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Abstract The authors describe a method for the detection and
determination of human liver cancer cells in blood. The
cytosensing system consists of a microfabricated chip-based
electrochemical aptasensor that contains multifunctional hy-
brid electrochemical nanoprobes and an indium tin oxide
(ITO) electrode array interface functionalized with cell-
targeting aptamer and gold nanoparticles (AuNPs). The
thiolated cell targeting aptamer (referred to as TLS11a) was
immobilized on the ITO electrode/AuNPs for specific adhe-
sion of hepatocellular carcinoma cells (HepG2). The hybrid
nanoprobe system consists of hydroquinone (HQ) as an elec-
trochemical probe, horseradish peroxidase (HRP), and an
aptamer/hemin/G-quadruplex aggregate that was immobilized
on gold/palladium-functionalized ZnO nanorods (ZnO@ Au-
Pd). The nanoprobes are capable of amplifying the
voltammetric signal and capturing the target cells. Best oper-
ated at around —90 mV (vs Ag/AgCl), the electrode has a
linear response that covers the 10"2 to 10"7 HepG2 cells per
mL concentration range, with a 10 cell per mL detection limit.
Captured cells may be released from the electrode via electro-
chemical desorption to break the Au-S bonds.
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Introduction

Liver cancer is the third most deadly cancer worldwide [1, 2].
«-Fetoprotein (AFP) is often used as a biomarker for screen-
ing and diagnosing primary liver cancer [3, 4]. However, AFP
is not always reliable as a liver cancer biomarker because the
serum level of AFP may be higher in many other liver dis-
eases. For monitoring liver cancers, it is not convincing for
detecting the blood level of AFP in the clinical study.
Therefore, the sensitive and specific analysis of liver cancer
cells has considerable clinical significance in cancer
diagnosis.

Considering the important role of tumor cells in cancer
diagnosis and management, developing highly sensitive
and selective biosensors has become a hot research topic.
Various approaches, including surface plasmon resonance
[5], microcantilever [6], electrochemiluminescence [7, §]
and electrochemistry have been applied for cancer cells
analysis [9]. However, the selectivity and sensitivity of
these methods is still not high enough for clinical sample
analysis. Compared with other methods, electrochemical
aptasensors have attracted considerable attention in the
analysis of cancer cells because of its advantages such
as rapid response, high selectivity and satisfied sensitivity
[10, 11]. Aptamer is the artificial single-stranded nucleic
acid sequence that can specifically bind to target mole-
cules, proteins and entire cells by the formation of three-
dimensional structures [12]. For example, TLS11a
aptamer has been identified to specifically recognize hu-
man hepatocellular carcinoma HepG2 cells via the
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specific binding to the membrane surface of liver cancer cells
[13, 14]. Various electrochemical aptamer cytosensors for can-
cer cells have been performed. For example, Zhu’s group fab-
ricated a series of multifunctional electrochemical nanoprobes
for signal amplification toward electrochemical cytosensing
[15—17]. Peng’s group took advantage of a dual-aptamer
recognition method for selective and sensitive electro-
chemical analysis of cancer cells [18]. Wang’s group
used layer-by-layer technology to develop an electro-
chemical cytosensing platform for detecting HeLa cancer
cells [19]. Our group fabricated electrochemical aptamer
cytosensors for selective and sensitive detection of HepG2
cells by using TLS11a aptamer [20, 21]. Although these elec-
trochemical cytosensors exhibited selectivity and sensitivity
for detection of cancer cells, it is still necessary to design a
portable and disposable tool with high specificity and sensi-
tivity for clinical sample analysis.

Microchip, or lab on a chip, are now widely considered
as an enabling technology in cancer cell biology because
they possess a variety of advantages, including
multiplexing ability, low reagent consumption and poten-
tial for integration. In particular, microchip-based electro-
chemical platforms have progressed rapidly for cancer cell
detection because of their ease of miniaturization and au-
tomation [22-24]. Zhu’s group designed an integrated
microfluidic electrochemical system for the dynamic eval-
uation of glycan expressions on cancer cell surface [25].
Kelley’s group fabricated a nanoparticle labeling-based
cytosensor for highly specific electrochemical analysis of
circulating tumor cells [26]. Yu’s group did a lot of work
for sensitive electrochemical detection of cancer cells by
developing lab-on-paper techniques [27-31]. Indium tin
oxide (ITO), an inexpensive electrochemical material with
stable electrochemical properties and high electrical con-
ductivity, can be integrated on a microfabricated chip by
using etching technologies [32]. These advantages makes
the chip integrated with ITO electrode arrays, the aptamer
technique and electrochemical methods for detection of
human liver cancer cells.

This paper describes an electrochemical cytosensor array
for highly specific and sensitive detection of human liver can-
cer cell. Compared with our previous work [20, 21], the
cytosensor array was prepared by using gold nanoparticles
(AuNPs) and TLS11a aptamer to modify working electrodes
of screen-printed ITO electrodes for recognizing and captur-
ing target HepG2 cells. And the hybrid nanoprobes of horse-
radish peroxidase (HRP), TLS11a aptamer, hemin/G-
quadruplex HRP-mimicking DNAzyme, and hydroquinone
(HQ) immobilized on the surface of gold/palladium hybrid
functionalized ZnO nanorods (ZnO@ Au-Pd) were designed
to amplify the electrochemical detection signal and improve
the selectivity of the target cancer cells. The high detection
sensitivity and selectivity are achieved by assembling
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aptamer-functionalized AuNPs nanostructures on ITO elec-
trode array surface and utilizing hybrid nanoprobes with
nanomaterials, redox tags, cell-targeting aptamer and signal
amplifying enzyme. Moreover, this method was further used
for imaging cancer cells in ITO electrodes. After electrochem-
ical detection, the device can release the captured cells by an
electrochemical reductive desorption method. This electro-
chemical cytosensing platform provides a useful tool for can-
cer cell detection in clinical diagnostics.

Experimental section
Reagents and materials

Sodium hydroxide (NaOH), zinc nitrate hexahydrate
(Zn(NOs),°6H,0), gold chloride hydrate (HAuCl,-3H,0), po-
tassium tetrachloropalladate (K,PdCl,), methanol, sodium cit-
rate, ascorbic acid (AA), hydroquinone (HQ), horseradish per-
oxidase (HRP) H,O, (30%, w/w) and hemin were purchased
from Aladin Chemistry Co., Ltd. (Shanghai, China, http://
www.aladdin-e.com). Cell Counting Kit-8 (CCK-8) was ob-
tained from BestBio Biotechnology Co., Ltd. (Shanghai,
China, http://www.bestbio.com.cn). 6-mercapto-1-hexanol
(MCH) was purchased from J&KChemical Ltd.
(Guangzhou, China, http://www.jkchemical.com). Red cell
lysis buffer, the thiolated TLS11a aptamer and signal probe
were obtained from Sangon Biotechnology Co., Ltd.
(Shanghai, China, http://www.sangon.com), and the
sequences were listed in Table S1. The signal probe consists
of two strands, a cell-targeted TLS11a aptamer sequence and a
G-quadruplex-forming sequence. Sylgard 184 silicone elasto-
mer and curing agent were obtained from Dow Corning
(Midland, MI, USA, http://www.dowcorning.com/). Indium
tin oxide (ITO)-coated glass (150 nm thick and resistance
<15 Q per square) was purchased from Xiangcheng
Technology Co., Ltd. (Shenzhen, China). Phosphate
buffered saline (PBS) was prepared with 137 mM NacCl, 2.
7 mM KC], KH2P04 and NazHPO4. The PBS (pH 70,
100 mM) was served as a working solution for detection and
the PBS (pH 7.4, 10 mM) was utilized as a washing solution.
Ultrapure water was obtained from a Milli-Q purification sys-
tem with the resistivity of 18.2 M2 cm. Other chemical re-
agents were of analytical grade and used without further
purification.

Apparatus and measurements

Scanning electron microscopy (SEM) images were collected
from a thermal field emission scanning electron microscope
(FEI Quanta 400, Netherlands, https://www.fei.com/home).
Atomic force microscopy (AFM) images were obtained on a
Scanning probe microscope (SPM, Dimension FastScan Bio,
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Bruker, www.bruker.com/). X-ray photoelectron spectroscopy
(XPS) experiments were employed using a Thermo-VG
Scientific ESCALAB 250 spectrometer (Thermoelectricity
Instruments, USA, https://www.thermofisher.com/cn). The
cell images were observed by Nikon Eclipse fluorescence
microscope (Nikon Instruments Co., Japan, http://www.
nikon.com/). Cyclic voltammetry (CV), differential pulse
voltammetry (DPV) and electrochemical impedance spectros-
copy (EIS) were carried out using a RST5100F electrochem-
ical workstation (Suzhou Risetest Instrument Co., Ltd.,
Suzhou, China, http://www.cnrst.com/). A standard three-
electrode system, consisting of a Pt auxiliary electrode, an
Ag/AgCl reference electrode and a bare or modified ITO
(2 mm in diameter) working electrode, was used in all elec-
trochemical measurements.

Cell culture and collection

Human liver hepatocellular carcinoma HepG2 cells, human
normal hepatocyte L02 cells and human breast cancer MCF-
7 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM), supplemented with 10% v/v fetal bovine serum
(FBS), and penicillin (100 units mL_l)/streptomycin
(100 units mL™") (Gibco Invitrogen Co., MD, USA) in an
incubator (37 °C, 5% CO,). At the logarithmic growth phase,
the cells were treated with 0.25 mg mL™" trypsin until they
detached and washed with PBS solution twice by centrifuga-
tion at 1000 rpm (rcf = 94) for 4 min. Finally, the sediment was
dissolved in the PBS solution (10 mM, pH 7.4) to obtain a
homogeneous cell suspension.

Blood sample preparation

Fresh blood was collected from healthy volunteers in the First
Affiliated Hospital of Sun Yat-Sen University. Different num-
ber of HepG2 cells were spiked into the human peripheral
blood. After this step, 1 ml of red blood cell lysis buffer were
added into blood, and incubated at room temperature for
5 min, then washed thrice with a pH 7.4 PBS buffer. Lastly,
the sediment was dissolved in 10 mM pH 7.4 PBS solution to
obtain a homogeneous cell suspension.

ITO electrode array

Chip fabrication

The chips with ITO working electrodes were fabricated using
combined screen-printing and wet etching in ITO glasses, as
shown in Fig. S1. The procedures were referred to a previous-
ly reported protocol [33]. First, the electrode image was de-
signed and printed onto a silk-screen. These ITO-coated
glasses were carefully cleaned with a detergent solution,
followed by sonication for 5 min in ethanol and ultrapure
water, respectively. After rinsed with water, the ITO-coated
glasses were allowed to dry at room temperature. Then, we
brushed the oil ink through the fabricated silk-screen onto the
ITO layer. The glass plate was dried for 15 min at 80 °C and
etched with prepared solutions (H,O: HCL: FeCl; = 1:1:3) for
30 min. After removing the oil ink, the ITO working elec-
trodes were fabricated on the glass substrate (Fig. S2).

The PDMS oligomer and curing agent were mixed in a
ratio of 10:1 (w/w) and PDMS chip was cured at 80 °C for
1 h. A blank section of PDMS was punched with a hole and
then attached on the ITO electrode array to provide an identi-
cal area for electrochemical experiment. The ITO-coated glass
substrate and the prepared PDMS chip can be reversibly bond-
ed by simply putting them together (Fig. 1).

Synthesis of ZnO @au-Pd nanocomposites

ZnO@Au-Pd nanocomposites were prepared according to a
previously reported method with a modification [34, 35].
Briefly, a aqueous solution of NaOH (4 M, 10 mL) was added
to 10 mL of a Zn(NO3),*6H,0 (0.5 M) aqueous solution.
After sonication for 5 min, the mixture solution was stirred
for 12 h. The ZnO nanoflowers products were collected and
washed with ethanol and ultrapure water alternately several
times and finally dried at 60 °C. After this, 2 mL of HAuCl,
(1% w/w) and 0.5 mL of methanol (99.5% v/v) were added to
10 mL of ultrapure water. The pH value of the mixture was
adjusted to 7-8 by 0.01 M NaOH solution. Then, 15 mg ofthe
prepared ZnO was added to the mixture under stirring for
about 1 h. The mixture was maintained at 120 °C for 1 h.
The obtained ZnO@ Au nanocomposites were washed with

Fig. 1 Schematic illustration of the ITO electrode array-based chip for electrochemical cytosensing and photograph of the fabricated chip (The

electrodes were colored by blue ink)
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ultrapure water and ethanol alternately several times and dried
at 60 °C in the air.

The ZnO@ Au nanocomposites were heated to a boil and
2 mL of 1% K,PdCl, were added, followed by the addition of
5mL of 1% AA and 3 mL of 1% sodium citrate, which were
used as reductant for the reduction of K,PdCl,. After the col-
loidal suspension was heated for about 30 min, Pd-Au hybrid
functionalized ZnO nanorods (ZnO@ Au-Pd) was obtained
due to the formation of Pd shell driven by the Au seeds acting
as nucleation centers [34]. The precipitates were collected by
centrifuging, washed with ultrapure water and ethanol alter-
nately several times and finally dried in a vacuum drying
oven.

Nanoprobes fabrication

The fabrication procedure of the nanoprobes was illustrated in
Fig. 2a. HQ, HRP and DNA probe were immobilized onto the
prepared ZnO @ Au-Pd nanocomposites according to the fol-
lowing steps: firstly, 1 mL HQ (3 mM) was added into the
ZnO@ Au-Pd nanocomposites suspension (10 mg in 1 mL
PBS) and set on a shaker at room temperature for about 6 h,
followed by centrifugation at 11000 rpm (rcf = 11,363) and
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washing with ultrapure water. Then, 50 uL of thiolated cap-
ture probe (5 pM) and 50 pL. of HRP (1 mg mL ") were added
to the solution and the resulting solution was stirred mechan-
ically for 12 h at 4 °C. Subsequently, hemin (0.1 mg) was
added into the mixture (pH 7.0) for 2 h at 4 °C, followed by
washing with PBS solution. The prepared ZnO @ Au-Pd-HQ-
HRP-aptamer/hemin/G-quadruplex hybrid nanoprobes were
finally resuspended in PBS solution and stored at 4 °C.

Electrochemical measurements

The major steps in the assembly process of the cytosensor was
illustrated in Fig. 2b. The ITO electrodes were cleaned se-
quentially with acetone, ethanol, and ultrapure water and dried
at room temperature. Electrodeposition of AuNPs nanostruc-
tured ITO electrodes was carried out at the plating potentials
of —0.20 V for 20 s in the HAuCl, solution (w/w 1%). After
deposition, the AuNPs/ITO working electrode was rinsed with
ultrapure water and allowed to dry at room temperature.
Then, thiolated TLS11a aptamer (5 uM, 10 puL) was im-
mediately applied on the AuNPs-modified ITO electrode sur-
face and incubated at 4 °C for 16 h. The modified ITO elec-
trode was subsequently incubated with 1 mM MCH (50 pL) at
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Fig. 2 a Schemes illustrating the processes for the fabrication of ZnO@ Au-Pd-HQ-HRP-G-quadruplex/hemin/aptamer hybrid electrochemical
nanoprobe. b Schemes illustrating the assembly processes in the construction of the electrochemical aptamer cytosensor
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room temperature for 1 h to block the remaining active sites
and then rinsed with PBS solution thoroughly. Subsequently,
20 pL of the cell suspension with different concentration was
dropped onto the modified ITO electrode array and incubated
for 1 h at 37 °C to capture the target cells. At last, the cell-
captured electrodes was incubated with 10 uL of nanoprobes
at 37 °C for 1 h, and washed thoroughly with PBS solution.
For electrochemical measurement, the electrode was placed in
0.1 M PBS (pH 7.0) containing 2.0 mM H,0O,. DPV measure-
ments were performed from —0.3 to 0.2 V (vs. Ag/AgCl) with
a pulse amplitude of 50 mV. After that, an electrochemical
reductive desorption method was employed to break Au—S
bond on the ITO electrode surface to release the captured
cancer cells.

Optical imaging

In order to visualize the cell viability, the captured HepG2
cells were stained after incubation with nanoprobes by a cell
viability indicator of calcein-AM (5 uM) at 37 °C for 15 min
and thoroughly rinsed with PBS. Lastly, the ITO chip was
placed in a commercial cell culture dish for imaging cells.

Results and discussion

Design and characterization of multifunctional
nanoprobes

For electrochemical cytosensing, we can improve the detec-
tion sensitivity by using electrochemical nanoprobes for sig-
nal amplification. In the present work, the nanoprobes were
fabricated via a layer-by-layer assembly method (Fig. 2a). The
ZnO nanorod arrays, with high electron mobility and a large
surface-to-volume ratio, are used to be a promising
nanocarriers. The Au-Pd nanomaterials have good stability
and conductivity, a high surface area and natural
peroxidases-mimicking ability. Therefore, ZnO@ Au-Pd
nanocomposites are performed as the nanocarriers to load bio-
molecules, for example redox-tags, aptamer and natural
peroxidases.

Fig. 3 SEM images of a ZnO
and b and ¢ ZnO@Au-Pd at
different magnifications

The hybrid nanoprobes are multifunctional, capable of spe-
cific cell targeting and multivalent signal amplification. HQ, a
common electroactive mediator, is used as redox-tags for gen-
erating the electrochemical signals in designed nanoprobes.
We integrated the G-quadruplex-forming sequences and
TLS11a aptamer sequences into one single-stranded DNA
probe. The cell-targeting TLS11a aptamer have been identi-
fied for the recognizing HepG2 cells. And the hemin/G-
quadruplex DNAzymes, formed by intercalating hemin into
the guanine-rich DNA probe, has been widely used as HRP-
mimicking DNAzyme electrocatalysts for electrochemical
sensing. The thiolated DNA probe can be conjugated to the
ZnO@ Au-Pd nanocomposites through metal-thiol interac-
tions. The hemin/G-quadruplex DNAzymes and HRP
immobilized on the nanomaterials dramatically amplifies the
electrochemical signals due to the Au@Pd nanoparticles,
hemin/G-quadruplex DNAzymes and HRP catalyzed oxida-
tion of the redox-tags with H,O,.

SEM was used for demonstrating the morphologies of the
synthesized ZnO nanorod and ZnO@ Au-Pd nanocomposites.
The ZnO nanorod was mainly composed of flower-like hierar-
chical structures and the nanorod had a smooth surface
(Fig. 3a). After HAuCl, and K,PdCl, was added, as seen from
Fig. 3b and c, some nanoparticles were observed on the surface
of ZnO nanoflowers, indicating that the gold-palladium hybrid
functionalized ZnO nanoflowers were successfully fabricated.

The chemical composition of the fabricated ZnO @ Au-Pd
nanocomposites were further characterized by XPS measure-
ments. As shown in Fig. S3A, the XPS fully scanned spectra
demonstrated the existence of characteristic elements of gold,
palladium and zinc in nanomaterials. The Au 4f doublet
(83.79 and 87.5 eV; Fig. S3B), the Pd 3d doublet (335.65
and 340.95 eV; Fig. S3C), and Zn 2p doublet (1021.49 and
1044.6 eV, Fig. S3D) firmly confirmed the accomplishment of
ZnO@ Au-Pd nanocomposites. CCK-8 assays were per-
formed to evaluate the cytotoxicity of the ZnO@ Au-Pd nano-
composites for HepG2 cells at various concentrations
(Fig. S4). The results show that the viabilities of HepG2 are
not significantly different compared to that for the controls
and the ZnO@Au-Pd nanomaterials are suitable to be the
sensing nanocarriers.
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Characterization of the cytosensor

To characterize the stepwise cytosensor assembly process,
CV, SEM, AFM and EIS measurements were used to record
the behavior of the cytosensor. Electrodeposition time of
nanostructured electrode was a significant parameter for the
electrochemical cytosensing platform. Fig. 4a shows the CV
curves of the bare ITO electrode and different electrodeposit-
ing times of AuNPs modified ITO electrode. AuNPs modified
ITO electrode had large peak currents (curve b, ¢ and d) com-
pared with the bare ITO electrode (curve a). With the increase
of the electrodepositing time from 10 to 30 s, the CV current
response increased accordingly. And the peak current started
to plateau after 20 s. The result might be ascribed to the fact
that a long electrodepositing time resulted in the formation of

a

804

40 4

D —p O

Current (uA)
e

-404

-80 4

02 00 02 04 06
Potential (V vs. Ag/AgCl)

F

——500.0nm——
Sun Yat-sen U

Mag Pressure‘
11.6 mm |[2.70 pm |[ETD| 20.0 kV| High vacuum | 50000x

WD HFW | Det HV VacMode
Fig. 4 a Cyclic voltammetry responses of (@) original ITO electrode and
AuNPs modified ITO electrode. The electrolyte solution is 0.5 M KCl
containing 5 mM [Fe(CN)¢]*"*". The scan rate is 100 mV s '. The
electrodes of (b), (¢), and (d) are obtained by electrodeposition in
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multilayered AuNPs films on the ITO electrode, which was
not conducive to electronics transfer [35]. Thus, 20 s was
chosen as the optimized electrodepositing time for the
cytosensor. Then, we further investigated the stability of the
ITO electrode/AuNPs by using a CV experiment. As shown in
Fig. 4b, there is almost no change for the current response
after continuous scanning 20 circles, implying that the stabil-
ity of the electrodeposited AuNPs modified ITO electrode is
acceptable. SEM and AFM was also utilized to demonstrate
the results. Fig. S5 shows a low-magnification SEM image of
the AuNPs modified ITO electrode. The glass surface was not
modified by AuNPs. Fig. 4c is the enlarged SEM image, we
clearly see that AuNPs modified ITO electrode zone main-
tained good nanostructure. From the AFM image of AuNPs/
ITO in Fig. 4d, we can see that the modified electrode surface
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ITO electrode/AuNPs under successive CV scans for 20 cycles. ¢ SEM
image and d AFM image of AuNPs modified ITO electrode
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Fig. 5 Electrochemical impedance spectra of a bare ITO electrode, b
ITO electrode/AuNPs, ¢ ITO electrode/AuNPs/TLS11a aptamer, d ITO
electrode/AuNPs/TLS11a aptamer/MCH, and e ITO electrode/AuNPs/
TLS11a aptamer/MCH/HepG2 cell. The electrolyte solution is 0.5 M
KCl containing 5 mM [Fe(CN)s]*">". The amplitude is 10 mV and the
impedance spectral frequency is 0.1-10° Hz

owns a relatively high roughness and increases the effective
surface of ITO electrode, which is consistent with the SEM
results.

EIS is a facile and powerful method to monitor the layer-
by-layer assembly processes. Fig. 5 displays the EIS (Nyquist
plots) of the ITO electrode modification layer by layer. The
semicircle diameter of the Nyquist plots is closely linked with
the charge-transfer resistance at the electrode interface. For the

bare ITO electrode, a small semicircle portion was observed
(curve a), indicating the good electron-transfer capability.
After the electrodeposition of AuNPs on ITO electrode, the
semicircle diameter became smaller (curve b) compared with
the bare ITO electrode. The AuNPs films can not only in-
crease the electrode surface for aptamer immobilization, but
also enhance the electrical conductivity of the ITO electrode.
Then after thiolated TLS11a aptamer was attached to the
AuNPs/ITO electrode surface through Au-S bond, the elec-
tron transfer resistance increased significantly (curve c), sug-
gesting that aptamer molecules blocked the electron exchange
between the AuNPs/ITO electrode layer and redox probe
[Fe(CN)6] 7. After blocking with MCH, we observed an
increase in diameter of the semicircle (curve d). Moreover,
the adhesion of cancer cells on the electrode interface leaded
the obvious increase of the resistance (curve e). The results
have confirmed the successful fabricated process of the
cytosensor.

Optimization of the experimental conditions

After the cancer cells were captured, the electrodes were in-
cubated with the fabricated nanoprobes to form an aptamer-
cell-nanoprobe sandwich-type platform. The nanoprobes were
used to improve the sensitivity of the cytosensor. The opti-
mum conditions (the amount of nanoprobe solution, HepG2
cells incubation time and the concentration of H,O,) were

Fig. 6 a Differential pulse a b
voltammetry responses of the 20
cytosensor for different HepG2 <16 141
cell concentrations (from curve a gu 124
tof: 1x10% 1 x10% 1 x 10% _ 5k _
1x10°1x10°and 1 x 107 cells g T T f < 101
mL™"). The inset shows the <4 0- 19C (cells mL") = gl
L . c c
calibration curve of the linear o o
response for HepG2 cells. b 5 5 6
Specificity investigations of the © 5. © 4_’
cytosensor for different types of | I L
cells. The concentration of cells 2
was 10° cells mL ™" except for the 0+ 0 1
blank control. ¢-d Fluorescence 03 02 01 00 04 Blank MCF-7  LO2  HepG2
microscopy images of calcein- Potential (V vs. Ag/AgCl) Cell Lines

AM-stained HepG2 cells at
different concentrations captured
on the MCH/aptamer/AuNPs/
ITO electrode after incubation
with nanoprobes for 1 h
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Table 1  Comparison of this ITO electrode array-based electrochemical cytosensor with other reported cytosensors for HepG2 cell detection
Cytosensor type Analytical method Linear range (cells mL™")  Detection limit (cells mL™!)  Reference
Microcantilever aptasensor Microcantilever assay 1x10%to 1 x 10° 300 [6]
Electrochemiluminescent immunosensor  Electrochemiluminescence 3x10%to 1 x 10* 256 [7]
Electrochemical aptasensor Impedance spectroscopy 1x10%to 1 x 10° 2 [14]
Electrochemical aptasensor Differential pulse voltammetry 1 x 10% to 1 x 107 15 [21]
Electrochemical aptasensor Differential pulse voltammetry 1 x 10% to 1 x 107 10 This work

measured, as shown in Fig. S6. A detailed description can be
found in the Supplementary information.

Electrochemical detection of HepG2 cells

High sensitivity and selectivity plays a significant role in the
analysis of cancer cells. Under the optimized conditions, the
DPV responses for different concentrations of HepG2 cells are
shown in Fig. 6a. DPV current signals increase obviously with
the increasing concentration of HepG2 cells. Best operated at
around =90 mV (vs Ag/AgCl), the DPV currents are linearly
dependent on the logarithm values of number of HepG2 cells
ranging from 1 x 10% to 1 x 107 cells mL™". The linear regres-
sion equation is I (tA) =1.3022 + 2.3682 1gCeeps (cells mL ™)
with a correlation coefficient of 0.9959 (n = 3). And the de-
tection limit for HepG2 cells is determined to be 10 cells mL ™"
using 30/k (o is the standard deviation of the blank measures
and k is the slope of the corresponding calibration curve). The
high detection sensitivity may be a consequence of the syner-
gistic effects of excellent conductivity of AuNPs/ITO, the load-
ing of a large amount of redox-tags in ZnO@Au-Pd and the
high catalytic activity of HRP and hemin/G-quadruplex
DNAzymes. The multifunctional nanoprobes dramatically am-
plify the electrochemical signals due to the Au-Pd nanoparti-
cles, hemin/G-quadruplex DNAzymes and HRP catalyzed ox-
idation of the redox-tags (HQ) with H,O,. The performance of
the electrochemical cytosensor was better than those of reported
cytosensors, such as microcantilever aptasensor and
electrochemiluminescence cytosensor (Table 1).

For investigating the selectivity of the cytosensor toward
HepG?2 cells, different types of cells, such as MCF-7 and L02
cells were tested. As shown in Fig. 6b, compared with the
blank control, electrochemical signal change of the cytosensor
shows a negligible change for the MCF-7 cells and L02 cells.
In addition, cell culture medium and HepG2 cell lysates also
show a small current response (Fig. S7). Based on above re-
sults, this cytosensor had good selectivity for the detection of
HepG2 cells. To visualize the cell viability, the captured
HepG2 cells were stained after incubation with nanoprobes
by a cell viability indicator of calcein-AM. The fluorescence
signals show that the HepG2 cells are alive during the electro-
chemical cytosensing processes (Fig. 6¢ and d).

To evaluate the repeatability of our protocol, the precision
of the cytosensor was measured for three replicate measure-
ments. When the cell concentrations of HepG2 were 10° cells
per mL, the electrochemical cytosensor performed a relative
standard deviation of 3.8%, demonstrating the acceptable re-
peatability of the cytosensor. This electrochemical cytosensor
shows good performance in detection and analysis of HepG2
cells with a lower detection limit, a broad linear range, accept-
able repeatability and selectivity.

To investigate the feasibility of the cytosensor in blood
sample, various amounts of HepG2 (102, 10* and 10° cell
mL ") was spiked into the human blood sample and detected.
As shown in Table S2, the recoveries are between 82.3% and
90.4% from 107 to 10° cells mL ™", indicating the good ana-
lytical performance of the method. These results demonstrate
that the ITO electrode array-based electrochemical method
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provides a potential clinic diagnostic tool to detect tumor cells
in peripheral blood.

Release of captured HepG2 cells

In cancer research, capture, release and culture of cancer cells
can promote the progress of anti-tumor therapies. Releasing of
captured liver cancer cells was another advantage of the elec-
trochemical cytosensing platform. To realize the release of
cancer cells, we performed an electrochemical desorption
method to break Au-S interactions and remove captured cells
on the electrode. CV and EIS were employed to demonstrate
the release of captured cancer cells from the electrode surface.
Fig. 7 shows the EIS and CV curves of the original ITO
electrode/AuNPs (curve a) and regenerated ITO electrode/
AuNPs after electrochemical desorption (curve b). The regen-
erated AuNPs/ITO electrode has the same peak current and
impedance spectra, compared with the original AuNPs/ITO
electrode. These results have confirmed that we have success-
fully fabricated an effective electro-controlled cancer cell cap-
ture and release platform by electrochemical methods.

Conclusions

In conclusion, an ITO electrode array-based electrochemical
cytosensing platform was successfully constructed for detect-
ing human liver cancer cells in a highly selective and sensitive
manner. Compared to the conventional electrochemical
methods and our previous work [20, 21], the ITO electrode
array-based electrochemical strategy requires small amount of
sample and is cost-effective. Best operated at around —90 mV
(vs Ag/AgCl), the fabricated super-sandwich cytosensor ex-
hibited a wide linear response ranging from 107 to 107 cells
per mL and a low detection limit of 10 cells per mL for HepG2
cells. Other important advantages are exhibited in which it can
capture, detect, image target tumor cells and release the cap-
tured cells by the electrochemical reductive desorption meth-
od. It also has been successfully applied in detecting HepG2
cell in blood samples. This electrochemical cytosensor have
great potential for tumor cell analysis in early diagnostics and
therapeutic monitoring of cancers. However, the cytosensor
has complicated fabrication processes which may results in
poor reliability and future studies must focus on developing
a simple, low-cost and integrated platform for clinical
application.
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