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ABSTRACT: Because circulating tumor cells (CTCs) have
been proven to be an important clue of the tumor metastasis,
their detection thus plays a pivotal role in the diagnosis and
prognosis of cancer. Herein, we fabricate an electrochemical
sensor by directly conjugating two cell-specific aptamers,
TLS1c and TLS11a, which specifically recognize MEAR cancer
cells, to the surface of a glassy carbon electrode (GCE) via the
formation of amide bonds. The two aptamers are simulta-
neously conjugated to the GCE surface via precisely controlled
linkers: TLSlc through a flexible linker (a single-stranded
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DNA T,; ss-TLS1c) and TLS11a through a rigid linker (a double-stranded DNA Ts/As; ds-TLS11a). It is found that such ss-
TLS1c/ds-TLS11a dual-modified GCEs show greatly improved sensitivity in comparison with those modified with a single type
of aptamer alone or ds-TLS1c/ds-TLS11a with both rigid linkers, suggesting that our optimized, rationally designed electrode—
aptamer biosensing interface may enable better recognition and thus more sensitive detection of tumor cells. Through the
utilization of this dual-aptamer-modified GCE, as few as a single MEAR cell in 10° whole blood cells can be successfully detected
with a linear range of 1—14 MEAR cells. Our work demonstrates a rather simple yet well-designed and ultrasensitive tumor cell
detection method based on the cell-specific aptamer-modified GCE, showing a promising potential for further CTC-related

clinical applications.
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1. INTRODUCTION

Circulating tumor cells (CTCs) circulating in the peripheral
blood or lymphatic vessels are originated from primary tumors
or metastasis locus and could travel to distant tissue sites and
then eventually form new tumor deposits."”” Numerous studies
have indicated that the number of CTCs in peripheral blood is
positively related to the tumor metastasis and thus could serve
as a valuable parameter in evaluating the therapeutic effects and
predicting the survival of cancer patients.”* Currently,
Cellsearch based on immunomagnetic separation is the only
FDA-approved CTC detection method.”® In the meantime,
tremendous efforts have been devoted by many different groups
to develop new methods for the effective detection of CTCs in
the past decades.” '* However, many of currently developed
CTC detection techniques are generally costly, time-consum-
ing, or need advanced instrumentation and not easy to
implement."> The ideal CTC detection method should be
extremely sensitive, specific, reproducible, simple, and user-
friendly in clinical settings."®™"®

Aptamers are short single-stranded (ss) nucleic acids that can
recognize and interact with their targets with high specificity
and affinity.'”*° They provide significant advantages compared
to antibodies, such as ease of preparation and modification and
lack of immunogenicity.”' > Aptamer-based electrochemical
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detection methods hold increasing promise and show many
advantages such as rapid response, high sensitivity, good
stability, and low cost.** "> In recent years, aptamer-based
electrochemical biosensors used to detect tumor cells have also
received significant attention.** >> These methods are mainly
based on the high specificity and affinity of aptamers that
interact with biomarkers on the cancer cell surface, such as
graphene functionalized cyclic voltammetry (CV) aptasensor,
aptamer-quantum dots cytosensor, and dual-aptamer probe for
simultaneous electrochemical biosensor,'¥>%*"34737 Although
those methods have facilitated the CTC detection, they share
certain limitations such as complex fabrication with multiple
steps of modification.”**® To our best knowledge, the best
detection limit based on the aptamer—electrochemical
detection method has been reported to be hundreds of cancer
cells per millimeter,>*>° which obviously needs further
optimization.

On the basis of the previous research, herein, we design a
rather simple aptamer-based electrochemical detection method
and realize ultrasensitive CTC detection in blood cells. BNL
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IME A.7R.1 (MEAR) cells, a liver cancer cell line originally
derived from BALB/c] mice, are used as a model to study the
detection ability of aptamer fabricated electrochemical bio-
sensor. Aptamers TLSlc and TLS1la, which specifically
recognize the MEAR cells developed in previous studies,*
are covalently coupled to the commercial glassy carbon
electrode (GCE) with single-stranded (ss) T;5 and double-
stranded (ds) T,s/A;s linkers, respectively. Such a design would
generate a favorable interface for better recognition of the
cancer cells when they approaching the electrode surface.
Compared to previously reported aptamer—electrochemical
CTC detection methods, as well as other designs with GCE
modified by a single aptamer (ds-TLSlc) or by dual-types of
aptamers but with both rigid linkers (ds-TLS1c/ds-TLS11a),
the ss-TLS1c/ds-TLS1la-modified electrode possesses the
highest signal-to-noise ratio, and is able to detect a single
MEAR cell within 10° whole blood cells (WBC). Our results
highlight the utmost importance of nano—bio interfaces in
optimizing the performance of biosensors, and suggest the great
promise of this simple electrochemical method in early CTC
detection.

2. EXPERIMENTAL SECTION

2.1. Materials and Cell Lines. Amine modified aptamers K88
(specific for Escherichia coli K88, §'-T;sGGCGACCCCCGGGCT-
ACCAGACAATGTACGC-3')*" and TBA (specific for thrombin-5'-
T,sGGTTGGTGTGGTTGG-3'),* amine, or fluorescein (FITC)
modified aptamers TLS1c (5'-T ;s ACAGGAGTGATGGTTGTTAT-
CTGGCCTCAGAGGTTCTCGGGTGTGGTCACTCCTG-3’) and
TLS1la (S'-T;sSACAGCATCCCCATGTGAACAATCGCATT-
GTGATTGTTACGGTTTCCGCCTCATGGACGTGCTG-3") that
specifically bind to BNL 1IME A.7R.1 (MEAR) cells were synthesized
by TaKaRa Co. Ltd (Dalian, China). 2-Amino-2-(hydroxymethyl)-1,3-
propanediol (Tris), hydrochloric acid, ethylene diamine tetraacetic
acid (EDTA), l-ethyl-3-(3-(dimethylamino)propyl) carbodiimide
(EDC), N-hydroxysuccinimide (NHS), potassium hexacyanoferrate,
potassium ferricyanide, potassium chloride, nitric acid, and potassium
dichromate were purchased from Sigma-Aldrich. Two mammalian
tumor cell lines, MEAR and HeLa, were grown in a 5% CO, incubator
at 37°C in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100 ug/mL
penicillin, and 100 pug/mL streptomycin.

2.2. Surface Modification of the Electrode. Before surface
modification, the GCE (CHI 104 glassy carbon disk working
electrode, CH Instruments, Inc.) was precleaned by polishing with
0.3 and 0.05 ym alumina/water slurries until a mirror-like surface was
obtained, followed by sonication and extensive washing using distilled
water to remove alumina from the electrode surface.** The precleaned
GCE was oxidized at +1.5 V for 60 s in an aqueous solution containing
2.5% K,Cr,0, and 10% HNO; as previously described,** and then
soaked in 0.02 M phosphate buffered saline (PBS, pH 6.4) containing
0.03 M EDC and 0.01 M NHS at room temperature for 15 min. After
removal of excess EDC and NHS, MEAR cell specific aptamers: 0.1
nmol ds-TLS1¢, 0.05 nmol ds-TLS1¢/0.05 nmol ds-TLS11a, 0.05
nmol ss-TLS1¢/0.05 nmol ds-TLS11a, or 0.05 nmol ss-K88/0.05 nmol
ds-TBA were applied to the GCE surface, respectively, and incubated
at room temperature for 1 h. The unbound aptamers were then
washed away using 0.02 M PBS buffer, collected, and the
concentration determined using a NanoDrop 2000c UV-vis
spectrophotometer (Thermo Scientific) to calculate the immobiliza-
tion efficiency. About 70% of the aptamers were immobilized on the
GCE surface (3 mm in diameter), giving an aptamer density of 0.01 +
0.0002 nmol/mm?. The aptamer-functionalized GCEs were then used
for cancer cell detection. For aptamer density optimization experi-
ments, 0.025 nmol ss-TLS1¢/0.025 nmol ds-TLS11a and 0.1 nmol ss-
TLS1¢/0.1 nmol ds-TLS11a were used.
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2.3. Aptamer-MEAR Binding Reactions. The human blood
samples were collected from 20 healthy volunteers (aged 22—4S years)
according to approved local protocol. To minimize individual
differences, the blood samples were mixed together and stored at 4
°C. Before detection, blood samples were diluted with equal volumes
of PBS buffer (pH7.4) and WBC were carefully collected by
centrifugation at 1200g for 15 min at 4 °C as previously described,*
resuspended in PBS buffer (pH7.4), and counted. To minimize the
effect of nonspecific binding during detection, aptamer-functionalized
GCEs were first blocked by incubating with 10° WBC in 1 mL PBS
buffer at 4 °C for 45 min. Binding reactions were then carried out by
incubating the blocked electrode in 10° WBC (in 1 mL PBS buffer)
containing desired numbers of MEAR or HeLa cells at 4 °C for 15 min
before electrochemical analysis. To ensure accuracy, the exact number
of cancer cells was counted under a microscope before addition into
the WBC sample.

2.4. Electrochemical Measurements. All electrochemical
measurements including CV, differential pulse voltammetry (DPV),
and electrochemical impedance spectroscopy (EIS) were performed
using a CHI 660D electrochemical workstation (Shanghai CH
Instruments, China). The electrode assembly consists of a platinum
wire as the counter electrode, an Ag/AgCl electrode as the reference
electrode, and a GCE as the working electrode. The measurement
buffer contains 5 mM [Fe(CN)4]*~/#~ as the redox indicator. CV was
recorded in the range from —0.3 to +0.6 V and at a scan rate of 0.1 V/
s. DPV was recorded within the potential range from —0.4 to +0.8 V
under a modulation amplitude of 50 mV and a scan rate of 4 mV/s.
AC impedance spectra for GCE were recorded in the same
measurement buffer in a frequency range of 0.01 to 100 Hz and AC
amplitude of S mV.

3. RESULTS AND DISCUSSION
3.1. Design of the Dual-Aptamer-Modified Electrode.

To develop electrochemical sensors for CTC detection, we
need to conjugate cancer-cell specific aptamers onto the surface
of the electrode. However, surface-based biomolecular
detection often sacrifices the accessibility of probe molecules
on the interface to targets on the cell membrane owing to the
lack of precise control of the spatial orientation and positioning
of probe molecules on the surface.** To improve the
recognition efficiency of probe molecules on the sensing
interface for enhanced detection efficiency and sensitivity, it is
thus important to optimize their conformation and packing
density. Therefore, in our rationally designed system (Figure
1), two aptamers, TLS1c and TLS11a, which both specifically
bound to MEAR cancer cells (Figure Sl in the Supporting
Information), were simultaneously coupled to the GCE surface
via different DNA linkers. While TLS11a was coupled to the
GCE surface rigidly by a dsDNA linker (T,s/A;s), the other
aptamer, TLS1c, was coupled to the electrode surface via ss-T 5
linker. The rigid structure of dsDNA linker would have low
binding to the graphite surface and can thus keep the TLS11a
probe away from the electrode surface. Because ds-TLS11a and
ss-TLS1c are mixed, the rigid dsSDNA may also help prevent the
laying down of ssDNA. Thus, the recognition of a MEAR cell
by aptamers would occur away from the surface of the
electrode, minimize the steric hindrance on the aptamer-cell
recognition, and lower the background signal. On the other
hand, the extended ssDNA linker with a much more flexible
structure compared to rigid dsDNA linker enables ss-TLS1c to
swing on the electrode surface with a certain freedom, allowing
its effective binding to its targets (biomarkers on MEAR cells)
and enhancing the detection efficiency.

Upon efficient recognition of the target cells, in our case,
MEAR cells, the specific binding of the cells to the modified
electrode would bring a dramatic steric hindrance effect on the
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Figure 1. Scheme showing the designed ss-TLSlc/ds-TLS11a dual-
modified electrode for specific and sensitive detection of MEAR tumor
cells. In this system, two MEAR cell-specific aptamers, TLS11a and
TLS1c, are conjugated to the surface of GCE via a rigid dsDNA linker
(T\s/A;5) and a flexible ssDNA linker (Ts), respectively. Such a
design could allow the most effective recognition of tumor cells by the
GCE sensing surface. The specific binding of the cells to the modified
electrode would bring a dramatic steric hindrance effect on the
electron transfer of the redox couple [Fe(CN)s]>™# through the
GCE, while the electrostatic repulsion between negative charges of the
cell surface and the [Fe(CN)]>~*" may further inhibit the electron
transfer, thus significantly reducing the electron transfer speed (see
section 3.1) for a detailed description).
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electron transfer of [Fe(CN)¢]*~*" through the GCE,
therefore introducing significant changes in the interfacial
electron transfer resistance, ie. largely reduced electron
transfer speed. The electrostatic repulsion between negative
charges of the cell surface and the [Fe(CN),] 3=/4= redox couple
may further inhibit the electron transfer through the electrode
as well. Careful experiments are then carried out to
demonstrate the hypothesis of our design.

3.2. Preparation and Characterization of the ss-TLS1c/
ds-TLS11a Dual-Modified GCE. Before aptamer conjugation,
the GCE was precleaned and oxidized to introduce carboxyl
groups onto the GCE surface, providing a well-functionalized
surface for further immobilization of aptamers. These func-
tional groups were then activated by EDC and NHS, allowing
their conjugation with NH,-modified aptamers ss-TLS1lc and
ds-TLS1la. The oxidation and the subsequent aptamer
coupling of electrode were measured by CV and EIS. The
electron transfer of the redox couple [Fe(CN)4]>~/# was used
as an effective indicator for electrode surface characteristics.

As shown in Figure 2A, CV of [Fe(CN)¢]*~/*" at the bare
GCE surface possessed a couple of redox peaks with a potential
difference of 90 mV. After electrochemical oxidation and dual-
aptamer coupling, a significant decrease in peak current and an
increase in potential difference were observed owing to the
negative charges from the newly introduced DNA aptamers. To
ensure detection specificity, the dual-aptamer-modified GCE
was blocked in 10° WBC for 45 min. The blocking step resulted
in a further decrease of the peak current, suggesting a certain
level of nonspecific binding of WBC to the modified electrode.

The modification of GCE was also analyzed by EIS, which
monitors the electrode surface by analyzing the impedance
changes. In the impedance spectra, the semicircle (appeared in
the high-frequency region) and the straight line (appeared in
the low-frequency region) correspond to the electron transfer
process and the diffusion process, respectively.** As shown in
Figure 2B, the bare GCE displayed a nearly straight line, which
is a characteristic of a mass diffusion-controlled electron
transfer process.” Compared to bare GCE, the spectra of
oxidized GCE exhibited a slight increase in the interfacial
electron transfer resistance, while further coupling of the two
aptamers (ss-TLS1lc and ds-TLS1la) to the GCE led to an
obvious increase of the charge-transfer resistance (R.), mainly
due to the electrostatic repulsion between negative charges of
the aptamer backbone and the [Fe(CN)s]*~/*" probe.
Consistent with the CV data, blocking of the dual-aptamer-
modified GCE in 10° WBC also resulted in a significant
increase in the R, indicating that the interfacial charge-transfer
was inhibited, possibly owing to the steric hindrance effect and/
or negative charges contributed by the nonspecific binding of
WBC to the modified electrode.

In this study, all plasma proteins in blood samples were
removed due to the high background they introduced when
incubated with the modified GCE, as demonstrated by the
dramatic decrease of the current in CV data and the huge
increase of the R in the EIS spectra (compare the data of
whole blood sample in Figure S2A,B in the Supporting
Information with the 10° WBC data in Figure 2).

3.3. High Specificity and Excellent Sensitivity of the
ss-TLS1c/ds-TLS11a Dual-Modified GCE. Specificity and
sensitivity are two important features of a biosensor. We
therefore investigated the specificity and sensitivity of the
designed dual-aptamer-modified GCE using DPV, an extremely
sensitive electrochemical detection method for trace amount
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Figure 2. Characterization of the electrode after each step of surface modification by CV (A) and EIS (B) measurements: bare GCE (red), the
oxidized GCE (blue), and ss-TLS1c/ds-TLS11la-modified GCE before (black) and after blocking with 1 ml PBS containing 10° WBC (green). All
measurements were recorded in a measurement buffer containing S mM [Fe( CN)4]*>~/*" as the redox indicator. CV curves were recorded within the
range of —0.3 to +0.6 V under a scan rate of 0.1 V/s. AC impedance spectra were recorded in the same measurement buffer in a frequency range of
0.01 Hz to 100 kHz and an AC amplitude of 0.005 V.
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Figure 3. Highly specific and sensitive tumor cell detection using ss-TLS1c/ds-TLS11a dual-modified GCE. The modified electrodes were first
blocked in 1 mL of PBS containing 10° WBC, and then incubated with 10° WBC (in 1 mL of PBS) containing indicated numbers of MEAR or HeLa
cells before DPV analysis. To ensure accuracy, the exact number of cancer cells was counted under a microscope before addition into the WBC
sample. (A & B) DPV measurements of different samples using ss-TLS1c/ds-TLS11a dual-modified GCE (A) and non-MEAR-specific ss-K88/ds-
TBA dual-modified GCE (B): block: 1 mL of PBS containing 10° WBC (10° WBC, red line); blank, no cancer cell but PBS was added into 10° WBC
(10° WBC + PBS, black line); non-specific control, 10 HeLa cells added into 10° WBC (10 HeLa in 10° WBC, green line), and 10° WBC containing
10 MEAR cells (10 MEAR in 10° WBC, blue line). (C) A representative DPV measurement of 10° WBC containing increasing numbers of MEAR
cells (0 to 100 cells) using ss-TLS1c/ds-TLS11a dual-modified GCE. The relative signal in peak current (i) versus the number of added MEAR cells
in 10° WBC is shown in panel D. The error bars represent relative signals across three repetitive experiments. Relative signal = (isample — iwpc) /

X 100%.

laptamer

analysis, to monitor the current decrease induced by binding of
cells to immobilized aptamer probes. The redox couple
[Fe(CN)¢J> /% was used as the indicator. As described
above, in order to ensure the detection specificity, 10° WBC
were used to block the aptamer-modified electrode before
tumor cell detection, and the locking data were set as the basal
level for all data analysis to eliminate the effect of nonspecific
binding on detection. It is also worth mentioning that the WBC
samples were collected from peripheral blood, washed, and
resuspended in PBS to remove all free blood proteins to reduce
sample complexity, which is important for sensitive detection of
a low-abundant sample from a complex sample pool, such as
CTC detection. Blocking of the dual-aptamer ss-TLS1c/ds-
TLS11a functionalized GCE also showed a significant decrease
in peak current (data not shown), consistent with the CV and
EIS data (Figure 2).

After blocking, the ss-TLSlc/ds-TLS1la functionalized
electrode was incubated with a desired amount of MEAR
cells in 10° WBC to mimic the detection of cancer cells in 1 mL
of peripheral blood. Excitingly, spiking of 10 MEAR cells into
10° WBC resulted in a huge increase in peak current of DPV
compared to the blank WBC sample (Figure 3A, compare the
blue line with the red line). In the marked control, when 10
HeLa cells, which should not be recognized by TLSlc and
TLS11a aptamers (Figure S1 in the Supporting Information),
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were added into 10° WBC, the electrochemical signal showed
no applicable change compared to the signal obtained from
WBC blocked electrode and blank sample (no tumor cell but
only PBS added into 10° WBC) (Figure 3A, compare the green
line with the red line and black line), demonstrating the high
specificity of the ss-TLS1c/ds-TLS11a dual-modified electrode
in tumor cell detection. The high specificity of the ss-TLS1c/
ds-TLS11a dual-modified electrode was also confirmed by a
control GCE dual-modified with two non-MEAR cell-specific
aptamers ss-K88/ds-TBA.*"** These two aptamers do not
recognize MEAR cells, but specifically bind Escherichia coli K88
strain and thrombin, respectively. No apparent change in the
DPV signal was observed when the ss-K88/ds-TBA-modified
GCE was incubated with 10° WBC or 10° WBC containing
MEAR cells (Figure 3B).

To test the sensitivity of our designed aptamer-modified
GCE, WBC samples with a series of known numbers of MEAR
cells spiked were analyzed using the ss-TLS1c/ds-TLS11a dual-
modified electrode. To ensure accuracy, the exact number of
MEAR cells was counted under a microscope before being
added into the WBC sample. As expected, ascending current
peaks were observed with increasing amounts of MEAR cells in
WBC samples (Figure 3C). Remarkably, as low as one MEAR
cell in the 10° WBC could reproducibly give a detectable signal,
demonstrating the extremely high sensitivity of our CTC

dx.doi.org/10.1021/am5006783 | ACS Appl. Mater. Interfaces 2014, 6, 7309—7315
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detection method down to the single cell level. Furthermore, a
good linear relationship of the relative signal (Asignal = (isample
— iwpc)/iaptamers it DPV peak current) versus the number of
MEAR cells was observed in the range of 1 to 14 MEAR cells
(Figure 3D), suggesting that our method could be a sensitive
and reliable way for both detection and quantification of trace
amount of specific cancer cells in peripheral blood.

3.4. Advantage of the Designed Tumor Cell Biosens-
ing Interface. The ss-TLSlc/ds-TLS1la dual-modified
electrode is able to offer excellent specificity and sensitivity in
detecting trace amounts of MEAR cancer cells from WBC
samples. We thus wondered whether our unique design of the
biosensing interface (with dual-types of aptamers coupled to
the electrode surface separately via a rigid and a flexible linker)
is the key that enables such great performance in tumor cell
detection. Because GCEs modified with aptamer(s) via flexible
linkers (ss-TLS1c-GCE and ss-TLS1c/ss-TLS11a-GCE)
showed an obvious higher background compared to the same
electrodes upon subsequent converting of the surface ss-linker
to ds-linker via A;s-DNA oligo incubation (Figure S3 in the
Supporting Information and data not shown), two other
control experiments were thus conducted. For the first one, we
conjugated the two aptamers, TLS1c and TLS11a, to the GCE
surface via both rigid linkers (ds-TLS1c/ds-TLS11a). For the
second control, only one aptamer, TLS1c, which bound to
MEAR cells more efficiently (Figure SI in the Supporting
Information), was conjugated to the electrode surface via a ds-
DNA linker (ds-TLS1c). Noticeably, when the three types of
electrodes, ds-TLS1c-GCE, ds-TLS1c/ds-TLS11a-GCE, and ss-
TLS1c/ds-TLS11a-GCE, were used in detecting 10° WBC
sample containing 7 MEAR cells, signals offered by ds-TLSIc-
GCE and ds-TLS1c/ds-TLS11a-GCE were much lower than
that obtained using the designed ss-TLS1lc/ds-TLS11a-GCE
(Figure 4). Again, when using the designed ss-TLSlc/ds-
TLS11a electrode, we were able to detect a single MEAR cell in
the WBC sample, which was impossible to be detected using
either ds-TLS1c-GCE or ds-TLS1c/ds-TLS11a-GCE.

In our electrochemical CTC detection system, while pure ss-
DNA would lay down on the surface of GCE due to 7—x
stacking between the base units and the graphite surface, and
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Figure 4. Comparison of tumor cell detection using three types of
GCE modified with ds-TLSIc alone, ds-TLS1c/ds-TLS11a, and ss-
TLS1c/ds-TLS11a, respectively. The blocking, cell binding, and DPV
measurements were carried out as described in Figure 3. The electrode
modified with ss-TLS1c/ds-TLS11a showed the highest signals. Error
bars represent multiple measurements (n > 3). Relative sample signal
= (isample = iwnc) / ixptamer- P values: * P < 005, ** P < 0.01.
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thus result in high background signals during detection, ds-
DNA with paired bases would have much lower binding to the
graphite surface,**** and offer obviously reduced background
(Figure S3 in the Supporting Information). On the other hand,
on the GCE surface with mixed ds-DNA and ss-DNA, the rigid
ds-DNA may be able to prevent the laying down of ss-DNA.
Thus, the extended ss-DNA with a much more flexible structure
compared to rigid ds-DNA may enable more efficient capture
of cancer cells when they are approaching the GCE surface.
Although further careful investigations are still undergoing in
our laboratory to verify the above hypothesis, it is very likely
that the excellent tumor cell detection sensitivity achieved using
our method could indeed be attributed to our rationally
designed electrode biosensing interface with aptamer con-
jugation via precisely controlled linkers.

3.5. Optimization of the Aptamer Density on
Electrode Surface. The effect of aptamer density on the
performance of the dual-modified GCE was also investigated.
In addition to the electrodes used in the above experiments
(0.05 nmol ss-TLS1¢/0.05 nmol ds-TLS1la dual-modified
GCE; GCE-0.1), two additional types of electrodes were
prepared using the same protocol: GCE-0.05 (0.025 nmol ss-
TLS1¢/0.025 nmol ds-TLS1la dual-modified) and GCE-0.2
(0.1 nmol ss-TLS1¢/0.1 nmol ds-TLS11a dual-modified). The
performances of the above electrodes were then analyzed. As
shown in Figure S, compared with GCE-0.1 and GCE-0.2,

80+
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| B GCcE0.1
I GCE-0.2
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1 1
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MEAR Cell Number (in 109 WBC(C)

Figure S. Effect of the aptamer density on the performance of the
dual-modified GCE. Tumor cell detection was performed using three
types of GCE modified with 0.025 nmol ss-TLS1¢/0.025 nmol ds-
TLS1la (GCE-0.05), 0.05 nmol ss-TLS1c/0.05 nmol ds-TLS1la
(GCE-0.1), and 0.1 nmol ss-TLS1¢/0.1 nmol ds-TLS11a (GCE-0.2),
respectively. The blocking, cell binding, and DPV measurements were
carried out as described in Figure 3. Error bars represent multiple
measurements (n > 3). Relative sample signal = (i — iwpc) /
P values: * P < 0.05. ND: not detectable.

sample

laptamer'

GCE-0.05 showed largely decreased signals in all detections
with a detection limit of 5 MEAR cells in 10° WBC,
demonstrating that low aptamer density would impair the
sensitivity of the electrode, likely due to insufficient probes for
effective target cell capture. Increasing the total aptamer
amount used to higher than 0.1 nmol did not further improve
the electrode performance, suggested by the fact that GCE-0.2
and GCE-0.1 showed no significant difference in MEAR cell
detection. Therefore, GCE-0.1 is considered as the cost-
effective one with excellent tumor cell detection sensitivity.
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4. CONCLUSION

In summary, using MEAR cells as an example, we develop a
simple aptamer-based electrochemical tumor cell detection
method by coupling two types of cell-specific aptamers on a
commercial GCE electrode separately via a rigid and a flexible
linker. The obtained ss-TLS1lc/ds-TLS1la dual-modified
electrode can be used for specific, sensitive, and reliable
detection of tumor cells, achieving an extremely low detection
limit down to single specific tumor cell in 10° blood cells. By
comparing with several control GCEs, the results demonstrate
the advantages of our rationally designed electrode in tumor
cell sensing, and suggest the importance in the careful design of
nano—bio interfaces to optimize the performance of biosensors
in general. Moreover, the aptamer-based electrochemical
method presented in our work is an easy and rapid detection
approach, which could be particularly suitable for sensitive and
timely detection of trace amounts of cancer cells in peripheral
blood and may hold great potential in early diagnosis or
sensitive prognosis of tumor development and metastasis.
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