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A B S T R A C T

In this study, we developed a simple and cost effective aptasensor based on TiO2 nanotubes–reduced graphene
oxide (TiO2 nanotube-rGO) linked to MUC1 aptamers for ultrasensitive electrochemical detection of breast
cancer cell (MCF-7). Moreover, the photothermal performance of nanohybrid TiO2-rGO was investigated for
cancer treatment. In this regard, after synthesize of TiO2 nanotubes via anodization process, TiO2

nanotubes–rGO hybrid was synthesized by UV assisted reduction of GO and subsequent TiO2 nanotubes at-
tachment to rGO sheets. The resultant hybrid could provide an excellent large surface area leading to im-
provement of suitable sites for MUC1 aptamer immobilization. Our results revealed that TiO2-rGO aptasensor
exhibited superior analytical performance for MCF-7 cell detection with the detection limit of 40 cells.ml−1

within the detection range of 103–107 cells. ml−1. In addition, the designed aptasensor was effectively applied to
detect MUC1 marker in a real sample. Moreover, the TiO2 nanotube-rGO hybrid nanoparticles revealed great
photothermal performance exposed to NIR laser. It could be concluded that nanohybrid TiO2-rGO would be a
useful and beneficial platform for detection and treatment of breast cancer.

1. Introduction

Breast cancer is the most common invasive cancer and serious
health concern among the women in the world leading to the greatest
number of worldwide death [1]. Therefore, it is very important to de-
velop a fast and accurate way for early diagnosis of this cancer [2]. If
the cancer is diagnosed in the early stages of its evolution, it is more
likely to therapy completely, less invasive and cost less [3,4]. Tumor
marker detection is one of the most valuable approaches of early cancer
diagnosis. Tumor markers are biological molecules found in blood and
other body fluids, or tissues which are signs of various diseases [5].
Between various breast cancer markers, human mucin-1 (MUC1) is one
of the most common for detection [3]. MUC1 could be recognized in
some malignancies such as breast, liver, colon, pancreatic, lung and
ovarian cancer. The benefit of this marker in breast cancer is the ele-
vation of cancer marker level in the initial stages of breast diseases
leading to prognostic ability [6]. Between various types of cancer cells,
MCF-7 cells are the most common breast cancer cells showing the
overexpression of MUC1 on their surface making them appropriate for
breast cancer detection [7].

There are some conventional approaches for detection of cancer

tumor markers including enzyme linked immunosorbent assay (ELISA),
radioimmunoassay (RIA) and immunohistochemistry (IHC). Despite the
advantages such as efficiency, these methods have disadvantages in-
cluding invasive nature, complexity, time consuming and lack of early
diagnosis ability leading to the necessity for development of a new
technology [8,9]. Biosensors are sensitive, specific and cost effective
devices performing quick responses due to the direct evaluation of
cancer tumor marker in the physiological fluids [9]. He et al. [10] also
designed a SERS-based biosensor based on freezing-driven DNA binding
on the surface of Au NPs for miRNA detection [10]. Moreover, in an-
other study they fabricated a fluorescent biosensor base on smart DNA
machine for carcinoembryonic antigen (CEA) detection [11]. Bio-
sensors consist of a bioreceptor element immobilized on a substance
called transducer. These devices convert a biological or biochemical
reaction into a measurable signal [12]. Among various biosensors,
electrochemical biosensors reveal excellent advantages including ultra-
sensitivity, low cost and operator skill independence [4,11]. Recently
aptamer-based biosensors (aptasensors) have attracted much attention
due to their good stability, high affinity and specificity as well as their
easy modification [11,13]. Aptamers are short single-stranded DNA or
RNA that could specifically bind to targets with high affinity [11,14].
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Yan et al. [15] developed a sandwich type aptasensor based on GO/Au
composite and porous PtFe alloy for MCF7 cells detection and found
that this platform could detect breast cancer cells effectively with de-
tection limit of 38 cells.ml−1.

Since the transducers affect the biosensor properties such as elec-
tron transfer and stability of biorecognition elements immobilized on
them, selection of these materials is a crucial step in aptasensor de-
signing [16,17]. Recently, various nanomaterials consisting of carbon
nanomaterials, such as reduced graphene oxide (rGO), graphene oxide
(GO) and multiwall carbon nanotube (MWCNT) [9,15,18,19], Au
[4,8,9] and TiO2 [18,20,21] have been applied as transducers in bio-
sensors due to their high stability, biocompatibility, high surface to
volume ratio and strong amplification effect on signals [17]. Between
them, titanium dioxide (TiO2) nanomaterials have attracted much at-
tention for electrochemical biosensors thanks to their great bio-
compatibility, wettability, low cost and facile synthesis [16,22,23].
Between various TiO2 based nanomaterials, one-dimensional TiO2 na-
nomaterials such as nanowires, nanorods and nanotubes are better than
zero-dimensional nanomaterials in some aspects such as high surface to
volume ratio and good charge electric transfer [20,21]. Fan et al. [24]
developed a biosensor based on TiO2 nanotubes/CdS:Mn/CdTe for
cancer detection and found that this hybrid material exhibited an ultra-
low detection limit for MMP-2 biomarker. In another study, Tang et al.
[20] developed a sensitive aptasensor for tetracycline detection by a
novel hybrid material based on MoS2–TiO2@Au nanocomposite with
flower-like TiO2 and showed a wide linear range and low detection
limit of 5× 10−11M. However, the low conductivity of TiO2 based
nanomaterials is their major disadvantages which limits their applica-
tion in electrochemical biosensors. Consequently, the combination of
TiO2 nanomaterials with other nanomaterials might be more promising
for biosensing applications [16].

Among various nanomaterials, graphene and its derivatives such as
GO and rGO nanosheets have received great attentions for using in the
biosensor applications [12]. The great advantages of graphene and its
derivatives consist of high surface to volume ratio, low electrical noise
and excellent capability of charge transfer. Moreover, the presence of
hydrophobic components and π- π interactions on graphene nanoma-
terials introduced them as excellent supporting layers for biomolecules
immobilizing [12,25]. It has been reported that rGO is more useful than
GO in sensors applications due to the limited electrical conductivity of
GO. However, the only limitation of graphene and rGO is lack of band
gap to provide charge transfer and consequently, electrical conduction
through the materials [26]. To overcome the disadvantages of both
TiO2 and graphene based nanomaterials, wide researches have been
performed to combine them for biosensor applications [27–29]. For
instance, an aptasensor based on graphene functionalized vertically-
aligned TiO2 nanotubes was designed for sensitive and selective de-
tection of Microcystin-LR [28]. Despite the wide researches on the TiO2-
graphene for biosensor application, limited researches have focused on
the aptasensor base on these materials for cancer biomarker detection.

There are numerous approaches for breast cancer treatment con-
sisting of surgery, chemotherapy and radiotherapy [30,31]. Never-
theless, the lack of selectivity in these strategies leads to undesirable
adverse effects. Photothermal therapy is a noninvasive cancer therapy
technique in which tumor tissues are exposed to light and received light
is converted to heat to promote tumor destruction. Photothermal
therapy is based on increasing temperature of tumor cell environment
to a range of 42–46 °C leading to cell death [32,33]. The advantages of
photothermal therapy rather than other conventional methods include
non-invasive nature and low cost [32,34]. However, the main challenge
in photothermal therapy researches is application of nanomaterials to
promote the efficiency of this treatment procedure. Appropriate nano-
materials applied in photothermal therapy should absorb light in Near
Infrared spectrum such as TiO2, graphene and Au nanomaterials
[32,34,35]. Among them, TiO2 nanomaterials especially in nanotube
morphology attracted extensive attention for using in photothermal

therapy [34,36]. In another word, GO and its derivatives have good
photothermal properties [31,33]. Based on our knowledge, the appli-
cation of hybrid nanomaterials based on TiO2 nanotube and rGO for
photothermal therapy have never been investigated.

In this study, a simple electrochemical aptasensor based on TiO2

nanotubes-rGO nanohybrids was designed for breast cancer cell detec-
tion and also for further usage in high efficiency photothermal treat-
ment of breast cancer. Compared to other electrochemical cytosensors,
it is expected that this aptasensor could provide important advantages
such as easy fabrication process, high surface to volume ratio for im-
mobilizing of biorecognition element and rich π-bond structure.
Consequently, this fabricated aptasensor might exhibit high sensitivity
and selectivity for breast cancer cells. Moreover, it is expected that
using TiO2 nanotubes-rGO nanohybrid combined with NIR laser could
provide a high efficiency photothermal therapy.

2. Materials and method

2.1. Chemicals and reagents

Ti foil (purity= 96%) with thickness of 0.3 mm was purchased from
Sigma–Aldrich. Glycerol was purchased from Neutron Pharmachemical
Co. Ethanol (96%) was obtained from Pars Alcohol Co. Graphene oxide
was purchased from Nanosany Co. [Fe(CN)6]3-/4-, NaF, KCl, NaCl,
Na2HPO4.2H2O, KH2PO4 and chloroacetic acid were obtained from
Merck Co. MUC1 aptamer (GCAGTTGATCCTTTGGATACCCTGG) and
its 3-base mismatch (GCAATTGATCCTATGGATACCATGG) was ac-
quired from Takapouzist Co. Bovine serum albumin (BSA) was provided
from Sigma Co. Moreover, double distilled water (DDW) was used at all
experiments.

2.2. Preparation of nanohybrid TiO2 nanotubes ˗ rGO hybrids

The procedure of nanohybrid TiO2 nanotubes˗rGO synthesize is
schematically presented in Fig. 1. First, TiO2 nanotubes layer was
formed on titanium foil with size of 1.8 cm×2 cm by electrochemical
anodizing process. Before anodizing, titanium foils were sanded by grit
sized SiC papers and they were sonicated with acetone and ethanol,
respectively. Anodizing process was performed according to our pre-
vious report [37]. Briefly, Ti and Pt foils were used as anode and
cathode, respectively. The anode and cathode were 2 cm apart and they
were connected to power supply (HANI electronics, HEP35Extra, 30 V-
5A). Glycerol electrolyte consisting of 0.5 wt% sodium fluoride (NaF)
and 12.5% DDW was applied as the electrolyte. Moreover, anodization
process was performed at 30 V for and 17 h 17 h was selected as the
optimized anodizing time process in order to get long nanotubes with
higher surface to volume ratio which could be beneficial for sensor
application [23]. In order to separate TiO2 nanotubes layer from the Ti
foil, 4 anodized sheets were sonicated (Wise Therm, wise, korea) for 3,
5 and 7 h in ethanol at room temperature. Consequently, in order to
synthesize nanohybrid TiO2 nanotubes˗rGO powders, GO powder was
dispersed in ethanol with the concentration of 0.25mg/ml (120 μM), by
45 min-ultrasonication. Consequently, the GO suspension was mixed
with the specific volume of TiO2 nanotubes suspension and stirred for
20min. Subsequently, in order to reduce GO nanosheets and to improve
the interaction between TiO2 nanotubes with GO nanosheets, UVc
(253 nm, Philips) irradiation was performed for 3 h at room tempera-
ture. Finally, hybrid TiO2 nanotubes–rGO nanopowders with different
volume percent of TiO2 nanotubes (10, 20, 40 and 60 (v/v)%) were
synthesized. According to the amounts of TiO2 nanotube content (10,
20, 40 and 60 (v/v)%), the samples were named 10%TNTs-rGo,
20%TNTs-rGO, 40%TNTs-rGO, and 60%TNTs-rGO, respectively.

2.3. Carboxylation of nanohybrid TiO2 nanotubes-rGO powders

Carboxylation of nanohybrid TiO2 nanotubes-rGO powders was
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performed according to Baig et al. method with modification [38].
Briefly, 2ml of 60%TNTs-rGO hybrid suspension in ethanol was heated
at 70 °C to remove ethanol content. Consequently, the remained hybrid
powders were dispersed in the same volume of DDW and was stirred for
90min, followed by sonication for 30min. Consequently, after in-
creasing the temperature of solution to 100 °C, 0.05 g of chloroacetic
acid was added to the suspension, followed by stirring for 4 h at 100 °C.
The mixture was cooled down and centrifuged in DDW until the pH
value reached to neutral pH. Finally, the hybrid was dried at 80 °C for
8 h and subsequently was dispersed in the same volume of ethanol for
further experiments.

2.4. Characterization of nanohybrid TiO2 nanotubes ˗ rGO powders

Reduction of GO in TiO2 nanotube-rGO nanopowders was evaluated
by X-ray diffraction technique (XRD, X'Pert Pro X-ray diffractometer,
Phillips, Netherlands) and UV–vis spectroscopy (UV–vis spectrometer,
EU-2800DS, China). Raman spectroscopy was performed at room
temperature using a Raman Microprobe (Teksan, P50C0R10) with
532 nm (Nd:YAG laser) excitation source. The morphology and ele-
mental mapping of nanohybrids were characterized using scanning
electron microscopy (SEM, Philips, XI30, Netherland) and energy dis-
persive X-ray spectroscopy (EDS, AMETEK, Octane Elite) and field
emission-scanning electron microscopy (FE-SEM, FEI Quant FEG45).
Attenuated total reflection-Fourier transform infrared spectroscopy
(ATR-FTIR, Bruker tensor) was applied to verify the carboxylation of
nanohybrids. Moreover, the concentration of TiO2 nanotubes obtained
from anodized sheets was measured by Inductively Coupled Plasma
mass spectrometry (ICP, PerkinElmer, Optima 7300DV).

2.5. Electrochemical properties evaluation of TiO2 nanotubes˗rGO hybrids

Electrochemical behavior of TiO2 nanotube–rGO hybrids was in-
vestigated by Electrochemical Impedance Spectroscopy (EIS) assay.
10 μl of each hybrid suspension in ethanol was dropped on the surface
of GCE and was dried at room temperature. A three-electrode electro-
chemical cell consisting of modified GCE (working electrode), Ag/AgCl
electrode (reference electrode) and platinum electrode (counter elec-
trode) were used for electrochemical tests. EIS measurements were
executed in 10ml phosphate buffer saline (PBS) solution containing

5mM [Fe(CN)6]3-/4- and 0.1 mM KCl at 10mV potential in the fre-
quency range of 0.01 Hz–100 kHz.

2.6. Preparation of MUC1 aptamer/TiO2 nanotubes-rGO electrode

In order to prepare MUC1 aptamer/TiO2 nanotubes-rGO electrode,
the glassy carbon electrode with the diameter of 2mm was primarily
polished with 0.05 alumina slurry, followed by washing with DDW and
dried at room temperature. Then, 10 μL of carboxylated TiO2 nano-
tubes-rGO hybrid was deposited on the GCE and dried at room tem-
perature. After that, 10 μl of 1 μM aptamer suspension was deposited on
GCE and left in room temperature to dry. The modified electrode was
incubated at 4 °C for 18 h in order to effectively assemble the MUC1
aptamers on the electrode through the interaction between carboxyl
groups of hybrids and amine groups of aptamers. After 30min treat-
ment with 1% BSA solution to block unspecific bindings, the modified
electrode was thoroughly rinsed with distilled water. The MUC1 ap-
tamer/TiO2 nanotubes-rGO modified electrode was ready for the fol-
lowing experiments.

2.6.1. Cell assembling onto modified electrode and electrochemical
detection

The human breast cancer cells (MCF-7 cell lines), purchased from
Pasteur Institute of Iran, were applied as the target to evaluate the
hybrid based aptasensor. Before assessment, MCF-7 cells were cultured
in full culture medium consisting of Dulbecco's Modified Eagle Medium-
low glucose (DMEM-low, Gibco) supplemented with 10 (v/v)% fetal
bovine serum (FBS, Gibco), and 1 (v/v)% penicillin/streptomycin
(Gibco) at 37 °C in 5% CO2 to reach the confluency.

After washing the MUC1 aptamer/TiO2 nanotubes-rGO electrode
with PBS, 10 μl of MCF-7 cell suspension in full culture medium was
dropped on it and then, incubated at 37 °C for 1 h in order to facilitate
the interaction between MCF7 cells and MUC1 aptamers. After washing
with PBS, the modified electrode was prepared and ready for the
electrochemical measurements.

EIS tests were performed to examine the electrochemical behavior
of the prepared aptasensor and identify the detection efficiency. A
three-electrode electrochemical cell was used for electrochemical tests.
The modified GCE, Ag/AgCl electrode and platinum electrode were
applied as working electrode, reference electrode and counter

Fig. 1. The schematic representation of TiO2 – rGO hybrid synthesize procedure.
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electrode, respectively. EIS measurements were applied at a 10mL PBS
solution containing 5mM [Fe(CN)6]3-/4- and 0.1 mM KCl at 10mV po-
tential in the frequency range of 0.01 Hz–100 kHz.

In order to investigate the selectivity of aptasensor, the osteo-
sarcoma cells (MG63 cell line), purchased from Pasteur Institute of Iran,
were also applied as the target. The modification of aptasensor using
MG63 cells was similar to that of MCF-7 cells.

2.7. Temperature monitoring of laser-exposed suspensions (photo thermal
assessment)

To examine the photothermal potential of TiO2 nanotubes and
TNTs-rGO hybrids consisting different concentrations of TiO2 nano-
tubes (10, 20, 40 and 60 (v/v)%), 200 μL of each suspension was heated
at 70 °C to evaporate ethanol content, followed by adding 200 μL dis-
tilled water to each. Suspensions were exposed to 808 nm NIR laser at a
5 cm distance and temperature of suspensions was measured and re-
corded with thermal camera in 30 s time intervals.

3. Results and discussion

3.1. Characterization of anodized TiO2 nanotubes powder

TiO2 nanotubes were synthesized by anodizing of titanium foil in a
glycerol electrolyte at the optimized condition (17 h, 30 V). FE-SEM
images of anodized TiO2 nanotubes on the Ti substrate are presented in
Fig. 2(a) and (b). TiO2 nanotubes were successfully arranged on tita-
nium substrate by anodizing process. The average inner and outer
diameter of TiO2 nanotubes were estimated 63 ± 13 nm and
134 ± 22 nm, respectively. Moreover, EDS analysis of anodized Ti foil
(Fig. 2(c)) demonstrated the presence of titanium and oxygen elements
in TiO2 nanotube layer on the substrate. Moreover, fluoride ion could
also be detected in the sample due to formation of [TiF6]2- compound,
during the anodizing process [39].

In order to synthesize TiO2 nanotube powder, the anodized samples

were ultra-sonicated for various times (3, 5 and 7 h) to effectively se-
parate these nanotubes. According to the noticeable changes in the
color of anodized sample surface before and after nanotube separation,
obvious changes in color of ethanol solution, before and after TiO2

separation and also the role of ultrasonic process on the destruction of
nanotubes at higher sonication times (7 h) (Supplementary Fig. S1(a)),
5 h was selected as the optimized time for ultrasonication process. Ac-
cording to the SEM image of samples after 3 h ultrasonication (Fig.
S1(b)), the nanotubes were not effectively separated from the sample.
In contrary, SEM images of anodized samples after 5 h-ultrasonic
treatment (Fig. S2) revealed the presence of holes related to the sepa-
rated TiO2 nanotubes on the substrate, confirming the successful se-
paration of TiO2 nanotubes from substrate by ultrasonic treatment.
Each anodized sample was sonicated for 5 h in ethanol and conse-
quently, the separated TiO2 nanotubes of 4 anodized samples were
mixed together. The concentration of TiO2 in this suspension was es-
timated about 41.8 μM by ICP method. Moreover, FE-SEM image of the
separated TiO2 nanotubes powder (Fig. 2(d)) revealed TiO2 nanotubes
with various sizes and orientations. According to these images, the
length of nanotubes was estimated around 570 ± 110 nm. These se-
parated TiO2 nanotubes with relatively high surface to volume ratio
might provide large surface area for aptamer attachment and use in
biosensors applications [23].

3.2. Characterization of nanohybrid TiO2– rGO powders

After successful synthesize of TiO2 nanotubes, nanohybrid
TiO2–rGO powders consisting of various amounts of TiO2 nanotubes (10
(v/v)% (10%TNTs-rGO), 20(v/v)% (20%TNTs-rGO), 40(v/v)%
(40%TNTs-rGO) and 60 (v/v)% (60%TNTs-rGO)) were synthesized by
UV irradiation for 3 h. XRD patterns of TiO2–rGO powders are pre-
sented in Fig. 3(a). XRD pattern of GO nanosheets consisted of the
characteristic peaks of GO at 2Ɵ=11.3° and 2Ɵ=42.5° which could
not be detected in the XRD pattern of TiO2 – rGO nanopowders. As a
result, according to the XRD patterns of hybrids, photo-reduction of GO

Fig. 2. Characterization of TiO2 nanotubes: (a) and (b) FE-SEM images and (c) EDS analysis of anodized TiO2 nanotubes at 30 V and 17 h. (d) FE-SEM image of TiO2

nanotubes powder.
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Fig. 3. Characterization of nanohybrid TiO2 – rGO powders: (a) XRD patterns and (b) UV-VIS spectrum of synthesized TiO2 – rGO hybrids. (c) The schematic
representation of TiO2- rGO hybrid synthesize mechanism. (d) Raman spectra of GO and TiO2-GO nanohynrid, after 3 h UV irradiation.

Fig. 4. Characterization of nanohybrid TiO2–rGO powders: FESEM images and EDS mapping analysis of (a) 10%TNTs-rGO, (b) 20%TNTs-rGO, (c) 40%TNTs-rGO, (d)
60%TNTs-rGO hybrid.
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nanosheets was successfully occurred. In another word, TiO2 char-
acteristic peaks could not be detected at XRD patterns of hybrid pow-
ders. It could be due to the amorphous nature of TiO2 nanotubes, as
annealing treatment was not occurred [40]. Fig. 3(b) shows the UV–vis
spectra of synthesized TiO2 nanotubes-rGO hybrids. The spectra con-
sisted of the characteristic absorption peaks at about 256 nm. According
to previous researches, this peak was related to TiO2 nanotubes-rGO
hybrids consisted [41,42], confirming the successful reduction of GO
during the photo-reduction process and the interaction between these
two components. According to Fig. 3(c), before UV irradiation, TiO2

nanotubes and GO nanosheets were attached together via electrostatic
adsorption in the presence of ethanol. TiO2 nanotubes tends to be po-
sitive charged, while GO usually negative charged considering the
oxygen-containing groups, such as the carboxyl, hydroxyl etc. on the
surface of GO. Consequently, a charge separation occurred on TiO2

nanotubes via UV absorption. In the presence of ethanol, the holes were
scavenged and ethoxy radicals were produced. Therefore, electrons
were accumulated on TiO2 nanotubes which could interact with func-
tional groups on GO leading to reduction of some of them. Therefore,
UV irradiation not only resulted in photo-reduction of GO nanosheets to
rGO, but also caused to the attachment of TiO2 nanotubes to rGO na-
nosheets. Raman spectroscopy (Fig. 3(d)) was investigated to examine
the disorders and defects of GO and TiO2-GO hybrid, after photo-
catalytic reduction process by UV irradiation. There are two char-
acteristic peaks, representing D band and G band, in the spectrum of
carbon materials. D band (~1350 cm−1) is ascribed to interruption of
symmetrical carbonaceous lattice due to defects and disorders which
are, mainly, at the edge of graphene (oxide) platelets. G band
(~1580 cm−1) is related to stretching vibration of sp2 C–C bonds
[43,44]. The D band to G band intensity ratio (ID/IG) represents dis-
orders in graphene (oxide) [44,45]. Our result revealed a decrease in
ID/IG from 0.92 for GO to 0.88 for rGO which is related to lower dis-
orders and defects in graphitized structure, reduction in fraction
amount of sp3/sp2 bonded carbon and also increment in size of sp2

domains of carbon atoms in TiO2-rGO hybrid. Moreover, a shift of G
peak position in rGO spectrum compared with GO spectrum was due to
reduction of GO to rGO, as similarly reported in previous researches
[44,46]. Furthermore, typical peaks related to TiO2 can be obviously
seen in the spectrum of TiO2-rGO including Eg(1) peak (148 cm−1),
B1g(1) (362 cm−1), A1g + B1g(2) (516 cm−1) and Eg(2) (628 cm−1).

FE-SEM images and EDS-mapping analysis of nanohybrid powders
(Fig. 4) revealed that TiO2 nanotubes were successfully dispersed and
attached on rGO nanosheets. However, the concentration of TiO2 na-
notubes was different in various samples. FE-SEM images of 10%TNTs-
rGO and 20%TNTs-rGO revealed that TiO2 nanotubes with low density
were dispersed on rGO nanosheets, specifically at the edge of sheets. By
increasing the concentration of TiO2 nanotubes (40%TNTs-rGO and
60%TNTs-rGO nanohybrids), TiO2 nanotubes with high compaction
were distributed on the rGO sheets, especially at 60%TNTs-rGO sample.
EDS mapping analysis of nanohybrid powders also confirmed the dis-
persion of TiO2 nanotubes on the rGO nanosheets.

3.3. Electrochemical evaluation of nanohybrid TiO2-rGO powders

The electrochemical properties of nanohybrid powders including
10%TNTs-rGO, 20%TNTs-rGO, 40%TNTs-rGO and 60%TNTs-rGO were
investigated by EIS method. EIS measurements were performed in PBS,
as a background solution, containing 5.0 mM [Fe(CN)6]3-/4-, as redox
probe, and 0.1 mM KCl at 10mV potential in the frequency range of
0.01 Hz–100 kHz. Fig. 5 shows the Nyquist plot of hybrids, as well as
the bare GCE. The curve of GCE consisted of a semicircle section in high
frequency area and a linear section in low frequency area. Between all
curves, the bare GCE revealed the smallest semicircle portion meaning
that the charge transfer resistance value (Rct) of bare GCE was the
lowest value. In another word, between the Nyquist plots of various
hybrid samples, the semicircle portion of 10%TNTs-rGO sample was the

smallest due to presence of higher amount of rGO and lower amount of
TiO2 nanotubes than others leading to higher conductivity and lower
charge transfer resistance. The semicircle portion of the curves became
bigger and so the charge transfer resistance enhanced with increasing
TiO2 content, confirming the role of TiO2 to act as a barrier to electron
transfer on the electrode surface. Tang et al. [20] used flower like TiO2

nanocomposite in sensor and found that when GCE was modified by
TiO2, the semicircle portion in Nyquist plot and charge transfer re-
sistance enhanced. Moreover, Heydari-Bafrooei et al. [18] developed an
electrochemical aptasensor based on TiO2/MWCNT. They evaluated
electrochemical properties of GCE modified with TiO2 nanoparticle and
found that charge transfer resistance increased via modification of GCE
with TiO2 nanoparticles.

According to the above results, for further experiments including
aptamer attachment and breast cancer cells detection, we selected
60%TNTs-rGO hybrid. This selection was based on two different results
obtained from our previous results. At first, TiO2 nanotubes completely
covered the surface of rGO sheets leading to higher surface to volume
ratio in this hybrid than others. Moreover, the signals related to cancer
cell detection in our aptasensor was based on impedance changes.
Therefore, according to Fig. 5, the 60%TNTs-rGO hybrid with the
highest impedance response and lowest conductivity could be pro-
mising.

3.4. Characterization of carboxylated TiO2– rGO nanopowder

In order to facilitate the interaction of MUC1 aptamer with
60%TNTs-rGO powder, the carboxyl groups were formed on the pow-
ders to interact with amine groups of aptamer. According to Fig. 6(a),
before carboxylation process, the characteristic peaks at 1640 cm−1

and 3300 cm−1 were related to O–H band vibrations for water mole-
cules absorbed on the surface of TiO2 [40, 57]. Moreover, the peaks
presented at 1600-1400 cm−1 were related to Ti–O–C bonds confirming
that the attachment between TiO2 nanotubes and rGO sheets was suc-
cessfully occurred [47,48]. Also, the characteristic peaks at 460 cm−1

and 1255 cm−1 were related to Ti–O–Ti vibration and remained C–O–C
or C–O–H bonds on rGO sheets, after reduction of GO [47,48]. After
carboxylation process (c-TNTs-rGO), the carbonyl group (C]O
stretching) at 1710 cm−1 and methylene group (C–H) at 2930 cm−1

were detected confirming the successful carboxylatation process of
nanohybrid powder [38]. According to the schematic presented in
Fig. 6(b), TiO2-rGO hybrid and MUC1 aptamer attachment occurred by
the interaction between carboxyl groups on hybrid and amine groups at
the end of MUC1 aptamer. Therefore, after carboxylation, this hybrid
was ready for aptamer attachment and for electrochemical detection of
MCF-7 cells.

3.5. Characterization of electrochemical measurements for cancer cells
detection

Electrochemical detection of breast cancer cells was performed by
using aptamer assembled 60%TNTs-rGO hybrid. According to Fig. 7(a),
the MUC1 aptamer as a recognition element was assembled on the GCE
modified with carboxylated 60%TNTs-rGO hybrid(c-TNT-rGO). So, the
prepared aptasensor was ready for electrochemical detection of target
cells and the signal was measured. The measured signal was propor-
tional to the concentration of MCF-7 cells. EIS measurements of the
fabricated aptasensor were performed in PBS, as a background solution,
containing 5.0 mM [Fe(CN)6]3-/4-, as redox probe, and 0.1mM KCl at
10mV potential in the frequency range of 0.01 Hz-100kHz. Fig. 7(b and
c) shows the Nyquist plots and the fitted curves for stepwise mod-
ification process of bare GCE. A semicircular section in high frequency
area and a linear section in low frequency area represented a complex
process, controlled by charge transfer and diffusion process, respec-
tively. The semicircle diameter could be used as a criterion for charge
transfer resistance (Rct) evaluation at the modification process of GCE
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surface [20]. As expected, the bare GCE electrode revealed the lowest
charge transfer value (Rct= 1.86 kΩ) among all curves. When
60%TNTs-rGO hybrid was modified on bare GCE, the charge transfer
resistance increased to Rct= 42.2 kΩ indicating that the presence of
TiO2 nanotubes in the hybrid acted as a barrier to the electron transfer
and decreased the charge transfer on the electrode surface. Moreover,
the modification of bare GCE with carboxylated 60%TNTs-rGO resulted
in increment of charge transfer resistance to Rct= 46.7 kΩ. It means
that the formation of carbonyl and methylene groups through the car-
boxylation process could reduce the electron transfer. According to the
Nyquist plot of aptamer assembled catboxylated 60%TNTs-rGO hybrid
modified GCE, the semicircle portion in this curve was bigger than the
curves related to TNTs-rGO and c-TNTs-rGO. It could be found that
incorporation of aptamer to the modified electrode surface resulted in
enhanced charge transfer resistance to Rct= 53.4 kΩ. It could be due to
the immobilization of negatively charged MUC1 aptamers on the
modified electrode surface leading to the electrostatic repulsion be-
tween negatively charged aptamers and negatively charged redox probe
[Fe(CN)6]3-/4-. Finally, when MCF-7 cells as target cells were introduced
to the modified electrode and caught by MUC1 aptamers, the charge
transfer resistance decreased to Rct= 20.5 kΩ which might be due to
aptamer configuration changes, when they caught target cells.

3.6. The analytical performance of electrochemical aptasensor

The performance of the prepared electrochemical aptasensor was

investigated based on impedance response of aptasensor. At first, re-
lative impedances (RI) of biosensor was calculated and then the cali-
bration curve was obtained based on changes of RI versus logarithm of
detected cells changes. Relative impedance was calculated, according to
the following equation [49]:

=RI |Rc. t.(i) Rc. t.( 0)|/Rc. t.( 0)

Where Rc.t.(0) is the charge transfer resistance value of aptasensor,
when MUC1 aptamer was immobilized on the modified electrode,
without MCF-7 target cells (blank response) and Rc.t.(i) is the charge
transfer resistance value after MCF-7 target cells immobilizing on the
MUC1 aptamer. Fig. 7(d) shows the calibration curve of biosensor
which ranged from 103 to 107 cells.ml−1. In addition, Fig. 7(e) shows
the Nyquist plots of GCE modified with different concentrations of
cancer cell ranged from 103 to 107 cells.ml−1. It could be concluded
that RI had a linear relation with logarithm of cancer cell concentration.
The linear regression equation was calculated with the detection limit
(LOD) of 40 cells.ml−1 at a signal-to-noise ratio of 3δ (when the δ is
standard deviation of the blank response.). Supplementary Table S1
shows the analytical performance of the recent biosensors applied for
cancer cell detection compared to our biosensor. It could be concluded
that our aptasensor shows superior analytical performance for cancer
cell detection than most of others. In our aptasensor, TiO2 nanotubes
simply attached to rGO nanosheets created a high surface to volume
ratio which resulted in low detection limit and high sensitivity of the
fabricated aptasensor. Moreover, most of the sensitive recent

Fig. 5. (a) EIS curves and (b) the fitted curves of different modified electrodes in 5.0mM [Fe(CN)6]3-/4- containing 0.1mM KCl, at the frequency range of
0.01 Hz–100 kHz.

Fig. 6. (a) ATR-FTIR spectra of TNTs – rGO hybrid before and after carboxylation process. (b) The schematic representation of carboxylated hybrid and MUC1
aptamer attachment.
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aptasensors provided in Table S1, consist of sandwich morphology with
complicated structures and various components. We claim that our
presented aptasensor have simplicity which can facilitate use of this
platform for cancer detection. In addition, our fabricated biosensor
represents acceptable and low limit of detection and high sensitivity
despite its simplicity.

3.7. Selectivity of TNT-rGO based aptasensor

The role of aptamer in selectivity of the 60%TNTs-rGO based ap-
tasensor was investigated in two routes. First, the mismatch sequence of
MUC1 aptamer was used and assembled in the modified electrode in-
stead of MUC1 aptamer. Supplementary Fig. S3 shows the Nyquist plots
used mismatch of MUC1 aptamer compared with incorporation of
MUC1 aptamer with correct sequence for MCF-7 cells detection. There
were two semicircle portions in Nyquist plots related to mismatch of
MUC1 aptamer, while there was one semicircle portion and linear

portion in Nyquist plot related to MUC1 aptamer. Thus, it could be
concluded that in the case of using 3-base mismatch of MUC1 aptamer,
there was no response related to MCF-7 cell detection compared to
using MUC1 aptamer with correct sequence. Indeed, mismatch of MUC1
aptamer could not capture and detect MCF-7 cancer cells. The second
route for investigation of selectivity was using another type of can-
cerous cells (MG63) as a target instead of MCF-7 cells on modified
electrode with MUC1 aptamer. Fig. 8 shows the Nyquist plots of GCE
modified with MG63 cells. The obtained charge transfer resistance (Rct)
of fitted Nyquist plots was almost equal to charge transfer resistance of
electrode which have been modified with MUC1 aptamers without any
following cell modification (3.5 section). It shows that MG63 cancer
cells did not have been caught by MUC1 aptamers. Therefore, we could
conclude that MUC1 aptamers on GCE modified electrode could just
catch and detect MCF-7 cells meaning that MUC1 aptamer could pro-
vide great selectivity in the fabricated aptasensor. As a result, the fab-
ricated aptasensor is selective for MCF-7 cells.

Fig. 7. (a) The schematic representation as well as (b) EIS curves and (c) the fitted curves of stepwise modification of electrode for cancer cell detection in 5.0mM [Fe
(CN)6]3-/4- containing 0.1mM KCl, at the frequency range of 0.01 Hz–100 kHz. (d) The calibration curve of fabricated aptasensor and (e) EIS of aptasensor at different
concentration of MCF-7 cell [cells. ml−1].
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To assess the repeatability, the relative standard deviation of 6
measurements with one aptasensor for the same concentration was
calculated which was about 5.1%. Moreover, reproducibility of apta-
sensor was examined. Relative standard deviation of results obtained
with 4 aptasensor in the same concentration of MCF-7 cells was ob-
tained 6.3%.

3.8. Detection of breast cancer in blood serum

In order to prove the potential application of the fabricated bio-
sensor for cancer detection in real sample, blood serum of a cancerous
patient was prepared and tested by the designed biosensor. According
to previous researches, the related biomarkers of a cancer could be
detected in the blood serum of a cancerous patient [5]. It should be
noticed that the proposed biosensor detects MUC1 marker and in this

study, we selected MCF7 cells as a target having MUC1 biomarker.
MUC1 is very likely to be in blood serum of a patient with breast cancer
since MUC1 is the most common biomarker in breast cancer [3,50,51].
Fig. 9 shows the result of MUC1 detection by real sample. Results re-
vealed that the calculated charge transfer resistance (Rct) was about
22.8 kΩ which was similar to Rct of biosensor when it was modified
with MCF7 cells for detection. So, our result confirmed that the pro-
posed biosensor could be applied for detection of breast cancer in real
samples.

3.9. Photothermal efficiency of TNTs-rGO hybrids

In order to investigate the photothermal behavior of TiO2 nanotubes
and TNTs-rGO hybrids, temperature alteration of suspensions con-
taining TiO2 nanotubes and TNTs-rGO hybrids exposed to 808 nm NIR

Fig. 8. EIS of modified electrode with MG63 cancer cells in 5.0mM [Fe(CN)6]3-/4- containing 0.1mM KCl, at the frequency range of 0.01 Hz–100 kHz.

Fig. 9. EIS of the proposed aptasensor modified with blood serum for MUC1 detection.
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illumination, was measured and recorded. Fig. 10 shows temperature
changes of each suspension exposed to an 808 nm NIR illumination for
various times. Moreover, the extracted parameters from these curves
consisting of the maximum temperature and the time to reach max-
imum temperature are presented in Table 1. Results found that in-
corporation of reduced GO nanosheets to TiO2 nanotubes resulted in
enhanced maximum temperature and reduced the time to reach max-
imum temperature. Finally, the optimized hybrid containing 60 (v/v)%
TiO2 nanotubes revealed the highest maximum temperature and the
lowest time to reach maximum temperature. Robinson et al. [33] found
that reduction of GO to rGO significantly enhanced the temperature
from 35° to 55° confirming the promoted photothermal performance of
rGO. Moreover, Hong et al. [34] investigated photothermal perfor-
mance of some nanomaterials such as TiO2 nanoparticles and TiO2

nanotubes, single wall and multiwall carbon nanotubes as well as Au
nanoparticles. They showed that TiO2 nanotubes have the most pho-
tothermal performance compared to other examined nanomaterials.
Our results revealed that the synthesized TNTs-rGO hybrids revealed
the greater temperature than previous researches making it appropriate
for photothermal performance. To sum up, it should be noted that the
great excellence of our presented platform is that it can be used for both
sensitive and selective detection and high efficient treatment of tumor.

4. Conclusion

In summary, a sensitive electrochemical aptasensor was developed
for breast cancer cell detection based on TiO2 nanotubes – rGO hybrid.
High surface to volume ratio of TiO2 nanotube-rGO resulted in sig-
nificant improvement of aptamer immobilization leading to promoted
sensitivity of aptasensor. This ternary platform contributed to improve

analytical performance of the aptasensor. The aptasensor could suc-
cessfully detected breast cancer cells, with low detection limit and good
selectivity. This aptasensor could be applied for other types of cancer
cell detection by modulating the applied aptamer for various kinds of
tumor markers, according to clinic demand. Moreover, results showed
that synthesized nanohybrids have an excellent photothermal perfor-
mance and can be used for efficient photothermal therapy of cancer.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.talanta.2019.120369.

References

[1] X. Zhu, J. Yang, M. Liu, Y. Wu, Z. Shen, G. Li, Sensitive detection of human breast
cancer cells based on aptamer–cell–aptamer sandwich architecture, Anal. Chim.
Acta 764 (2013) 59–63.

[2] B. Ciui, M. Tertis, D. Peia, C. Cristea, R. Sandulescu, Graphene oxide modified
aptasensor for the MUCIN 1 detection, Farmacia 64 (2016) 43–47.

[3] T. Li, Q. Fan, T. Liu, X. Zhu, J. Zhao, G. Li, Detection of breast cancer cells specially
and accurately by an electrochemical method, Biosens. Bioelectron. 25 (2010)
2686–2689.

[4] M. Azimzadeh, M. Rahaie, N. Nasirizadeh, K. Ashtari, H. Naderi-Manesh, An elec-
trochemical nanobiosensor for plasma miRNA-155, based on graphene oxide and
gold nanorod, for early detection of breast cancer, Biosens. Bioelectron. 77 (2016)
99–106.

[5] M. Hasanzadeh, N. Shadjou, M. de la Guardia, Early stage screening of breast cancer
using electrochemical biomarker detection, Trends Anal. Chem. 91 (2017) 67–76.

[6] A.M. Kabel, Tumor markers of breast cancer: new prospectives, J. Oncol. Sci. 3
(2017) 5–11.

[7] F. Liu, Y. Zhang, J. Yu, S. Wang, S. Ge, X. Song, Application of ZnO/graphene and
S6 aptamers for sensitive photoelectrochemical detection of SK-BR-3 breast cancer
cells based on a disposable indium tin oxide device, Biosens. Bioelectron. 51 (2014)
413–420.

[8] A. Florea, Z. Taleat, C. Cristea, M. Mazloum-Ardakani, R. Săndulescu, Label free
MUC1 aptasensors based on electrodeposition of gold nanoparticles on screen
printed electrodes, Electrochem. Commun. 33 (2013) 127–130.

[9] S. Mittal, H. Kaur, N. Gautam, A.K. Mantha, Biosensors for breast cancer diagnosis:
a review of bioreceptors, biotransducers and signal amplification strategies,
Biosens. Bioelectron. 88 (2017) 217–231.

[10] M.Q. He, S. Chen, K. Yao, K. Wang, Y.L. Yu, J.H. Wang, Oriented assembly of gold
nanoparticles with freezing‐driven surface DNA manipulation and its application in
SERS‐based MicroRNA assay, Small Methods 3 (2019) 1900017.

[11] M.-Q. He, K. Wang, W.-J. Wang, Y.-L. Yu, J.-H. Wang, Smart DNA machine for
carcinoembryonic antigen detection by exonuclease III-assisted target recycling and
DNA walker cascade amplification, Anal. Chem. 89 (2017) 9292–9298.

Fig. 10. Temperature changes of each suspension versus time after exposed to 808 nm NIR illumination.

Table 1
The extracted parameters from Fig. 10.

TNTs content (v/v)% rGO content (v/v)% Tmax (°C) t(Tmax) (min)

100 0 53.9 1
60 40 64.7 7.5
40 60 64.8 10
20 80 63.5 11
10 90 46.8 11.5

M. Safavipour, et al. Talanta 208 (2020) 120369

10

https://doi.org/10.1016/j.talanta.2019.120369
https://doi.org/10.1016/j.talanta.2019.120369
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref1
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref1
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref1
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref2
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref2
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref3
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref3
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref3
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref4
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref4
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref4
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref4
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref5
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref5
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref6
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref6
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref7
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref7
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref7
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref7
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref8
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref8
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref8
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref9
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref9
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref9
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref10
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref10
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref10
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref11
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref11
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref11


[12] S. Szunerits, R. Boukherroub, Graphene-based biosensors, Interface focus 8 (2018)
20160132.

[13] M. Shahdordizadeh, R. Yazdian-Robati, M. Ramezani, K. Abnous, S.M. Taghdisi,
Aptamer application in targeted delivery systems for diagnosis and treatment of
breast cancer, J. Mater. Chem. B 4 (2016) 7766–7778.

[14] M. Liu, X. Yu, Z. Chen, T. Yang, D. Yang, Q. Liu, K. Du, B. Li, Z. Wang, S. Li, Aptamer
selection and applications for breast cancer diagnostics and therapy, J.
Nanobiotechnol. 15 (2017) 81.

[15] M. Yan, G. Sun, F. Liu, J. Lu, J. Yu, X. Song, An aptasensor for sensitive detection of
human breast cancer cells by using porous GO/Au composites and porous PtFe alloy
as effective sensing platform and signal amplification labels, Anal. Chim. Acta 798
(2013) 33–39.

[16] X. Liu, R. Yan, J. Zhu, J. Zhang, X. Liu, Growing TiO2 nanotubes on graphene
nanoplatelets and applying the nanonanocomposite as scaffold of electrochemical
tyrosinase biosensor, Sens. Actuators B Chem. 209 (2015) 328–335.

[17] H. Su, S. Li, Y. Jin, Z. Xian, D. Yang, W. Zhou, F. Mangaran, F. Leung,
G. Sithamparanathan, K. Kerman, Nanomaterial-based biosensors for biological
detections, Adv. Health Care Technol. 3 (2017) 19–29.

[18] E. Heydari-Bafrooei, M. Amini, M.H. Ardakani, An electrochemical aptasensor
based on TiO2/MWCNT and a novel synthesized Schiff base nanocomposite for the
ultrasensitive detection of thrombin, Biosens. Bioelectron. 85 (2016) 828–836.

[19] X. Huang, Z. Yin, S. Wu, X. Qi, Q. He, Q. Zhang, Q. Yan, F. Boey, H. Zhang,
Graphene‐based materials: synthesis, characterization, properties, and applications,
Small 7 (2011) 1876–1902.

[20] Y. Tang, P. Liu, J. Xu, L. Li, L. Yang, X. Liu, S. Liu, Y. Zhou, Electrochemical ap-
tasensor based on a novel flower-like TiO2 nanocomposite for the detection of
tetracycline, Sens. Actuators B Chem. 258 (2018) 906–912.

[21] F. Zanghelini, I.A. Frías, M.J. Rêgo, M.G. Pitta, M. Sacilloti, M.D. Oliveira,
C.A. Andrade, Biosensing breast cancer cells based on a three-dimensional TIO2
nanomembrane transducer, Biosens. Bioelectron. 92 (2017) 313–320.

[22] J. Zhu, X. Liu, X. Wang, X. Huo, R. Yan, Preparation of polyaniline–TiO2 nanotube
composite for the development of electrochemical biosensors, Sens. Actuators B
Chem. 221 (2015) 450–457.

[23] T. Mavrič, M. Benčina, R. Imani, I. Junkar, M. Valant, V. Kralj-Iglič, A. Iglič,
Electrochemical Biosensor Based on TiO2 Nanomaterials for Cancer Diagnostics,
Advances in Biomembranes and Lipid Self-Assembly, Academic Press, 2018, pp.
63–105.

[24] G.-C. Fan, L. Han, H. Zhu, J.-R. Zhang, J.-J. Zhu, Ultrasensitive photoelec-
trochemical immunoassay for matrix metalloproteinase-2 detection based on CdS:
Mn/CdTe cosensitized TiO2 nanotubes and signal amplification of SiO2@ Ab2
conjugates, Anal. Chem. 86 (2014) 12398–12405.

[25] A. Lebedev, V.Y. Davydov, S. Novikov, D. Litvin, Y.N. Makarov, V. Klimovich,
M. Samoilovich, Graphene-based biosensors, Tech. Phys. Lett. 42 (2016) 729–732.

[26] P. Bollella, G. Fusco, C. Tortolini, G. Sanzò, G. Favero, L. Gorton, R. Antiochia,
Beyond graphene: electrochemical sensors and biosensors for biomarkers detection,
Biosens. Bioelectron. 89 (2017) 152–166.

[27] M.A. Ali, K. Mondal, Y. Jiao, S. Oren, Z. Xu, A. Sharma, L. Dong, Microfluidic im-
muno-biochip for detection of breast cancer biomarkers using hierarchical com-
posite of porous graphene and titanium dioxide nanofibers, ACS Appl. Mater.
Interfaces 8 (2016) 20570–20582.

[28] M. Liu, J. Yu, X. Ding, G. Zhao, Photoelectrochemical aptasensor for the sensitive
detection of microcystin‐LR based on graphene functionalized vertically‐aligned
TiO2 nanotubes, Electroanalysis 28 (2016) 161–168.

[29] M. Wang, S. Zhai, Z. Ye, L. He, D. Peng, X. Feng, Y. Yang, S. Fang, H. Zhang,
Z. Zhang, An electrochemical aptasensor based on a TiO 2/three-dimensional re-
duced graphene oxide/PPy nanocomposite for the sensitive detection of lysozyme,
Dalton Trans. 44 (2015) 6473–6479.

[30] G.A. Klevos, N.S. Ezuddin, A. Vinyard, T. Ghaddar, T. Gort, A. Almuna, A. Abisch,
C.F. Welsh, A Breast cancer review: through the eyes of the doctor, nurse, and
patient, J. Radiol. Nurs. 36 (2017) 158–165.

[31] R.G. Bai, N. Ninan, K. Muthoosamy, S. Manickam, Graphene: a versatile platform
for nanotheranostics and tissue engineering, Prog. Mater. Sci. 91 (2018) 24–69.

[32] L. Yang, Y.-T. Tseng, G. Suo, L. Chen, J. Yu, W.-J. Chiu, C.-C. Huang, C.-H. Lin,
Photothermal therapeutic response of cancer cells to aptamer–gold nanoparticle-
hybridized graphene oxide under NIR illumination, ACS Appl. Mater. Interfaces 7
(2015) 5097–5106.

[33] J.T. Robinson, S.M. Tabakman, Y. Liang, H. Wang, H. Sanchez Casalongue, D. Vinh,
H. Dai, Ultrasmall reduced graphene oxide with high near-infrared absorbance for
photothermal therapy, J. Appl. Comput. Sci. 133 (2011) 6825–6831.

[34] C. Hong, J. Kang, H. Kim, C. Lee, Photothermal properties of inorganic nanoma-
terials as therapeutic agents for cancer thermotherapy, J. Nanosci. Nanotechnol. 12
(2012) 4352–4355.

[35] S.Z. Nergiz, N. Gandra, S. Tadepalli, S. Singamaneni, Multifunctional hybrid na-
nopatches of graphene oxide and gold nanostars for ultraefficient photothermal
cancer therapy, ACS Appl. Mater. Interfaces 6 (2014) 16395–16402.

[36] C. Hong, J. Kang, J. Lee, H. Zheng, S. Hong, D. Lee, C. Lee, Photothermal therapy
using TiO2 nanotubes in combination with near-infrared laser, Cancer Ther. 1
(2010) 52.

[37] H. Mokhtari, Z. Ghasemi, M. Kharaziha, F. Karimzadeh, F. Alihosseini, Chitosan-58S
bioactive glass nanocomposite coatings on TiO2 nanotube: structural and biological
properties, Appl. Surf. Sci. 441 (2018) 138–149.

[38] M.I. Baig, P.G. Ingole, W.K. Choi, S.R. Park, E.C. Kang, H.K. Lee, Development of
carboxylated TiO2 incorporated thin film nanocomposite hollow fiber membranes
for flue gas dehydration, J. Membr. Sci. 514 (2016) 622–635.

[39] D. Regonini, C.R. Bowen, A. Jaroenworaluck, R. Stevens, A review of growth me-
chanism, structure and crystallinity of anodized TiO2 nanotubes, Mater. Sci. Eng. R
Rep. 74 (2013) 377–406.

[40] P.M. Hosseinpour, D. Yung, E. Panaitescu, D. Heiman, L. Menon, D. Budil,
L.H. Lewis, Correlation of lattice defects and thermal processing in the crystal-
lization of titania nanotube arrays, Mater. Res. Express 1 (2014) 045018.

[41] M.R. Hasan, S.B.A. Hamid, W.J. Basirun, Z.Z. Chowdhury, A.E. Kandjani,
S.K. Bhargava, Ga doped RGO–TiO2 composite on an ITO surface electrode for
investigation of photoelectrocatalytic activity under visible light irradiation, New J.
Chem. 39 (2015) 369–376.

[42] B.Y.S. Chang, N.M. Huang, M.N. An’amt, A.R. Marlinda, Y. Norazriena,
M.R. Muhamad, I. Harrison, H.N. Lim, C.H. Chia, Facile hydrothermal preparation
of titanium dioxide decorated reduced graphene oxide nanocomposite, Int. J.
Nanomed. 7 (2012) 3379.

[43] L.-L. Tan, W.-J. Ong, S.-P. Chai, A.R. Mohamed, Reduced graphene oxide-TiO 2
nanocomposite as a promising visible-light-active photocatalyst for the conversion
of carbon dioxide, Nanoscale Res. Lett. 8 (2013) 465.

[44] O. Akhavan, M. Abdolahad, A. Esfandiar, M. Mohatashamifar, Photodegradation of
graphene oxide sheets by TiO2 nanoparticles after a photocatalytic reduction, J.
Phys. Chem. C 114 (2010) 12955–12959.

[45] E. Vasilaki, I. Georgaki, D. Vernardou, M. Vamvakaki, N. Katsarakis, Ag-loaded
TiO2/reduced graphene oxide nanocomposites for enhanced visible-light photo-
catalytic activity, Appl. Surf. Sci. 353 (2015) 865–872.

[46] S.H. Aboutalebi, M.M. Gudarzi, Q.B. Zheng, J.K. Kim, Spontaneous formation of
liquid crystals in ultralarge graphene oxide dispersions, Adv. Funct. Mater. 21
(2011) 2978–2988.

[47] P. Benjwal, M. Kumar, P. Chamoli, K.K. Kar, Enhanced photocatalytic degradation
of methylene blue and adsorption of arsenic (iii) by reduced graphene oxide
(rGO)–metal oxide (TiO 2/Fe 3 O 4) based nanocomposites, RSC Adv. 5 (2015)
73249–73260.

[48] S. Pu, R. Zhu, H. Ma, D. Deng, X. Pei, F. Qi, W. Chu, Facile in-situ design strategy to
disperse TiO2 nanoparticles on graphene for the enhanced photocatalytic de-
gradation of rhodamine 6G, Appl. Catal. B Environ. 218 (2017) 208–219.

[49] A.R. Allafchian, E. Moini, S.Z. Mirahmadi-Zare, Flower-like self-assembly of di-
phenylalanine for electrochemical human growth hormone biosensor, IEEE Sens. J.
18 (2018) 8979–8985.

[50] R. Molina, M. Gion, Use of blood tumour markers in the detection of recurrent
breast cancer, Breast 7 (1998) 187–189.

[51] K. Cheung, C. Graves, J. Robertson, Tumour marker measurements in the diagnosis
and monitoring of breast cancer, Cancer Treat Rev. 26 (2000) 91–102.

M. Safavipour, et al. Talanta 208 (2020) 120369

11

http://refhub.elsevier.com/S0039-9140(19)31002-1/sref12
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref12
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref13
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref13
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref13
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref14
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref14
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref14
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref15
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref15
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref15
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref15
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref16
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref16
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref16
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref17
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref17
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref17
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref18
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref18
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref18
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref19
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref19
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref19
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref20
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref20
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref20
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref21
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref21
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref21
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref22
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref22
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref22
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref23
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref23
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref23
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref23
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref24
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref24
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref24
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref24
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref25
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref25
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref26
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref26
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref26
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref27
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref27
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref27
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref27
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref28
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref28
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref28
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref29
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref29
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref29
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref29
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref30
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref30
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref30
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref31
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref31
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref32
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref32
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref32
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref32
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref33
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref33
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref33
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref34
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref34
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref34
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref35
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref35
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref35
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref36
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref36
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref36
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref37
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref37
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref37
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref38
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref38
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref38
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref39
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref39
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref39
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref40
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref40
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref40
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref41
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref41
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref41
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref41
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref42
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref42
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref42
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref42
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref43
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref43
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref43
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref44
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref44
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref44
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref45
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref45
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref45
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref46
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref46
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref46
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref47
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref47
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref47
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref47
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref48
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref48
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref48
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref49
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref49
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref49
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref50
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref50
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref51
http://refhub.elsevier.com/S0039-9140(19)31002-1/sref51

	TiO2 nanotubes/reduced GO nanoparticles for sensitive detection of breast cancer cells and photothermal performance
	Introduction
	Materials and method
	Chemicals and reagents
	Preparation of nanohybrid TiO2 nanotubes ˗ rGO hybrids
	Carboxylation of nanohybrid TiO2 nanotubes-rGO powders
	Characterization of nanohybrid TiO2 nanotubes ˗ rGO powders
	Electrochemical properties evaluation of TiO2 nanotubes˗rGO hybrids
	Preparation of MUC1 aptamer/TiO2 nanotubes-rGO electrode
	Cell assembling onto modified electrode and electrochemical detection

	Temperature monitoring of laser-exposed suspensions (photo thermal assessment)

	Results and discussion
	Characterization of anodized TiO2 nanotubes powder
	Characterization of nanohybrid TiO2– rGO powders
	Electrochemical evaluation of nanohybrid TiO2-rGO powders
	Characterization of carboxylated TiO2– rGO nanopowder
	Characterization of electrochemical measurements for cancer cells detection
	The analytical performance of electrochemical aptasensor
	Selectivity of TNT-rGO based aptasensor
	Detection of breast cancer in blood serum
	Photothermal efficiency of TNTs-rGO hybrids

	Conclusion
	Supplementary data
	References




