, trachea, and
brochi3−5 caused by many kinds of cancers.6−9 However,
currently used nitinol stents do not possess any tumor
inhibition effects, and are susceptible to reocclusion induced
by the tumor ingrowth and overgrowth.10

Nowadays, an important strategy to prevent cancer cell
overgrowth is to incorporate antitumor drugs into a polymer
coating on the surface of nitinol stents.11−14 But the polymer
used in the stents usually associated with serious cholecystitis
and inflammatory responses. Besides, the released drugs may
transport systemically and have adverse effects to the nontarget
organs. Therefore, developing polymer free coatings with
selective tumor inhibition properties is of great importance.
The key point to design materials with selective tumor

inhibition effects is to find the differences between cancer cells
and normal cells.15 Previous studies have shown that tumor
cells and normal cells differ markedly in energy metabolism.
Normal cells produce energy mainly by mitochondrial
oxidation. In contrast, tumor cells rely mostly on conversion
of glucose into lactate for energy production.16,17 To prevent
acidosis, large amounts of lactates and hydrogen ions are

pumped out of the cancer cells, leading to an acidic extracellular
microenvironment but an alkalinized intracellular micro-
environment,18 which is contrary to normal cells. The reversed
pH gradient of cancer cells has been recognized as a potential
feature that can be utilized in targeting tumor cells. This is a
very active research field, and many cancer cell targeting
systems are designed based on this special property of cancer
cells.19 In most cases, the vital part of these platforms is a pH
sensitive element that becomes reactive only in the existence of
cancer cells.20 Layered double hydroxides (LDHs) just have the
sensitivity to pH,21 and may be used in the selective tumor
inhibition platform.
LDHs are a class of ionic lamellar compounds that have been

widely used in the areas of catalysis,22−24 separation25,26 and
precursors for function materials.27−29 In particular, profiting
from the biocompatibility, anionic-exchange and pH sensitive
properties, layered double hydroxides are especially attractive
being employed as biomaterials.30,31 Jun-Kai Lin et al. directly
grown Mg−Fe LDH on pure Mg and found that the LDH
coated sample had a much higher corrosion resistance and a
better cell spreading than the pure Mg alloy;32 Feng Yao et al.
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prepared a Mg−Al LDH array on gold substrate, which can
promote selective cell adhesion;33 Dae-Hwan Park et al.
encapsulated DNA molecules into LDH and made it serve as
an advanced gene delivery system;34 Mingfei Shao et al.
synthesized a three-component microsphere containing an
SiO2-coated Fe3O4 magnetite core and a Ni−Al LDH
nanoplatelet shell, which can be used for the practical
purification of recombinant proteins, as well as having other
potential applications in a variety of biomedical fields including
drug delivery and biosensors.35 However, the potential
inhibition effect of LDH to cancer cells has not been studied
so far.
In this work, films composed of Ni(OH)2 and Ni−Ti LDH

with different Ni/Ti ratios were prepared on the surface of
nitinol via simple hydrothermal treatment in sodium hydroxide
solution. The Ni−Ti LDH films are very sensitive to acidic
environments; therefore, more nickel ions will release in the
existence of cancer cells owing to the low extracellular pH
value. The released nickel ions transport into cells mainly
through divalent metal transporter 1(DMT1), a proton pump
coupling transport protein.36,37 The large hydrogen chemical
potential across cancer cell membrane induced by its reversed
pH gradients can promote the uptake of nickel. In this way, the
cytotoxicity nickel ions in Ni−Ti LDH will selectively “flow” to
cancer cells and a selective tumor cell inhibition effect described
above may be realized.

■ EXPERIMENTAL SECTION
Material Preparation and Characterization. A commercially

available NiTi (50.8 at. % Ni) stick was cut into small cylinders with a
diameter of 12 mm and thickness of 1 mm. The samples were
ultrasonic cleaned in ethanol, deionized water and ultrapure water
successively, and dried in ambient atmosphere for further use. The
films on nitinol surface were prepared by hydrothermal treatment.
Briefly, the nitinol plates were placed in a reaction vessel with Teflon
liner, and a certain amount of NaOH (96%, Sinopharm Chemical
Reagent, Shanghai, China) solution (5 mL for each plate) was gently
poured into the vessel. The reaction vessels were then sealed and
placed in an oven for 8 h with the temperature set to 120 °C. After the
reaction, vessels were cooled in room temperature. Samples were
gently rinsed with deionized water, dried in ambient atmosphere,
boiled in ultrapure water for 1 h to decrease the surface nickel content.
Then the samples were immersed in 0.1 M HCl solution for 2 h to
dissolve the sodium hydroxide left on the surface. Finally, the films
composed of Ni−Ti LDH and Ni(OH)2 can be obtained. The
concentration of the alkali used in the reaction was 2.5, 5 and 10 M,
respectively, and the samples were designed as HT1#, HT2# and
HT3# with the increasing concentration of NaOH.
The surface and cross section morphologies of the samples were

characterized by field emission scanning electron microscopy (FE-
SEM; S-4800, HITACHI, Japan). Powders scraped from the films
were used to identify the crystalline phases of the samples by X-ray
diffraction (XRD; D/Max, Rigaku, Tokyo, Japan). The elemental
compositions of the sample surfaces were detected by energy
dispersive spectrometry [EDS; equipped on the electron probe X-
ray microanalysis system (EPMA, JAX-8100, Japan)] and X-ray
photoelectron spectroscopy (XPS; RBD upgraded PHI-5000C ESCA
system, USA) with an Mg Kα (1486.6 eV) source.
Metal Ions Release Measurement. All of the hydrothermal

treated samples (HT1#, HT2# and HT3#) and the control sample
NiTi were immersed in 10 mL of PBS (phosphate buffered saline)
with different pH values at 37 °C without stirring for various periods
of time. The amounts of released nickel and titanium were determined
by analyzing the resulting solutions using inductively coupled plasma
optical emission spectrometry (ICP-OES, Varian Liberty 150, USA).
The pH value of the PBS was adjusted to 4.0, 6.8 and 7.4, respectively,
with hydrochloride acid.

The nickel release amounts of samples with cells cultured on were
also tested. 5 × 104 cells were seeded on each specimen. After the cells
were cultured for different periods of time, the culture medium was
collected and the nickel concentration was tested by ICP-OES.

Electrochemical Analysis. Dynamic potential polarization curves
and cyclic voltammetry (CV) curves were acquired by a CHI760C
electrochemical workstation (Shanghai, China). The electrochemical
cell was assembled with a conventional three-electrode system: a
saturated calomel electrode (SCE) as the reference electrode, a
graphite rod as the counter electrode and the nitinol and all of the
hydrothermal treated samples as the working electrodes. The
polarization test was conducted in a physiological saline solution
(0.9% NaCl at a pH of 7) and the voltammetric measurement was
performed in a 0.5 M sodium hydroxide solution. Both of the tests
were conducted at room temperature at a scanning rate of 10 mV/min.

Cell Viability Assay. The hepatoma carcinoma cell lines SMMC-
7721 and HepG2 were obtained from Shanghai Oriental Gallbladder
Hospital; cholangiocarcinoma cell line RBE was purchased from Cell
Bank of Chinese Academy of Science; human intrahepatic biliary
epithelial cells (HIBEpic) were from Sciencell. All of the cell lines were
maintained in the media provided by suppliers, in a humidified
atmosphere of 5% CO2 at 37 °C. Based on the cell condition, cells
were passaged at a ratio of 1:2−1:3 every 2−4 days.

The cell proliferation was determined by using the alamarBlue assay
(AbD Serotec Ltd., UK). Cells were seeded on the specimens with a
density of 5 × 104 cells/well. Four specimens were tested for each
incubation period (1, 4 and 7 days). After each incubation period, the
culture medium was removed and 1.0 mL of the fresh medium with
10% alamarBlue was added to each well. After incubation for 4 h, 100
μL of the culture medium was transferred to a 96-well plate for
measurement. Accumulation of reduced alamarBlue in the culture
medium was determined by an enzyme labeling instrument (BIO-
TEK, ELX 800) at excitation wavelengths of 570 and 600 nm. The cell
proliferation rate was calculated according to the instruction of the
alamarBlue assay.

Live/Dead Cell Staining. The live−dead cell staining kit
(Biovision, USA) was used according to manufacturer’s instructions.
Briefly, cells were seeded on the specimens with a density of 5 × 104

cells/well, and cultured for 24h. Then propidium iodide (PI) and
calcium-AM were diluted to a final concentrations of 5 and 2 μM in
PBS, respectively. 100 μL of mixed solution was added to each
specimen, and the cells were stained at 37 °C for 15 min.

Intracellular Nickel Concentration. 1 × 105 cells were planted
on each sample, and cultured for 24 h. Then medium was removed,
and the surfaces were washed with PBS twice and the cells were
collected by trypsinization and counted using a hemocytometer. Cells
were then centrifuged and resuspended in 500 μL of nitrid acid. The
cell lysis was maintained at 80 °C for 4 h and then diluted with 4 mL
of water. Nickel concentration was measured by ICP-OES and
normalized against cell number.

Oxidative Stress Level Measurement. Cells were seeded on the
specimens with a density of 1 × 105cell/well, and cultured for 24 h.
Next, cells were washed three times with PBS. A mixture of 2′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA, final concentration
of 10 μM Sigma-Aldrich, USA) solution was added to the cells for 30
min at 37 °C. The reactive oxygen species (ROS) level was obtained
from the fluorescence reading of 2′,7′-dichlorescein (DCF; Ex 488
nm/Em 535 nm) by confocal laser scanning microscopy (CLSM, Leica
SP8, Germany), and normalized against the cell numbers. Results were
expressed as fold increase of ROS with respect to that of cells
incubated on nitinol.

Cytoskeleton Stain. Samples were placed in a 24-well plate, and
the cells were seeded on the surface of the samples at a density of 1 ×
105 cells/well. After incubatiion for 1, 4 and 24 h, the seeded cells were
rinsed with PBS three times. Then cells were fixed, permeabilized and
blocked successively by 4% paraformaldehyde (PFA) diluent, 0.1% (v/
v) Triton X-100 (Amresco, USA) and 1 wt % bovine serum protein
(BSA, Sigma, USA) respectively. After each step, cells were rinsed with
PBS. Then fluorescein isothiocyanate (FITC) phalloidin was added to
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stain F-actin, followed by rinsing with PBS and further staining nucleus
with DAPI (Chemical International).
Cell Imaging. SEM and CLSM were used to acquire images of

cells. Cells for SEM observation were fixed in 2.5% glutaraldehyde for
4 h at 4 °C. Then the specimens were dehydrated in a series of ethanol
solutions (30, 50, 75, 90, 95 and 100 v/v%) for 10 min, followed by
drying in the hexamethyldisilizane (HMDS) ethanol solution series
(33, 50, 66 and 100 v/v%) for 10 min each series sequentially.
Specimens for CLSM observation were protected from light and

preserved at 4 °C. Cells were fixed in 4% PFA and were observed in 1
week after staining.
Statistical Analysis. All statistical analysis was carried out using a

GraphPad Prism 5 statistical software package. All the data were
expressed as means ± standard deviation (SD). Statistically significant
differences (P) between the various groups were measured using one-
way analysis of variance and Tukey’s multiple comparison tests. A
value of p < 0.05 was considered to be statically significant, and was
represented by the symbol “*”, a value of p < 0.01 was represented by
“**”, and p < 0.001 was “***”.

■ RESULTS AND DISCUSSION

Formation of Ni−Ti LDH. Figure 1a,b,c depicts the surface
morphologies of nitinol discs treated by the hydrothermal
reactions. A nanoflake-like structure appears after hydrothermal
treatment in 2.5 M sodium hydroxide. With increasing sodium
hydroxide concentration, the surfaces still maintain a nanoflake-
like topography, but the nanoflakes curl up and become more
densely distributed. These nanoflakes transform to “wool ball”-
like structures completely as the concentration of sodium
hydroxide reach 10 M. The diameter of the “ball” was about
500 nm, while the width of the “wool” was about 100 nm.
The XRD pattern of the samples is shown in Figure 1d. The

X-ray diffraction of the hydrothermal treated samples show
basal peaks corresponding to (0 0 3), (0 0 6) and (0 0 9) and
nonbasal peaks corresponding to (0 1 2), (0 1 5), (0 1 8), (1 1
0) and (1 1 3) reflections of Ni−Ti LDH.38−40 The left peak
centered at 19° can be assigned to nickel hydroxide,41 as this

peak is broad and weak, it can be deduced that the nickel
hydroxide contents in these films are very low, and mainly
existed in amorphous phase.
The specimens were further investigated by XPS. The surface

compositions of the samples detected by XPS are shown in
Table 1, three elements titanium, nickel and oxygen are

detected on the surfaces of the samples. The titanium contents
decrease with the concentration rise of sodium hydroxide while
the nickel contents increase, leading to an increasing Ni/Ti
ratio. However, only a small variation of oxygen content can be
found among different samples. Figure 2 shows the XPS Ni 2p,
Ti 2p and O 1s spectra obtained from the surface of all of the
hydrothermal treated samples. Four 2p peaks of nickel centered
at 856.0 eV (Ni 2p3/2), 861.7 eV(Ni 2p3/2, sat), 873.7 eV (Ni
2p1/2) and 880.0 eV (Ni 2p1/2, sat) are assigned to the typical
nickel peaks of Ni−OH.42 The XPS spectra of Ti 2p indicate
two peaks centered at 464.2 eV (Ti 2p1/2) and 458.4 eV (Ti
2p3/2), corresponding to the binding energies of Ti4+ in
Ti(OH)6

2−.43 The O 1s peak can be divided into two peaks
centered at 530.3 and 531.5 eV corresponding to oxygen peak
in hydroxyl bonding with Ti and Ni, respectively.42,44,45 The
XPS results further confirm the existence of Ni−Ti LDH on the
surfaces of all of the treated samples.
Scheme 1i,ii depicts the process of the formation of Ni−Ti

LDH, which can be explained by the in situ growth of nickel

Figure 1. SEM morphology of HT1 (a), HT2 (b) and HT3 (c) at low and high magnification; XRD patterns acquired from the hydrothermal
treated samples (d).

Table 1. Elemental Compositions of NiTi Surface before and
after Hydrothermal Treatment

Ti (at. %) Ni (at. %) O (at. %) Ni/Ti

NiTi 17.1 ± 1.83 4.0 ± 0.72 78.9 ± 2.35 0.2 ± 0.03
HT1# 12.9 ± 0.49 20.7 ± 1.74 66.6 ± 2.23 1.6 ± 0.08
HT2# 5.3 ± 0.56 26.4 ± 2.94 68.3 ± 3.46 5.0 ± 0.21
HT3# 4.0 ± 0.72 28.2 ± 4.59 67.8 ± 5.29 7.1 ± 0.34
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hydroxide, followed by its transformation to the layered double
hydroxide with the dissolved titanium in the hot liquid.

Titanium and nickel are different in reactivity, so there will be a
selective oxidation in the first stage of the hydrothermal

Figure 2. XPS of Ni 2p (a−i), Ti 2p (b−i) and O 1s (c−i) [i: 1, 2 and 3 represent HT1#, HT2# and HT3#, respectively].

Scheme 1. Schematic Diagram Depicting the Formation of Ni−Ti LDHa

a(i) The dissolution of titanium; (ii) local nucleation of nickel hydroxide followed by the replacement of nickel by titanium; (iii) nucleation of Ni−Ti
LDH; (iv) growth of Ni−Ti LDH crystal; (v) curling of the crystal in the force of surface tension.
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treatment,46,47 titanium will be preferentially oxidized to
Ti(OH)6

2− and dissolved in the sodium hydroxide solution.48

After titanium dissolves, the bonds between titanium and nickel
are broken, leading to the energy increase of nickel atom.46 To
lower the energy, nickel atoms also tend to react with OH−,
resulting in the nucleation of nickel hydroxide. Then some
dissolved titanium ions in the solution will transport to the
lattice of Ni(OH)2 and replace nickel ions. The extra charges
induced by the replacement will be balanced by the anions
(OH−) between layers, and Ni−Ti LDH can be got. However,
there are still some Ni(OH)2 crystals can be detected from the
sample surfaces, besides the nickel content on the sample
surface is much bigger than that of titanium. Therefore, it can
be deduced that only a small portion of the dissolved titanium
can enter into the nickel hydroxide lattice, most of the dissolved
titanium is left in the solution. With the increasing
concentration of sodium hydroxide, more titanium will be
dissolved, so more titanium will be left in the solvent, leading to
the increase Ni/Ti ratio on the sample surfaces.
Two types of nanostructures (the nanoflake like structure in

two types of dimension and the wool sphere nanoarchitectures)
were obtained on nitinol surfaces. As shown in Scheme 1iii,iv,v,
the formation of the different nanostructures basically involves
three processes: nucleation, growth and curling. The details of
each process are discussed in the Supporting Information.
Physico-Chemical Property of Ni−Ti LDH. Nickel, as an

essential element in the human body, is known to be allergenic

and toxic.36,49 The nickel release amount is one of the major
factors affecting cellular behaviors.50 Figure 3a presents the
cumulative release amounts of nickel ions as a function of
immersion time in PBS with different pH. It can be found that
samples’ nickel release amounts increase with the decrease of
pH value. HT3# exhibits the highest pH sensitivity. It has the
largest nickel release amounts among all of the samples at pH =
4, but relatively stable in neutral and weak alkaline environ-
ments, in which conditions, its nickel release amounts are
smaller than that of HT2#. Such pH sensitivity of HT3# may
be resulted from its specific Ni/Ti ratio. As shown in Scheme 2,
it is supposed that nickel ions can be released outside via two
pathways. In the neutral and weak alkaline environments, nickel
ions mainly transport outside through the defects exit in the
material. As mentioned above, ion replacement takes place in
the formation of LDH, the replacement will induce lattice
imperfection, which will facilitate ions diffusion and release.
With the highest Ni/Ti ratio, there are few nickel ions being
replaced by titanium in HT3#, leading to its low defects
concentration. Therefore, few nickel ions can leach out from
HT3# in the neutral and weak alkaline environment. While, in
acidic environment the nickel release is mainly induced by the
reaction between hydrogen ions and the alkaline Ni−Ti LDH.
The replacement of Ni2+ by Ti4+ will generate positive charges
on the frameworks of LDH. The electrostatic repulsion
between H+ and the positive charges will inhibit the reaction
between hydrogen ions and LDH. Therefore, samples with

Figure 3. Cumulative nickel release amounts in PBS with different pH (a), and the cyclic voltammetry curve of NiTi and the treated samples (b).
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more positive charges on the surface will release less nickel
ions. With the highest Ni/Ti ratio, few positive charges exit on
sample HT3. Hydrogen ions can easily approach and attack it,
leading to the highest nickel release amounts of HT3# in acidic
environment. It should be noted that, HT1# always has the
lowest nickel release no matter what the pH is. This
phenomenon may be induced by the lowest nickel content
on HT1# surface.
The nickel release amount is likely related to the corrosion

resistance and reactivity of samples. So, the dynamic potential
polarization tests and cyclic voltammetry tests were conducted.
The Tafel plots and resulting data are exhibited in Figure S5 of
the Supporting Information and Table 2. It can be seen that

HT3# has the highest corrosion potential followed by HT2#
and HT1#, indicating that samples with higher Ni/Ti ratio is
harder to be corroded in thermodynamics. This result can be
ascribed to the decreasing crystal defects with the increasing
Ni/Ti ratio of the samples. The corrosion currents are related
to the samples’ corrosion resistance in kinetics, which is affected
by ions release rate of the samples. It can be found that HT2#
has the highest corrosion current whereas HT3# has the lowest,

basically in according with the nickel release profile of different
samples in neutral environments.
Figure 3b shows the CV curves of all of the samples. Obvious

cathodic and anodic peaks, assigned to the Ni2+/Ni3+ redox,51,52

can be seen in the CV curve of sample HT2#. Peaks in the
same potions also existed in the CV curves of HT1# and HT3#,
but the peak height is much lower. The appearance of cathodic
peaks can be ascribed to the proton transfer, which resulted in
the transform of Ni2+ to Ni3+. Crystal defects existed in the
films will facilitate the proton transfer. Sample HT3# has the
fewest crystal defects, so the cathodic peak of HT3# is the
lowest among all of the samples. The relative low cathodic peak
of HT1# may result from the large amounts of positive charges
existing on it. These positive charges will inhibit the proton
transfer through electrostatic repulsion.

Cell Viability. The viability of cancer cells (RBE) and
normal cells (HIBEpic) cultured on different samples was
determined by the alamarBlue assay, and the results are shown
in Figure 4. With regard to cancer cells, nearly no differences
can be observed after 1 day of culturing. However, after
culturing for 4 and 7 days, the cells on HT1# show an obvious
higher proliferation rate than that on NiTi. On the contrary,
cells on HT2# and HT3# present much lower viabilities.
Especially, the number of cells on HT3# even decreased along
with time, indicating that sample HT3# is cytotoxic to cancer
cells. However, sample HT3# shows less adverse effects to
normal cells, and it even promote cell proliferating in the first 4
days of culturing. The morphologies of cells having been
cultured on the sample surfaces for 4 days are depicted in
Figure 5a,b. For cancer cells, NiTi and HT1# are nearly
completely covered by cells, but only a few cells can be found
on the surfaces of HT2# and HT3#. Besides, a lot of cells on
HT3# still keep a round or spindle morphology, whereas on
other samples, cells present a multipolar spindle morphology.
With regard to normal cells, all of samples were covered by cells
completely without differences. Figure 5c,d shows the results of
live/dead staining. There are nearly no dead normal cells that
can be detected from all of the sample surfaces, but many dead
cancer cells can be found on the surface of HT3#. The results
above indicate that the sample HT3# can effectively inhibit the
growth of tumor cells but has little adverse effects on normal
cells. Two other cancer cell lines, SMMC-7721 and HepG2,
were also cultured on the samples, and the cell viabilities were
tested. The result is presented in Figure S6 of the Supporting
Information show that the growth of these two cancer cell lines
could also be inhibited by HT3#. As the surface nickel content
of sample HT3# is very high, the selective tumor cell inhibition
effect may result from the cytotoxic element nickel.

Scheme 2. Illustration of the Mechanism of Nickel Ions
Releasea

a(i) Nickel ions move out through the defects in the film; (ii) nickel
ions release induced by the reaction between the prepared film and the
hydrogen ions in the environment.

Table 2. Parameters Obtained by the Tafel Polarization
Method

NiTi HT1# HT2# HT3#

Icor (A) 1.4 × 10−6 7.4 × 10−7 2.2 × 10−6 5.6 × 10−7

Ecor(V) vs SCE −0.25 −0.34 −0.30 −0.21

Figure 4. Reduction percentage of alamarBlue for RBE cells (a), and HIBEpic cells (b) cultured for various periods of time on the various surfaces.
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Many studies have shown that nickel is toxic at high
concentrations.36,49,53 Nickel ion is an oxidant that promotes
oxidative chemistry in the cytosol and nucleus through
participation in Fenton chemistry, a process that generates
the production of reaction oxygen species (ROS).36 These ROS
compounds are very reactive and can go on to participate in
reactions with biomolecules, leading to membrane damage and
lipid peroxidation. Moreover, generation of oxidative stress and
ROS has been shown to play a major role in cell apoptosis
through a caspase-3 dependent pathway.54 Therefore, the
intracellular nickel concentrations and ROS levels of cancer
cells and normal cells were tested. Results are presented in
Figure 6. An extraordinarily high intracellular nickel concen-
tration and ROS level is found in cancer cells cultured on
sample HT3#, while the nickel concentration and ROS content
in normal cells cultured on different samples show no
significant differences and stay in a relatively low level. These
results indicate that the selective tumor cell inhibition effect of
HT3# is correlating with the selective “flow” of nickel from
samples to cancer cells.
To investigate why nickel ions will selectively flow to cancer

cells, the samples’ nickel release profile with cancer cells and
normal cells cultured on were tested. The results are presented
in Figure 7, and it can be found that more nickel ions will be

released from samples with cancer cells cultured on than those
with normal cells. Especially, HT3# is the most sensitive
sample, it has the highest nickel release amounts in the
existence of cancer cells, but only a few nickel ions can release
from it with normal cells cultured on. Such big differences in
nickel release amounts of HT3# may stem from the reversed
pH gradients of cancer cells. As shown in Scheme 3, normal
cells and cancer cells differ markedly in energy metabolism. The
process of glucose metabolize in normal cells, involves
cytoplasmic glycolysis as well as mitochondrial citric acid
cycle and electron transport chain, resulting in the completely
oxidizing of glucose. In contrast, glycolysis is the major
metabolism mode for cancer cells.15,55 The abnormally high
glycolytic metabolism produces a lot lactate acid in cancer cells.
To prevent acidosis, Na+/H+ exchanger isoform 1 (NHE1) is
overexpressed on cancer cells’ membranes. This protein can
pump out hydrogen ions, leading to an alkaline intracellular
environment and an acidic extracellular environment, which is
the reverse to normal cells.18,56,57 In this study, we found that
after culturing cancer cells for 3 days, the pH of the medium
decreased from 7.45 to 6.90, but with regard to normal cells,
nearly no decrease of medium pH could be detected (from 7.40
to 7.38). As the prepared films are very sensitive to pH, with

Figure 5. SEM morphology of RBE cells (a) and HIBEpic cells (b) after 4 days of culturing on various surfaces; the CLSM images of live/dead
staining of RBE cells (c) and HIBEpic cells (d) after 4 days of culturing on various surfaces.
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different types of cells cultured on, the samples’ nickel release
amounts will change accordingly.
The released nickel ions enter into cells mainly through a cell

membrane transporter. It has been reported that divalent metal
transporter 1 (DMT1), a proton pump coupling transport
protein,36,37 has an important role in the uptake of nickel. This
nickel transporter is energized by the H+ electrochemical
potential gradient.58−61 Due to the reversed pH gradients, the
hydrogen electrochemical potential across cancer cells’
membrane is much larger than that of normal cells. It is
much easier for nickel ions to enter into cancer cells through
DMT1. Therefore, cancer cells are supposed to be more

sensitive to nickel, which has been verified by the IC50 curve of
nickel for cancer cells and normal cells (Figure S7 in the
Supporting Information). As shown in Scheme 3, a high nickel
release amount and high nickel uptake result in the
extraordinarily high intracellular nickel concentration of cancer
cells cultured on sample HT3#. The intracellular nickel ions
induce lots of ROS, and finally leading to the apoptosis of
cancer cells. Acidic materials will leach out from the dead cells,
which will further promote the nickel release and uptake.
With regard to normal cells, their weak alkaline micro-

environment will inhibit the function of DMT1, and nickel ions
absorption will mainly via free diffusion. The intracellular nickel
concentration will be linearly correlated to the nickel
concentration in the environment. As verified above, the nickel
release amounts of HT3# with normal cells cultured on is
relatively low, and few nickel ions can enter into the cells.
Therefore, HT3# shows nearly no adverse effects to normal
cells.
It is noteworthy that nanotopgraphy of samples is also an

important factor that may affect cell behavior.62−64 In vitro
studies have identified nanoscale features as potent modulators
of cellular behavior through the onset of focal adhesion
formation.65 To explore the initial cell adherence process, the
cytoskeleton of cancer cells RBE and normal cells HIBEpic
seeded on all of the samples were observed by CLSM. The
results are presented in Figure 8. After 1 h of incubation,
normal cells on HT2# and HT3# present a spindle
morphology. Cells on NiTi and HT1# show round
morphologies, and the spindle shaped cells can hardly be
found until incubation for 4 h. After 24 h of incubation, cells on
all of the samples show a fibrous structure but there are more
cells adhered on the surfaces of HT2# and HT3#. These results
indicated that samples HT2# and HT3# can effectively
promote the adhesion and spreading of normal cells, whereas
HT1# has adverse effects to cell adhesion. In the case of cancer
cells, HT2# and HT3# also show promotion effects on cell
spreading at the initial stage. Cells present a round and less
spread morphology on NiTi and HT1# but a well spread
mutipolar spindle morphology on the samples HT2# and
HT3# in the first hour. However, after 4 h of incubation, the
promotion effect disappears. Fewer cells can be detected on the
sample HT2# and HT3# compare to NiTi and HT1#. The
inhibition effect becomes more obvious after 24 h of
incubation.
Work by Arnold et al. showed that focal adhesion assembly

requires that spacing between ligated integrins be less than 70
nm.66 Large spacing between nanoprotrusions will limit the
formation of focal adhesion and inhibit the spread of cells.67 In
this study, spacing between nanostructures of HT1# is the
largest among all of the samples, leading to its adverse effects to
cell spreading. On the contrary, cells spread much better on
samples HT2# and HT3#, which may be owing to the densely
distributed nanostructures on these samples provide enough
binding site for the formation of focal adhesion. Better
spreading and adhesion usually means a higher cell proliferation
rate.65 It is true in the condition that cells were cultured on
samples without nickel release (Figure S8b in the Supporting
Information). But with nickel release, better spreading means
bigger contact area between cells and the sample surfaces, so
the possibility of nickel on the sample surface intake by cells
increases, and more nickel will enter into cells.
Therefore, the selective tumor cell inhibition effect of HT3#

is the combined effect of the sample chemical component,

Figure 6. Introcellular nickel concentration (a) and ROS level (b) of
RBE and HIBEpic after culturing on various surfaces for 24 h.

Figure 7. Cumulative nickel release amounts of NiTi and the treated
samples with cancer cells (a) and normal cells (b) cultured on the
sample surfaces.
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topography and the unique features of cancer cells. The special
chemical component that makes the nickel release amount can
be adjusted by pH; the topography makes the surface promote
cell spreading, increasing the nickel uptake possibility; the

reversed pH gradients of cancer cells promote nickel release

and uptake.

Scheme 3. Illustration for the Possible Mechanism of the Selective Tumor Inhibition Effecta

a(i) Unique metabolic way of cancer cells resulting in a lot of lactate production; (ii) hydrogen ions are pumped out of cancer cells by NHE1,
leading to a reversed pH gradients of cancer cells; (iii) nickel is dissolved from Ni−Ti LDH because of the low pH environment; (iv) the reversed
pH gradient promotes the nickel uptake by cancer cells via DMT1; (v) nickel induces the production of ROS; (vi) apoptosis or necrosis resulting
from the high level of intracellular ROS; (vii) acidic materials leach out from the dead cells, which further promotes the nickel release and uptake by
cancer cells.

Figure 8. CLSM images of RBE cells (a) and HIBEpic cells (b) cultured for 1, 4 and 24 h on various surfaces with F-actin stained with FITC (green)
and the nucleus stained with DAPI (blue).

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b01087
ACS Appl. Mater. Interfaces 2015, 7, 7843−7854

7851

http://dx.doi.org/10.1021/acsami.5b01087


■ CONCLUSION
Films composed of Ni−Ti LDH and Ni(OH)2 were
successfully prepared on the surface of nitinol, via a simple
hydrothermal treatment. The specimens with the highest Ni/Ti
ratio (7:1) can effectively inhibit the growth of many kinds of
cancer cell lines investigated in this study (including RBE,
SMMC-7721 and Hep-G2), but have little adverse effect to
normal cells. The selective tumor cell inhibition effect is
supposed to be driven by the reversed pH gradient of cancer
cells, and the Ni/Ti ratio of films was an important factor
affecting the selectivity of the samples. The prepared film in this
study shows great potential in the palliation treatment of
cancers. But the present work just shows the results of the in
vitro cytotoxicity tests, and further in vivo studies are needed to
confirm the safety of this film.
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